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This book is written to support a one-semester gen-
eral education course in physical science.  The course is
required of virtually all non-science students at our uni-
versity (about 2500 per semester) although some satisfy
the requirement by examination.

The course is meant to be a broad exposure to phys-
ical science.  The students who take the course are pri-
marily freshman who are not science majors, but who
will follow the course with an elective which pursues
some area of science in greater depth.  The course is
conceptual rather than mathematical.  It is meant to be a
presentation of some of the most significant ideas in sci-
ence, as they might be presented to a lay audience by
specialists.  The course is supported by faculty lectures
which include live demonstrations and audiovisual pre-
sentations without which the course would be much dif-
ferent and incomplete.

For a general education course to be a requirement
for all, it must aspire to some level of universality.
Preference must be given to that body of learning which
prepares students for a lifetime of learning, learning
extending beyond the university experience.  It must
focus on laws and principles with the most general
applicability and on the conceptual frameworks and
models with which the widest range of physical phe-
nomena can be understood.

The course should help the student put in place the-
oretical structures into which he or she can integrate
knowledge as it is accumulated after leaving the univer-
sity.  Such structures help to organize bodies of knowl-
edge and establish proper relationships between their
elements.  Examples of such structures are Newton’s
Laws of Motion, the Periodic Table of the Elements,
and the Theory of Plate Tectonics.  Each of these pro-
vides a framework for organizing large bodies of infor-
mation while automatically establishing a relational
structure between elements of information.  Each of
these would be recognized as a significant achievement
of humanity.

Ideas should be given precedence which are repre-
sentative of the thought of the greatest intellects of our
race.  Our minds are stretched most when we try to
match them to the thoughts of our geniuses.  Thus one
must find in a physical science course which is to be a
general requirement the names of Aristotle, Newton,
Einstein, Bohr, and others, along with some of their
ideas and how these have changed the way we view the
world.  Ideally, the course should try to capture some of
the historical struggle to come to new understanding.

A theme of a generally-required course should be

epistemology.  Traditionally, we know, or we think we
know, by authority, reasoning, intuition, and by the expe-
rience of our senses.  Each of these has its strengths and
weaknesses.  Anyone who values learning must recog-
nize what it means to “know” and should understand
what empiricism can and cannot contribute to knowing.
A far as possible, the student should be allowed to expe-
rience with his or her own senses some of the crucial
observations.  In the format we have chosen, we rely
heavily on  lecture demonstrations and audiovisual
materials.  We see the lack of an associated laboratory
experience as a weakness in our own version of the
course.   

Throughout the course, the ideas should be illus-
trated with examples taken from common experience.
Because time is limited and because these experiences
are so broad and vary from instructor to instructor, they
can serve as examples but cannot become an end in
themselves.  They are properly taken to illustrate the
larger issues of the course.

We have chosen topics that address the following
larger issues:  What is the nature of motion?  What is the
nature of time and space?  What is the nature of matter?
How does life work?  How do the heavens work?  How
does the earth work?  Some specialized topics are
included as prerequisites to these issues.  In the pro-
logue and at the end of several chapters, we have
included short sections that give historical and philo-
sophical perspectives on the development of ideas in
science.  Chapters 22 and 23 may go further into biolo-
gy than one would expect in a physical science course
but are intentionally included to make explicit the con-
nection of physical and biological sciences.  The histor-
ical perspectives and connections to biology are includ-
ed to help fit the physical science course into the larger
general education curriculum of the university.

We clearly recognize that our goals exceed our
reach, but have nevertheless felt it worth the effort to
try.

The text has been the work of several individuals in
the College of Physical and Mathematical Sciences at
Brigham Young University.  We have benefitted from
many discussions with our colleagues and from their
reviews.  James Bills was particularly helpful in review-
ing portions of the text, but we must also mention Irvin
Bassett, William Dibble, Kent Harrison, and Kent
Nielson.  The text has roots in an earlier book authored
by Jae Ballif and William Dibble. Kenneth Hamblin and
Richard Snow made contributions to earlier editions of
this text, which have also shaped the content.   We also
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tion of the book and those who have labored on the typ-
ing and revisions. 
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With the second edition we continue the evolution
of a textbook and course that have now been offered to
about 100,000 students at our university over a period
of more than 20 years.  While the essential content and
structure of the course have remained remarkably
unchanged over that period, we include in this new edi-
tion changes and clarifications suggested to us by the
experience of students, teaching assistants, and faculty.
We have also included a Study Guide at the end of each
chapter to give enhanced support to the objectives of
the course.

The objectives of the course are:

1. To gain a conceptual understanding of most of the
fundamental principles that govern the physical
universe.

2. To understand how these few principles, and mod-
els that are consistent with them, explain much of
what we observe directly in nature and some of
what is observed when modern technology expands
our view to include things that are very small and
also things that are very large.

3. To understand how science works by assuming
“self-evident truths,” postulating or guessing what
might be, experimenting and using the measured
results to test for consistency between what is
guessed and what is observed.  To understand the
hope of scientists that as errors are discovered and
rejected, it is possible to come closer to the “truth.”
(See Appendix A for Suggestions for Study.)

In the Study Guide we identify and isolate the fun-
damental laws, principles, and models essential to the
understanding of the chapter.  The Study Guide section
includes a glossary of important new terms.  A list of
exercise questions is provided, many of which have
hints or answers provided at the back of the book.  

Separate from the “Exercises” are the so-called
“Focus Questions.”  Students are encouraged to write
out answers to this limited number of specific essay
questions as a part of their study of each chapter with the
promise that essay examination questions will be drawn
from this specific set.  Many of these questions are struc-

tured in the multipart form: What is observed?  What is
the principle or model involved?  How do you explain
what you see in terms of the principle or model?  This
format directly supports the objectives of our course.

The Focus Questions serve several purposes.  First,
they require students to put thoughts into writing.
Second, for students who are apprehensive or even
overwhelmed by their first exposure to physical science,
the questions provide focus onto some of the most
important concepts in a particular chapter.  Finally, the
questions, since they are common knowledge, provide a
focus for discussion among students themselves and
with our corps of teaching assistants so that they can
help teach one another.  This is particularly important in
the large-enrollment format that we teach.

We are grateful to Jae Ballif and Laralee Ireland for
their significant work in developing the concept and
content of the Study Guide.

Many of our faculty who have taught the course
have made specific suggestions for improvements.  We
gratefully acknowledge suggestions from Laralee
Ireland, Byron Wilson, J. Ward Moody, Juliana Boerio-
Goates, Nolan Mangelson, Kent Harrison, and Alvin
Benson.  We are fortunate to have the support of a large
number of teaching assistants who staff a walk-in tutor-
ial laboratory.  Their direct experience with student
questions and misconceptions has been very helpful in
revising the book.   

Since the preface to the first edition was written, we
have incorporated a “laboratory experience” into the
course.  We are fortunate to have a variety of explorato-
rium-style exhibits in the foyer and hallways of our sci-
ence building and a paleontology museum to which stu-
dents are directed for out-of-class enrichment experi-
ences that are correlated to course material.  We are
indebted to Freeman Andersen, Scott Daniel, and Wes
Lifferth for creating and maintaining many of the
hands-on public exhibits and displays that delight and
teach our students and visitors to our campus alike.

We are especially grateful to Madlyn Tanner for
editorial assistance, to Laralee Ireland for assistance
with managing production of the text, and to Cheryl Van
Ausdal for typing portions of the manuscript.

Finally, we thank those students who have, with
delight and enthusiasm, come to see the world about
them in a new way.

xv

Preface to the Second Edition

 



xvi



1.  Prologue

What do we know . . . for sure?
A few years ago medical researchers demonstrated

an artificial eye.  The patient was outfitted with electri-
cal probes which were connected through the skull to
the brain.  When the probes were electrically stimulat-
ed, signals were delivered directly to the brain and the
patient could “see” crude patterns.  Consider also the
experience of amputees who lose a limb and yet report
that they can still “feel” the missing appendage.

Now imagine a few hundred years into the future.
Imagine a living brain suspended in a solution and out-
fitted with a very sophisticated artificial eye.  The
probes are connected to an elaborate tape recorder that
feeds signals to the probes—signals that create the
“experience” of a student sitting at a desk reading a
book in the latter portion of the 20th century.  Are you
that brain?  How do you know?

Most of us take knowledge for granted.  We uncrit-
ically assume that we know, without realizing that we
make our own knowledge and that at least some knowl-
edge is made from the raw electrical signals channeled
to our brains by the probes we call eyes, ears, etc.
Individuals weigh differently the value and validity of
the information supplied to their brains, thus creating a
unique view of how the world really is.  Every person is
a philosopher, creating his or her own worldview.

John Locke (1632-1704) is credited with initiating
one modern approach to the study of how we “know.”
He was stimulated by a group of friends who gathered
to discuss issues of philosophy:

It came into my thoughts that we took a wrong
course, and that, before we set ourselves upon
inquiries of that nature, it was necessary to
examine our own abilities, and see what
objects our understanding were or were not fit-
ted to deal with (John Locke, Essay
Concerning Human Understanding).

Perhaps we should begin likewise.
From studies over the centuries four sources of

knowledge are often identified:  authority, intuition, rea-
son, and sensation.  But individuals do not weigh the
value and validity of these sources equally.  The psy-
chologist-philosopher William James thought that peo-

ple could be divided roughly into two camps depending
on their temperament:  the “tender-minded” and the
“tough-minded.”

The “tender-minded” are idealists.  They see the
world as being imbued with such absolutes as Truth,
Good, Beauty, and God, with purposes centered on
man—a world that is friendly to man’s existence and
aspirations.  Religious people fall within this division
and for them authority and intuition (direct, extrasenso-
ry knowledge such as the promptings of the Holy
Ghost) are often highly valued.

The “tough-minded” tend toward naturalism.  They
see the world as sensation and reason alone present it to
them—nothing more.  The world is indifferent to human
existence.  The world is matter and motion.
Nevertheless, the physical world as revealed by sensa-
tion and reason inspires awe and wonder and forms the
passive environment in which humans develop and build
individual lives, create meaning, and seek happiness.

Notwithstanding the division, each person develops
his own worldview, which is likely to be a mix that does
not fall cleanly into either camp.  It is probably true that
most people, deep down, are tender-minded to some
extent and see more to the world than just matter and
motion.  The idealist view provides emotional support
and comfort (hence the term “tender-minded”) that the
tough-minded view does not.  Moreover, it is not con-
vincing to many that an impersonal and purely mechan-
ical universe should develop conscious parts that spon-
taneously begin to ask where they come from, why they
are here, and what is good, true, and beautiful.  The pure-
ly tough-minded are probably a minority because this
view appears incomplete and does not satisfy the emo-
tional longings of human beings.

Authority

The first of our four sources of knowledge is
authority.  We sometimes accept as valid knowledge
that which our leaders, scriptures, or organizations tell
us.  In cases of competing claims to authority, we may
give precedence to those that come to us from antiquity
(and have been tested by time), to those that are held to
be valid by the greatest number (and have been tested
by the most “witnesses”), or to those that come from a
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prestigious source (and have been tested by those with
a special perspective, such as an astronomer telling us
about the stars).  The ultimate weakness of this source
of knowledge is that it cannot resolve competing claims
to truth without reference to one of the other sources.
How do we know?

Intuition

Religious authority usually turns to “intuition”
(meaning directly imparted, extrasensory knowledge),
or revelations in the face of contradictory authoritarian
claims.  These may come to a prophet, or to a follower
as confirmation of authoritarian claims.  These inner
experiences are deeply felt, convincing to the recipient,
and direct; they are not filtered through the senses.
Individuals who experience this source of knowledge
often alter their lives and perform deeds which the other
sources of knowledge seldom inspire.  Intuitive experi-
ences often address questions relating to the meaning
and purpose of life.  But the experiences are private and
unique; although different individuals may have similar
experiences, each has his own separate experience
which is difficult to put into words and describe to
another.  It is this privateness, this inaccessibility to
public scrutiny, that is the weakness of intuitive knowl-
edge, particularly in the view of the tough-minded.
How do we know?

Reason

The tough-minded value cold logic.  An example of
reason, in its ideal form as a source of knowledge, is the
mathematical proof.  Begin with self-evident truths and
proceed to logical, inescapable, and incontrovertible
conclusions.  You can write the conclusion down,
describe the process by which it is obtained, and subject
the argument to public scrutiny.  These are the strengths
of reason.  The weakness lies in identifying the “self-
evident truths” which are the basis for the argument.  If
these are reliable, then the conclusions will be reliable.
Nevertheless, despite centuries of argument, the rea-
soned arguments for and against the existence of God
are still inconclusive.  How do we know?

Sensory Data

So, we turn to sensation.  Are our senses a reliable
source of knowledge?  Science finds its roots and
strength in the data derived from controlled experiment
and observation.  It values data above all else.  Science
hypothesizes and it reasons, but if the process does not
yield sensory data, it is not science.  In the classical
methodology of science (and it certainly does not
always work this way), one starts with sensory data, rea-
sons out explanatory hypotheses that have predictive

power, designs an experiment to test the hypotheses,
and gathers data through experiment.  One then discards
hypotheses that don’t work and retains those that do.
The cycle is repeated with the faith that the process is
taking one toward an enlarged view of truth.  The
process begins and ends with data.  This is science’s
strength—and its weakness.  

The sensory data must be filtered through our sens-
es and, in the modern world, through instruments as
well.  It is not direct knowledge in the sense that intuition
is thought to be direct.  The data represent the appear-
ance of things, but do they represent reality itself?  Or do
we really create knowledge in our minds out of the chaos
of data presented to our senses?  And could there not be
other explanations that would agree with our experience
as well, or even better?  How do we know?

Science is a tough-minded enterprise.  But because
it relies so heavily on sensory data, it cuts itself off from
some human values and concerns.  Scientists realize
this, and are often tough-minded in their pursuit of
understanding of the physical world but tender-minded
in their larger worldview.  In this they are really no dif-
ferent from nonscientists.

Science, then, seeks to understand the physical
world from which sensory data originate.  It seeks to
find a relatively few laws and general principles
through which the broad range of phenomena can be
understood.  To facilitate this understanding, science
uses the laws to create models of reality.  These models
often take the form of mathematical equations that des-
cribe a hypothetical world.  The predictions of the mod-
els are tested against experience, and models that don’t
work are revised or rejected.  Those that do are kept
and tested again. 

Self-Evident Truths

In the process that we have just described, science
uses reason and data as sources of truth.  Insofar as rea-
son is based on “self-evident truths,” science accepts the
following:

1. Existence:  There exists a physical world
separate and distinct from our minds which is
knowable through our senses and which is gov-
erned by certain generalities called the laws of
nature.

2. Causality: Events in the physical universe
have natural causes which always precede them
in time and which can be explained rationally
in terms of the laws of nature.

3. Position Symmetry: The laws of nature are
the same everywhere in the universe.
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4. Time Symmetry: The laws of nature have
remained the same through time.  They are the
same now as they were in the distant past and
will be in the future.

5. Principle of Noncontradiction: Of two
contradictory propositions, both cannot be true.

6. Occam’s Razor: If several alternate expla-
nations of any phenomenon are available, all
apparently equal in their ability to account for
the facts and all equally logical, then the basis
for choosing among them shall be simplicity.
Explanatory principles or factors are not to be
multiplied beyond necessity.  But neither may
explanations be too simple.  They must be ade-
quate to explain consistently the available data.

Science has had a tremendous influence on
mankind.  It has captured the imagination and confi-
dence of many because it allows human beings to pre-
dict the future.  If one can find the laws that govern the
world, then one can predict how the world will work.  In
1969 when the engines were ignited on the Apollo moon
ship, it was with the full expectation that, as a result of
complicated maneuvers based on the laws of motion,
men would land on the moon and return safely.  People
respect science because it works. 

Historical Perspectives

Much of our Western religious heritage comes to us
through the prophetic tradition of the Hebrews, but our
science comes through the rationalistic tradition of the
Greeks.  There was a time when these two converged.

If you stretch a string and pluck it, it produces a
tone having a pitch related to its first mode (pattern) of
vibration (see Fig. 1.1).  If you divide the string into two
or three equal parts, the string produces tones that are
harmonious with the first tone because their pitches are
related to the second and third patterns of vibration of
the string, respectively.  This simple discovery had a
profound effect on Pythagoras of Samos (ca. 582-500
B.C.) and his followers.  It was an unexpected but pro-
found connection between numbers and nature, and it
led Pythagoras to conclude that there is a harmony in
nature.  Nature, he thought, is commanded by numbers.
Pythagoras was convinced that not only the string but
also all the basic objects in nature are controlled by
basic harmonies, including the sun, moon, and stars,
which were thought to be imbedded within a concentric
series of moving spheres.  There was literally a music of
the spheres if one could but find it.  By decomposing the
world into number and geometric shapes, Pythagoras
and his followers hoped to understand its nature and
interrelationships.  The Pythagoreans gave us an early

notion of a spherical earth and circular orbits for the
sun, moon, planets and stars.  These were eternal and
divine things which could only be imagined to move
uniformly along the perfect geometrical paths repre-
sented by circles.

Plato (427-347 B.C.) further developed the view of
the Pythagoreans that the heavenly bodies were divine
beings.  Plato imagined creation to be the work of a
divine, supernatural being who created a rational design
for the world.  In this design four elements made up the
world:  earth, water, air, and fire.  The particles of the
elements were regular polyhedra: cubes, icosahedra,
octahedra, tetrahedra and dodecahedra.  The universe as
a whole was spherical, possessed a soul, was alive and,
hence, could move.  And through it all were the perfect
spheres and the perfect circular motions of the heaven-
ly objects.

While Plato imagined the heavenly objects to be
attached to geometrical spheres, his pupil, Aristotle
(384-322 B.C.), imagined the spheres to be real, physi-
cal objects.  The earth was at the center of the universe
and about this same center rotated crystalline, concen-
tric spheres composed of a fifth element, the quintes-
sence, within which the sun, moon, planets, and stars
were located.  Each sphere had its own individual
motion, and also was moved by every sphere which
contained it.  Thus all spheres were connected and dri-
ven by the motion of the outermost and most perfect
sphere, the primum mobile.  Beyond even this was the
“unmoved mover,”  which had somewhat the same rela-
tionship to the universe that soul has to body.  It was, for
Aristotle, the ultimate cause of motion.
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Figure 1.1.  The first mode of vibration of a plucked
string (upper).  Second mode of vibration (middle) and
third mode (lower).
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The elements of Aristotle were earth, water, air, fire,
and quintessence.  Quintessence was not an earthly ele-
ment, but was the stuff of the divine spheres and heaven-
ly objects.  Earth was made of grosser material.  The nat-
ural place toward which earth and water continually tend-
ed was the center of the earth.  The natural motions of
these elements were thus downward, a tendency called
“gravity.”  The natural motions of air and fire were
upward, a tendency called “levity.”  These rectilinear, up-
and-down motions had a beginning and an end, as befit
terrestrial phenomena.  Celestial objects were things apart,
and their eternal motions were circular.  Terrestrial and
celestial worlds were inherently different and separate.  

Much later it fell to a Dominican friar, Thomas
Aquinas (1225-1274), to reconcile the Aristotelian cos-
mology with Christianity.  The geometric marvel of the
Greeks was identified with the created universe of
Genesis.  Beyond the primum mobile was now added the
empyrean, a realm of purest glory where God dwelt and
maintained the motion of the spheres by His divine will:

The celestial heavens, stratified with planetary
spheres, accommodated a hierarchy of angelic
beings whose degree of divinity increased with
altitude.  Aerial and daemonic beings trod a less-
orderly measure in the sublunar sphere.  Earth
had the distinction of being the home of mortal

life, and its earthly elements constituted the per-
ishable vessel of the immortal human soul.

Hell, located in the bowels of the earth, was the
abode and source of evil, where with ineluctable
certitude wicked people would go to be tor-
mented for their sins.  Above the earth’s surface
and beneath the sphere of the moon lay purgato-
ry, where spirits must be purged before ascend-
ing further.  Guarded by angels, the lunar sphere
served as the entrance to the higher spheres of
heaven.  And beyond the celestial spheres,
above the primum mobile, existed the glorious
empyrean where God dwelt and looked down
and watched over his creation.  By compromise
and adjustment the learned fathers combined
reason with faith and gained a universe of mon-
umental elegance (Edward Harrison, Masks of
the Universe, pp. 73-74).

It was an elegant system which placed man at the
center of the universe and at the center of events.  Science,
religion, and philosophy were combined in one integral
whole which gave meaning and purpose to man’s exis-
tence.  Writes C. S. Lewis in The Discarded Image,
“Other ages have not had a Model so universally accept-

Figure 1.2.  The earth at the center of the universe.  The heavenly objects moved in circles. 
1.2 Universe
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ed as theirs, so imaginable, so satisfying to the imagina-
tion.”

The medieval cosmology still has its effect on the
way we think and speak.  We still speak of heaven as
being “up,” and hell as being “down” and, with St. Paul,
of “celestial bodies and bodies terrestrial” (I Cor. 15:40).

The system began to crumble in 1543 with the pub-
lication of Nicholaus Copernicus’ book On the
Revolutions of the Heavenly Orbs.  Copernicus (1473-
1543) was a Polish churchman and intellectual whose
activities touched on medicine, finance, politics, and
ecclesiastical affairs, but his main interest seems to have
been with a new system of the universe which placed
earth and the planets in orbits around the sun.  And yet
it was not a complete withdrawal from the earlier sys-
tem because Copernicus proceeded from two basic
assumptions: (1) any acceptable system must “save the
appearances,” i.e., it must square with the observed
motions of the heavens; and (2) the orbits of the heav-
enly objects must be perfect circles along which the
objects move at constant speeds.  Copernicus sounded a
new theme to differentiate his system from what had
gone before:  simplicity.  Speaking of his predecessors,
he said:  “Therefore in the process of demonstration,
which is called method, they are found either to have
omitted something essential, or to have admitted some-
thing extraneous and wholly irrelevant.”  Copernicus
concentrated on this latter statement, a version of
Occam’s Razor, and it has been a guiding principle of
science ever since.

By combining sun, earth, and the planets into one
system, Copernicus gave up the Greek conception that
the heavens were divine and the earth imperfect, for
now the earth was just one of many equivalent planets.
However, the notion of divinity of the spheres was no
longer a “pagan” notion, but an element of Christian tra-
dition and, moreover, an element legitimized by the
authority of the Church.  If the Church were indeed
utterly wrong on this vital element of its worldview,
then where did the error end?  And what would take its
place to give meaning, purpose, and importance to man
and his striving?  How far could one go in challenging
authority?  How else, but by authority, was one to
“know”?  And the “Prime Mover” was gone, too,
replaced by the sun:  “In the center of everything rules
the sun,” Copernicus wrote.  Not so simple, these ques-
tions.  Still it would not be until 70 years later, in
Venice, that the issue would come to a head. 

Copernicus’ book was published as he lay dying.  It
fell to Galileo Galilei (1564-1642) and Johannes Kepler
(1571-1630) to defend Copernicus’ system.  For Galileo,
in particular, one might say, “it was the best of times, it
was the worst of times” (Dickens).

It was the best of times because technology put
into Galileo’s hands a marvelous new instrument: the
telescope.  The Danish astronomer Tycho Brahe (1546-

1601) had pushed to the limit the ability of the unaided
human eye to observe and interpret the heavens.  Gali-
leo would help usher in the modern scientific method in
which the scientist would pose hypotheses, design
experiments, build the apparatus, make observations,
and expose conclusions to peer review by publishing
the results.

The telescope came to Galileo by way of the
Netherlands, where, history tells us (Boorstin, The
Discoverers, p. 314), it was invented quite by accident
about 1600 by two children playing in the shop of Hans
Lipershey, a Middelburg spectacle-maker.  By summer
of 1609, word of the invention had reached Galileo,
who immediately began to build an instrument for him-
self.  By March of 1610, he had published his first
observations in his book, The Starry Messenger, with
the following preface:

ASTRONOMICAL MESSAGE which contains
and explains recent observations made with the
aid of a new spyglass concerning the surface of
the moon, the Milky Way, nebulous stars, and
innumerable fixed stars, as well as four planets
never before seen, and now named “The
Medicean Stars” (Stillman Drake, Discoveries
and Opinions of Galileo, p. 26).

The discovery of the moons of Jupiter (the four new
“planets”) revealed heavenly objects that were not
revolving around the earth (nor, for that matter, the sun),
and the observations of our own moon showed moun-
tains and chasms which were clearly uncharacteristic of
the perfect “celestial” spheres of the medieval cosmolo-
gy.  Still, it wasn’t easy to convince the churchmen.
Many had a strong distrust of these “indirect” observa-
tions with an instrument.  To Galileo’s surprise and dis-
appointment, some argued that the moons were really
an artifact of the instrument itself.  To counter the criti-
cism, he is said to have made repeated observations of
distant terrestrial objects, followed by close-up observa-
tions with the naked eye.  Still, he couldn’t do this with
the moons of Jupiter, so there remained a doubt.
Nevertheless, time would show that he had learned
more about the heavenly bodies in a few short months
than had been known by any other previous astronomer.
The telescope revealed ten times as many stars as had
previously been known to exist.  It was the best of times
and Galileo used his observations to try to convert oth-
ers to the Copernican world system.

But in some ways it was the worst of times.  The
Reformation of the 16th century had divided western
Christianity into two bitterly opposed camps, the
Catholics and the Protestants.  The authority of the
Catholic Church was being challenged on moral, doctri-
nal, economic, and political grounds.  Luther, Calvin,
and Zwingli had all been at work attacking the founda-
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tions of Catholicism. By the time of Galileo, the Church
had mounted a Counter-Reformation.  In 1618 the
Thirty Years War began in Germany.  This religious war
between Protestants and Catholics was waged with
uncommon violence.  It was not a good time for Galileo,
a Catholic, to join in challenging the authority of the
Church.  He proceeded cautiously.

In 1616 Galileo went to Rome for audiences with
influential Cardinal Bellarmine and Pope Paul V.  He
was not successful in convincing the Church that the
earth truly moved and he was prohibited from teaching
or defending the idea, although he seems to have avoid-
ed personal censure.  And so, he waited—until there
was a new pope.  In 1624 he visited Pope Urban VIII to
see if the climate had changed.  Urban did not accept
Galileo’s ideas, but Galileo seems to have come away
with the impression that the pope would not stand in the
way of the flow of new ideas.  Perhaps with this in
mind, Galileo chose to take his case to the people by
publishing his views in popular Italian rather than the
academic Latin.  In this he was successful and gained
for the Copernican system a public awareness that it
would not otherwise have had.  But he misjudged the
political climate.

In February of 1633 he was summoned to Rome for
trial by the Inquisition with the threat that he would be
dragged there in chains if necessary.  He was gravely ill
and had to be transported on a litter.  Under threat of tor-
ture, he was made to kneel before the tribunal and
declare the following:

I Galileo, son of the late Vincenzio Galilei,
Florentine, aged seventy years, arraigned per-
sonally before this tribunal and kneeling before
you, Most eminent and Lord Cardinals,
Inquisitors-General against heretical pravity
throughout the entire Christian Common-
wealth, having before my eyes and touching
with my hands the Holy Gospels, swear that I
have always believed, do believe, and with
God’s help will in the future believe all that is
held, preached and taught by the Holy Catholic
and Apostolic Church.  But, whereas, after an
injunction had been lawfully intimated to me
by this Holy Office to the effect that I must
altogether abandon the false opinion that the
sun is the center of the world and immobile,
and that the earth is not the center of the world
and moves, and that I must not hold, defend, or
teach, in any way verbally or in writing, the
said false doctrine, and after it had been noti-
fied to me that the said doctrine was contrary to
Holy Scripture, I wrote and printed a book in
which I treated this new doctrine already con-
demned and brought forth arguments in its
favor without presenting any solution for them,

I have been judged to be vehemently suspected
of heresy, that is of having held and believed
that the sun is the center of the world and
immobile and that the earth is not the center
and moves.

. . . I abjure, curse, and detest the aforesaid
errors and heresies . . .”  (Boorstin, The
Discoverers, pp.325-326).

Galileo returned to Florence to be confined to
house arrest and denied visitors except by papal per-
mission.  He continued to write.  His final book, Two
New Sciences, had to be smuggled to the Netherlands
for publication.  During the last four years of his life he
was blind, perhaps from his observations of the sun.  He
died in 1642, the year of the birth of Isaac Newton.

Isaac Newton (1642-1727) was born on Christmas
Day, a weak and frail child.  His father, a poor farmer
who could not sign his own name, died a few months
before Newton’s birth.  His mother had remarried by the
time Newton was three years old, and left him to live
with his grandmother.  She rejoined him when he was
14 and tried to make a farmer of him, but Newton was
already preoccupied with mathematics.  At age 18 he
enrolled at Cambridge University and began work for
the Bachelor of Arts degree.  But in 1665 and 1666
Cambridge was closed because of the plague and
Newton retreated to his home in Lincolnshire for the
duration.  It was there that many of the ideas were born
that would revolutionize our concept of the world—
ideas that justly brought Newton such great fame. 

Newton was a complex character who seemed
haunted by insecurity, possibly stemming from his
childhood.  In his lifetime he would develop a powerful
new understanding of light and color, invent a new kind
of reflecting telescope which had significant advantages
over earlier instruments, and explain the motions of the
heavens.  He would also write some 650,000 words on
the subject of alchemy and some 1,300,000 words on
Biblical and theological topics (Boorstin, The
Discoverers, p. 407).  He was a Unitarian but a fellow
of Trinity College and found it best, at last, to leave
Cambridge to become Master of the Mint from which
he drew a comfortable salary.  He became president of
the Royal Society in 1703, was knighted by Queen
Anne in 1705, and for the remainder of his life domi-
nated intellectual life in England.

Alexander Pope summarizes the tribute to Newton
with this couplet:

Nature and Nature’s laws lay hid in night: 
God said, “Let Newton be!” and all was light.

One can juxtapose this with Newton’s modest (and,
some would say, uncharacteristic) statement to Robert
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Hooke, “If I have seen further than others it is by stand-
ing upon the shoulders of Giants.”

He shared with Pythagoras a fascination with math-
ematics as the key to understanding the world.
Newton’s approach was to summarize his observations
of nature into general mathematical statements, such as
his law of gravity.  To deal with motion and change he
had to invent a whole new mathematics, the calculus
(which he called the theory of “fluxions”).  Although he
was a creative genius who was constantly introducing
new ideas and explanations, in his own mind he
“frame[ed] no hypotheses,” meaning that he only sum-
marized in the formulas what could be confirmed exper-
imentally.  He did not introduce hypotheses, i.e., meta-
physical causes or explanations.  Thus, of his discovery
of gravity, he wrote:

Hitherto we have explained the phenomena of
the heavens and of our sea by the power of
gravity, but have not yet assigned the cause of
this power . . . But . . . I have not been able to
discover the cause of those properties of gravi-
ty from phenomena, and I frame not hypothe-
ses; for whatever is not deduced from the phe-
nomena is to be called an hypothesis; and
hypotheses, whether metaphysical or physical,
whether of occult qualities or mechanical, have
no place in experimental philosophy.  In this
philosophy particular propositions are inferred
from the phenomena, and afterwards rendered
general by induction.  Thus it was that the
impenetrability, the mobility, and the impulsive
force of bodies, and the laws of motion and of
gravitation, were discovered.  And to us it is
enough that gravity does really exist, and act
according to the laws which we have explained,
and abundantly serves to account for all the
motions of the celestial bodies, and of our sea
(Newton’s Philosophy of Nature: Selections
from His Writings, ed. H. S. Thayer, p. 45).

Newton’s great contribution was the ability to see
the world in a new way.  It occurred to him, after watch-
ing an apple fall, that gravitation was not strictly a ter-
restrial phenomenon, but rather a universal one.  He
looked at the moon, saw what everyone had seen before
him—and suddenly realized that the moon, just like the
apple, was a falling object!  True, it was moving side-
ways in its orbit as it fell, thus always missing the earth,
but it was falling, pulled toward the earth by the same
gravity that pulled the apple toward the earth’s center.
And with that insight Newton removed the distinction
between celestial and terrestrial phenomena.  It was as
Galileo had suspected.

Prior to Newton, Kepler had summarized Tycho
Brahe’s observations of the motions of the planets into

three “laws”:  (1) the motions of the planets (and moon)
were not circles, but rather slightly elongated ellipses
with the sun (or earth) slightly off-center at one focus;
(2) the planetary speeds were not constant, but rather
the radius from the sun to the planet sweeps out equal
areas in equal times; and (3) the revolution time for the
planet (its “year”) varies as the average distance from
the sun to the three-halves power.  Newton now took his
own inverse-square law for gravity and applied it to the
problem of understanding the orbits.  It is reported that
in 1684 Edmund Halley (for whom the well-known
comet is named) went to London to discuss the problem
of the planetary motions with Newton and asked him
what he thought the curve would be along which the
planets would move if his inverse-square law were true.
Newton immediately replied that it would be an ellipse.
Halley was astonished and asked him how he knew, to
which Newton replied that he had calculated it.  Halley
asked him for his calculation, but Newton looked
among his papers and could not find it.  Newton then
promised to repeat the calculation and send it along,
which he did, albeit three years later (Bronowski, The
Ascent of Man, p. 233).

With this “mathematization” of natural science,
Newton was, unlike Galileo, swimming with the tide of
the times.  But his extensive use of mathematics began
the unfortunate removal of the ideas of science from the
reach of the layman who was almost always unversed in
mathematics’ esoteric language.  The laymen of
Newton’s day, like those of today, could not follow the
mathematics nor share the power of Newton’s argu-
ment.  This is a phenomenon that has continued to haunt
science to this day and contributes to an unfortunate
cleavage of our culture in a time when many of the pos-
sible applications of science require the enlightened
judgment of the public.

From Newton’s time forward, the bodies of the uni-
verse and their motions, be they planets, moons or
atoms, were to be accounted for by universal laws that
could be observed in experiments on earth, summarized
in mathematical formulae, and then applied, to both
understand and predict all the phenomena of the uni-
verse.  The laws would predict the future of each body in
a decisive, deterministic way.  In the hands of Newton’s
followers and the French philosophers who followed
Descartes, the world began to assume the characteristics
of a giant clockwork whose motions could, in principle,
be predicted and which were, therefore, “predestined.”
Perhaps God was still necessary to get it started, but once
started the world would run along as a giant machine
without need for further intervention.  This was not a
pleasant view for many, but Newton’s approach provid-
ed a model according to which people would begin to try
to understand the physical world as well as society, the
economy, biology, etc.  The message was to find the laws
and use them to understand the system and predict its
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future.  This was, and is, a very powerful idea.

STUDY GUIDE
Chapter 1:  Prologue

A. FUNDAMENTAL PRINCIPLES
1. Existence: There exists a physical world separate

and distinct from our minds that is knowable
through our senses and that is governed by certain
generalities called the laws of nature.

2.  Causality: Events in the physical universe have
natural causes that always precede them in time and
that can be explained rationally in terms of the laws
of nature.

3.  Position Symmetry: The laws of nature are the
same everywhere in the universe.

4.  Time Symmetry: The laws of nature have
remained the same through time.  They are the
same as they were in the distant past and will be in
the future.

5.  Noncontradiction: Of two contradictory proposi-
tions, both cannot be true.

6.  Simplicity (Occam’s Razor): If several alternate
explanations of any phenomena are available, all
apparently equal in their ability to account for the
facts and all equally logical, then the basis for
choosing among them shall be simplicity.
Explanatory principles or factors are not to be mul-
tiplied beyond necessity.  But neither may explana-
tions be too simple.  They must be adequate to
explain consistently the available data.

B. MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1.  What are the purposes of the course?
2.  How do we learn what is “true”?
3. When have “science” and “religion” converged?

When have they been in conflict?

C.  GLOSSARY
1.  Causality: The relationship that cause has to

effect.
2.  Existence: The fact or state of having actual or real

being.
3.  Symmetry: The characteristic that a thing pos-

sesses when it can be viewed from different per-
spectives and yet appear the same.

D. FOCUS QUESTIONS
1.  Describe the purposes of this course as stated in the

Preface.
2. Describe four “sources of knowledge.”   Explain

what each means.  Contrast a strength and weak-
ness of each.

3. Describe six “self-evident truths” assumed by
many scientists.  Explain what each means.

E. EXERCISES
1.1.  The following are statements that some people

might be willing to say they “know” are true.  In each
case try to identify which of the four primary means to
knowing is most relevant in validating the knowledge
for mankind in general and for you in particular.  Can
you identify strengths and weaknesses of the validation
in each case?

(a) The sum of the squares of the lengths of the
sides of a right triangle is equal to the square of the
length of the hypotenuse. (Pythagoras’ Theorem)
(b)  God exists.
(c)  When I see a red object, “red” appears to me
the same as it appears to someone else seeing the
same object.
(d)  Water is made up of tiny lumps of matter (mol-
ecules).
(e)  The “Mona Lisa” (painting) is a thing of beau-
ty.
(f)  The earth spins on its axis once every 24 hours.
(g)  Lowering taxes will stimulate the economy
and produce prosperity.
(h)  The earth is about 4.5 billion years old.

1.2.  The sun appears to revolve around the earth in
24 hours, causing the passage from night to day and
back.  In Aristotle’s model of the world this condition of
a stationary earth and a moving sun is realized literally.
But today we say instead that the earth spins once every
24 hours.  How does Occam’s Razor help in deciding
between these two hypotheses?

1.3.  High up on the slopes of Mt. Timpanogos in
the sedimentary rock formations of the Wasatch
Mountains of Utah one can find fossil shells of marine
organisms.  Frame two hypotheses to explain how these
fossils got there.  Does Occam’s Razor favor one over
the other?

1.4.  Explain how the principle of position symme-
try affects the models astronomers build to explain the
universe.

1.5.  The weight of an object near the moon is only
about one-sixth its weight near the earth.  Is this a vio-
lation of the assumption of position symmetry?  Why?

1.6.  Geologists usually claim a very long history
for the evolution of the earth.  What role does time sym-
metry play in formulating their models of the earth?

1.7.  The weather changes from one day to the next.
Is this a violation of time symmetry?

1.8.  Fiction writers often play with the theme of
time travel.  If you can think of an example, do these
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authors take position and time symmetry as “self-evi-
dent”?  How do they deal with causality?   

1.9.  Contrast the weight given to authority, intu-
ition, reason, and observation in the models of the uni-
verse of Pythagoras, Aristotle, Aquinas, Galileo, and
Newton.
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2.  Science and the Universe

Humans have always been curious about their envi-
ronment and how they relate to and control it.
Earthquakes, volcanoes, hurricanes, and drought are
examples of natural phenomena that have affected lives
in important ways.  People have sought to control these
phenomena, or at least their impact on human lives.
Over the years people have built “models” or “schema”
of how natural phenomena worked.  In earlier times
these models often claimed a supernatural relationship
among humans, gods, and natural phenomena.  Our
models of the physical world today have evolved
significantly from those of our ancestors of just a few
generations ago.

Whatever the motivation, we now know more
about the universe than our ancestors did.  Their curios-
ity and study helped unveil a structure and order that is
more profound, yet simpler, than they could have ima-
gined.  We truly do live in the age of science.  Our lives
are partly controlled and greatly enriched by the fruits
of our knowledge, and science gives us the power to
continue improving the conditions under which we live.  

Those who have little control over their society
might argue that they need not pay attention to the
knowledge and ideas of science.  However, in a free
society, citizens are often able to make decisions about
the interaction of science and their lives.  Wrong choic-
es might unleash a destructive mechanism or might
deny them the use of a technology that could be the
basis of future prosperity and peace.  The freedom to
choose implies the responsibility to understand.  If we
use our knowledge unwisely, we have the power to
destroy our civilization.

Our purposes in this book are to describe the uni-
verse and the rules that govern it and to help you gain
some experience with the scientific method of thinking.
We will do this without using sophisticated mathemati-
cal notation even though the description is more elegant
in that form.  We cannot describe every detail in a book
of this size, so we have chosen those parts of the uni-
verse that seem to us most interesting and important and
those rules or laws that have the broadest range of appli-
cation.  Further, we will explain some of the evidence
that leads us to believe that what we describe is valid.
You will gain the most from your study if you make sure
you understand the relationship between the evidence

and the ideas it supports (or does not support).  In doing
so, you will gain experience in using the scientific
method as you learn about our modern understanding of
our surroundings.

The task of physical science is to describe the entire
universe, from its tiniest components to its largest col-
lections of matter, living and nonliving, and to under-
stand the rules governing its behavior.  To begin, we
will sketch a description of the universe and show how
the universe is constructed from a few simple compo-
nents.  You may think of this description as a kind of
map of the material we will discuss in this book.  Each
step in the description will be elaborated in subsequent
chapters, where we will elaborate each level of descrip-
tion, explain the rules governing the changes that occur,
and present some of the relevant evidence.

The World Around Us

As we go through life we encounter a dazzling
array of objects and materials.  Bricks, rocks, sand,
glass, soil, air, cans, footballs, rain, mountains, trees,
dogs, and many other things are forms of matter that
enrich our lives.  And there is motion all around.  Rain
falls, rivers flow, the wind blows, cars and people start
and stop, waves move across a lake, objects fall to the
ground, smoke rises, the sun and stars move through the
heavens, and the grass grows.  Matter also seems to
change form in arbitrary ways.  Wood burns and disap-
pears, whereas water does not burn but may disappear
all the same. 

This variety in motion and matter at first seems
unfathomable.  How can mere humans, so limited in
senses and mobility, hope to comprehend it all?  Can
any order exist in such diversity?   Are there rules which
govern change?

The answers have come through the centuries, little
by little.  Gifted and persistent people have learned to
ask the right questions and how to induce nature to yield
the answers.  Each stands upon the shoulders of those
who went before and thereby gains a more complete
view.  We together stand at the apex of a great pyramid
of giants from which we view the truth more complete-
ly than people in any other age.  

What we see is astounding.  Much of the physical
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world can be understood simply.  Matter is made up of
only a few kinds of pieces, which can be arranged in
countless ways.  The motion we see around us depends
on just a few simple rules.  Changes in form and sub-
stance are also easy to understand in terms of a few
comparatively simple ideas.  When these rules and ideas
are understood, chaos becomes order.  Order and law
really do govern our world.  Even living things seem to
operate on the same principles.  The laws of force and
motion and chemical change govern the processes of
life as well as the behavior of nonliving objects.

But the view is not yet complete.  As we consider
our knowledge and observations, we encounter ques-
tions for which the answers are not yet known.  Perhaps
we have not asked the right questions.  Perhaps we are
just not yet wise enough to understand the answers.  At
any rate, asking and trying to solve the puzzle is half the
fun.  We will try to let you share the mysteries as well
as the answers as we proceed.

A distinctive nomenclature is worth noting.  When
we speak of objects too small to be seen without a
microscope, we refer to them as microscopic objects.
Atoms, molecules, and their constituents are micro-
scopic, as are most living cells.  Objects large enough to
be seen without the aid of a microscope are macro-
scopic.  Thus, one way to characterize this chapter is to
say that we are describing the macroscopic parts of the
universe in terms of its microscopic constituents (a
strategy called reductionism).  This, as you will see, is
the key to understanding the structure and behavior of
the universe in terms of a few simple ideas.  

It is often useful in the study of physical objects to
categorize and compare them on the basis of their size
and the forces that hold them together.  The size of a
physical object may be given in terms of its spatial
dimensions. People-sized objects have typical dimen-
sions of a meter or a few meters or a fraction of a meter.
Much smaller objects, such as cells in the human body,
have typical dimensions of micrometers (millionths of a
meter).  The extremely small nuclei of atoms typically
have dimensions of milli-micro-micrometers (thou-
sandth-millionth-millionths of a meter).  Buildings have
dimensions of a few tens to a few hundreds of meters.
The earth is approximately spherical in shape with a
diameter of about 13,000 kilometers.  The earth moves
about the sun in an approximately circular orbit with a
diameter of about 300 million kilometers.  The Milky
Way has a diameter of about 100,000 light years.  (A light
year is approximately 10 million million kilometers.)

There are four basic forces in nature:  strong force,
electromagnetic force, weak force, and gravity.  In
some structures these four forces may be at work simul-
taneously and may even have opposite effects.  The
strong force is operative only over very short distances
while the electromagnetic force and gravity, in contrast,
reach much further, although they weaken with distance.  

Some objects have a characteristic called electric
charge.  Charge may be positive or negative and is a
characteristic associated specifically with the electro-
magnetic force.  Objects with like charges are repelled
by the electromagnetic force while objects with oppo-
site charges attract one another.  Objects may also have
a characteristic called mass.  Objects with mass are
attracted (never repelled) by the force of gravity.

Nuclear Matter

All matter as we currently understand it is made up
of elementary particles, point-like objects without size
or structure. Among these particles we number quarks
and electrons.  The electron carries a unit of negative
electric charge.  Quarks are charged particles, each car-
rying a positive or negative charge equal to one-third or
two-thirds the charge of a single electron.

Structures called nucleons consist of three quarks
bound together by the strong force.  Positively charged
nucleons (called protons) are made of two quarks with
charge !2/3 and one with charge "1/3.  Neutral nucle-
ons (called neutrons) have one quark with charge
!2/3 and two with charge "1/3, adding together to
yield zero net charge.  

Nucleons are so small that it would take one mil-
lion million (or 1012) lined up next to each other to reach
across the head of a pin.  (We will use the notation 1012

[spoken “ten to the twelfth”], because it is an easy way
to keep track of the zeros in large or small numbers.  By
1012 we mean that we start with 1.0 and move the deci-
mal 12 spaces to the right, resulting in the number
1,000,000,000,000.  On the other hand, 10–12 would
mean that the decimal point is moved 12 spaces to the
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Figure 2.1.  Models of atomic nuclei: (a) helium, (b)
oxygen, (c)  uranium.



left, resulting in the number 0.000,000,000,001.)
Nucleons are so dense, however, that a pinhead-size ball
made of nucleons packed next to each other would
weigh about a million tons.  No crane could lift it.

Nucleons coalesce into incredibly small lumps con-
taining from 1 to 238 nucleons, half or more of which are
neutrons and the rest protons.  Each of these tiny aggre-
gates is the nucleus of an atom (Fig. 2.1).  Larger col-
lections of nucleons have been formed in laboratories,
but these always break up quickly into smaller groups.

The strong force also holds the protons and neu-
trons in the nucleus of an atom together.  Nucleons
attract each other (that is, protons attract other protons
as well as neutrons; neutrons do the same) by means of
the strong force.  This means the strong force must over-
whelm the electromagnetic repulsion of the positively
charged protons.  (The electromagnetic force holds
atoms, molecules, and people-sized objects together
where the separations exceed the range of the strong
force.)  The strong force is responsible for the energy
released by the sun, nuclear reactors, and nuclear ex-
plosives.  The weak force is also involved in the nucleus
but does not control any of the common structures.  

Some of the nuclei found in nature are unstable.
These spontaneously emit high-speed particles.  Such
nuclei are called radioactive.

Atoms

Each atomic nucleus carries a positive electric charge
and attracts a certain number of negatively charged elec-
trons.  The nucleus and electrons together form an atom.

There is normally one electron in the atom for each pro-
ton in a nucleus, so that the atom is electrically neutral.
Neutrons are in atomic nuclei as well, but the number may
vary for atoms that are otherwise identical. 

Compared with its nucleus, an atom is enormous.
If you imagine the nucleus to have a diameter the size
of a ballpoint pen tip, the atom would have a diameter
equal to the length of a football field (Fig. 2.2).  An
atom is mostly empty space.  In some ways the nucleus
is like a small gnat in the center of a large building.  The
walls and ceiling of the building and all the space inside
are patrolled by the electrons, which move rapidly about
like a swarm of bees protecting the atom from intruders.

Atoms are 100,000 times as large as their nuclei,
but they are still so small that 5 million are needed to
form a line across the smallest dot.  The electrons have
little mass (about 1/1,836 that of nucleons), so atoms
have about the same mass as their nuclei.  A pinhead-
size ball of atoms has about 1021 atoms and weighs
about as much as a pinhead.

Although individual atoms are much too small to see,
you are undoubtedly familiar with objects composed of
large groups of essentially identical atoms.  For instance,
a copper penny is made of approximately 30 billion tril-
lion (3 # 1022) copper atoms.    A material like copper
composed of only one type of atom is called an element.
Additional examples are iron, helium, and uranium.

Molecules and Crystals

Atoms, in a variety of combinations, make up mat-
ter as we know it.  The tiniest speck of dust visible to the
unaided eye contains about 1018 atoms.  A sample of air
the size of a sugar cube has about the same number.

Certain atoms join together in small groups by
sharing electrons in a way that takes advantage of elec-
tromagnetic interactions.  Such a group of atoms is
called a molecule.  Molecules are the basis of many of
the common materials you see around you.  Sugar is
composed of molecules, each containing 12 carbon
atoms, 22 hydrogen atoms, and 11 oxygen atoms.  Many
molecules contain fewer than 50 atoms, although poly-
mers like nylon are long chains that may contain a mil-
lion or more.  A molecule of the common fuel butane is
shown in Figure 2.3.

Figure 2.3.  A butane molecule (carbon atoms are shown
in black, hydrogen in white).
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Figure 2.2.  An atom is mostly empty space.  On this scale,
the nucleus is still only the size of a ballpoint pen tip.



Molecules do not deteriorate easily, as your experi-
ence with sugar will tell you.  Sugar does not sponta-
neously change into some other material.  Yet many
common processes can tear molecules apart and
reassemble them in different ways.  For instance, sugar
can be burned.  It can also be digested to release its
stored energy for use in muscles.  This stored chemical
energy (based on electromagnetic forces) has been
mankind’s most common source of energy. 

Atoms attract each other, because the protons in
each atom and the electrons in its neighbors are attract-
ed to each other by the electromagnetic interaction.
Adjacent atoms do not get too close, however, because
the positively charged protons in each atom repel the
protons in the other.  The strong force is inoperative at
these distances.  Electrons also repel each other.  The
net result of these electrical attractions and repulsions is
the force that holds atoms together.  We feel this force
when, for example, we tear a piece of paper (separating
some of its atoms from each other), bend a piece of
metal, strike our head against a solid object, or walk
across a room.  In fact, these interatomic electric forces
are involved in almost everything we do and are respon-
sible for almost all the forces we experience directly.

Most common materials contain several kinds of
molecules.  Milk has over a hundred kinds of molecules
and the human body has somewhere near 50,000.  The
task of identifying important molecules and studying
their properties has been one of the great challenges of
modern chemistry and biology.

Some materials are just large numbers of identical
atoms or molecules piled on top of one another.  In liq-
uids these slide around each other much like small ball
bearings or buckshot in an open can.  In solids the atoms
sometimes arrange themselves in an orderly array called
a crystal.  For example, common table salt is a collection
of equal numbers of sodium and chlorine atoms in a cubi-
cal arrangement.  Many solid materials are collections of
small crystals held together by the electrical force.  The
type of atomic organization in crystals generally deter-
mines the properties of the bulk material.  Carbon atoms,
for example, can be arranged in two different ways—one
forms diamond; the other, graphite (the “lead” in a pen-
cil).  Diamond is clear, colorless, and hard; graphite is
opaque, black, and soft.  Yet both are composed of the
same kind of atoms.  Color Plate 1 (located in the color
photo section near the end of the book) shows regularly
ordered carbon atoms in graphite as imaged with a scan-
ning tunneling microscope.  Color Plate 2 shows regular-
ly spaced sulfur atoms in molybdenum disulfide as
imaged with a scanning tunneling microscope.  

Complexes of Molecules

Some physical objects that we have firsthand
experience with are composed of one or more complex-

es of molecules. Our bodies are composed of various
bony and tissue structures which are very large integrat-
ed collections of complex molecules.  The living plants
and animals around us share similar molecular com-
plexes in their structure.

The fuel we burn may be composed of homoge-
neous collections of molecules, as in natural gas, or het-
erogeneous collections of molecules, as in wood.
Buildings are made of steel and concrete and glass;
vehicles of metal and plastic.  Each in turn is composed
of molecular complexes.

The Earth

The earth on which we live is a huge ball with a
radius of almost 6400 kilometers (4000 miles).  It is so
large that we generally perceive it to be flat from our
perch upon its surface. We do not generally notice that
the surface of a lake curves downward so that it is about
30 feet higher at our feet than it is 5 miles away.
Nevertheless, pictures taken from space reveal the over-
all spherical shape, a shape which has been known indi-
rectly for centuries.

The outer layer, or crust, is a comparatively thin
skin composed of a variety of rocks and materials.  The
mountains, which seem so magnificent and overpower-
ing to us, are no more than the smallest wrinkles when
compared with the earth as a whole—thinner, by com-
parison, than the skin on an apple.

We may think of the whole earth as being the same
as the crust we experience.  But the crust is not at all
representative of the interior (Fig. 2.4).  The core of the
earth is thought to be a hot (3500 °C or more) ball of
iron and nickel under tremendous pressure.  The core
seems to have two parts:  a solid inner core and an outer
core. The latter has many properties normally associ-
ated with liquids.  The core constitutes about 30 percent
of the earth’s volume and one-half its mass.

Figure 2.4.  The internal structure of the earth.
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Surrounding the core is the mantle, a 2900-kilo-
meter-thick layer of solid rock that constitutes most of
the earth.  The mantle is composed almost entirely of
rocks made of the elements silicon, oxygen, mag-
nesium, and iron.  Evidence indicates that its tempera-
ture ranges from 2700 °C just outside the core to 1000
°C just inside the crust.

The rigid outer layer of the earth is divided into
several sections, or plates, upon which the continents
rest.  These plates move slowly over the surface of the
earth, sometimes colliding with each other with enor-
mous force and sometimes separating to leave a rift
through which molten rock from lower levels may
escape onto the ocean floor.  Many of the phenomena
we observe (e.g., earthquakes, volcanic activity, and
mountain building) can be understood in terms of the
motion of these plates.  Their discovery and study, a
field of inquiry known as plate tectonics, has been one
of the major triumphs of modern geology.

The gravitational and electromagnetic forces com-
bine to govern the size of the earth.  Each piece of the
earth is attracted to every other piece by gravity, the
result being a net force directed toward the center of the
earth.  As the atoms that make up the earth are pulled
close together by gravity, their interatomic (electromag-
netic) forces begin to resist.  Otherwise, the earth would
collapse into a much smaller ball.  The nuclear force
also plays an important role in the earth’s dynamics,
releasing energy from radioactive nuclei that keeps the
interior of the earth hot.

The Solar System

Circling the sun with the earth are eight other plan-
ets (with their moons), several comets, and a variety of
smaller objects called asteroids.  Together these bodies
form the solar system (Fig. 2.5).  The nine planets are
Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus,

Neptune, and Pluto.  Pluto, usually the outermost, trav-
els in an elliptical orbit that varies from 4 to 5.5 billion
kilometers from the sun and sometimes carries the plan-
et inside the orbit of Neptune.  Again, the scale is hard
to comprehend.  If we were to start today and travel with
a constant speed of 40,000 kilometers/hour, about as
fast as the fastest rocket, it would take about 14 years to
reach Pluto.

The planets differ in their speeds as they travel
around the sun.  Mercury, the fastest at a speed of
170,000 kilometers/hour (110,000 miles/hour), com-
pletes its orbit in just 88 days.  Pluto, the slowest, trav-
els only one-tenth as fast and takes almost 250 years to
complete its orbit.  The earth’s orbital speed is a moder-
ate 107,000 kilometers/hour (67,000 miles/hour). 

The sun governs these motions through the gravita-
tional force that reaches out through the immensity of
space to hold the planets in their orbits.  The sun itself
is a vast collection of atomic nuclei, mostly hydrogen,
and electrons.  These charged particles are free to move
about independently of one another in a kind of gaseous
state called a plasma.  (Over 99 percent of all visible
matter in the universe is in the plasma state.)  The tem-
perature of the sun is quite high, ranging from about 15
million degrees Celsius at the center to about 5500 °C
near its surface.  The nuclear furnaces of the sun provide
the light that illuminates its satellites.  This light is the
principal source of terrestrial energy, providing the
energy for atmospheric motion, for plant and animal
growth, and for virtually every process that occurs on
the planetary surface.

The Milky Way Galaxy and Beyond

The sun is just one of the billions of stars, a few of
which can be seen on any clear night, particularly if
interference from artificial lighting is not too great.
Those closest to us form the Milky Way galaxy (Color
Plate 3, see color photo section near the end of the
book), an immense collection of 100 billion stars held
together by their mutual gravitational attractions.  The
stars of the Milky Way are, on the average, about 30 tril-
lion miles apart, a distance so great that it takes light six
years to traverse it.  The distance that light can travel in
a year is called a light-year.  The galaxy itself is
600,000 trillion miles across; it requires 100,000 years
for light to go from one side to the other, so the diame-
ter of the galaxy is about 100,000 light-years.  If the uni-
verse were to shrink so that the sun was reduced to the
size of an orange, the stars in the galaxy would be about
1,000 miles from their nearest neighbors and the galaxy
as a whole would be 20 million miles across.

The picture is still not complete.  Millions of galax-
ies have been seen through our most powerful tele-
scopes.  Each contains billions of stars.  Some galaxies
are grouped together in clusters, with individual clusters
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containing as many as 10,000 galaxies.  Our Milky Way
is part of a smaller cluster, called the Local Group,
which contains one other spiral galaxy and several
fainter objects.  The typical distance between galaxies
in a cluster is a million light years.

With all this, keep in mind that the universe is
mostly empty space.  The stars and galaxies, although
immense from our perspective, are mere specks when
compared to the immensity of the universe in which
they move.  The space between them is emptier than the
most perfect vacuum attainable on the earth.

Summary

By now you might feel a little unstable.  Think of
the range of things we have described—from nucleons
so tiny that a quadrillion of them could fit in a line
across a small pinhead, to clusters of galaxies so vast
that even light takes many millions of years to go from
one side to the other.  As the structure is built up level
by level, perhaps you can see that each level of organ-
ization is a logical combination of simpler ones.

Try not to be overwhelmed by all the numbers and
names.  The important names will recur in subsequent
chapters so that you will become familiar with them as
we proceed.  The short exercises at the end of this chap-
ter will help you to put things into proper perspective.
The purpose of this chapter is to help you develop an
accurate framework into which you can fit the more com-
plete and precise information that follows (Fig. 2.6).

Historical Perspectives 

Science as practiced today has evolved over five or
so millennia.  Some early roots of science may have
appeared as early as 3000 B.C. in observations of the
heavens.  The Babylonians developed the “art” of astrol-
ogy from their observations and charting of lunar cycles
and the apparent motions of the sun and planets.  The
Egyptians had a rather sophisticated understanding of the
seasonal cycles, probably motivated by their need to pre-
dict the yearly overflow of the Nile.  At Stonehenge in
England stones were arranged so as to predict the
eclipses.  In these civilizations the apparent motion of the
sun and the planets played an important role.

The Greek civilization produced many philoso-
phers who pondered nature and described its workings.
As we have already noted, Pythagoras (ca. 550 B.C.)
introduced the notion of a spherical earth and a spheri-
cal universe.  Democritus (ca. 450 B.C.) introduced the
notion of the atom as the smallest particle into which
matter could be divided.  Aristotle (ca. 350 B.C.) envi-
sioned a universe consisting of a spherical earth sur-
rounded by spherical shells containing the planets and
stars.  Aristotle taught the young Alexander who
became Alexander the Great and who established a city
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and center of learning at Alexandria, Egypt.
Archimedes (ca. 250 B.C.) and Ptolemy (ca. A.D. 150)
were two of many important pupils of the Alexandrian
Academy.  

The Ptolemaic model of the universe had a spheri-
cal earth at rest at its center.  The planetary motions
were explained in terms of epicycles—one circular
motion about a point which in turn moved in a circular
motion about some other point.

When Islamic forces conquered Alexandria (ca.
A.D. 500) there was a flow of scientific information to
the East.  Baghdad became a center for the exchange of
knowledge, and many works were translated into
Arabic.  Much of the body of scientific knowledge was
preserved and enlarged in nations under Islamic influ-
ence.  Many Greek ideas were preserved during this
period at Constantinople, which was not conquered by
Islamic forces until the 15th century.

The Dark Ages encompassed Europe until about
the 15th century, when the Renaissance developed.  As
the Greeks lost Constantinople they fled into Europe
and carried with them their scientific and cultural trea-
sures.  At this time the Moorish influence in southern
Spain also provided an infusion into Europe of the sci-
ence preserved by the Islamic culture. 

In England, Francis Bacon (1561-1626) intro-
duced the inductive method, in which observations of
many specific cases are generalized as the laws of
nature.  In contrast, the deductive method employs gen-
eral assumptions (which may or may not be true) from
which specific conclusions are logically deduced.

STUDY GUIDE
Chapter 2:  Science and the Universe

A. FUNDAMENTAL PRINCIPLES
1. The Strong Interaction: The interaction between

objects that gives rise to one of four fundamental
forces in nature, called the “strong force.”  The
strong force is a short-range, nuclear force which is
responsible for the binding of the nucleus together
as a structure.

2. The Electromagnetic Interaction: The interac-
tion between objects that gives rise to the electrical
(or, better, the electromagnetic) force.  The electro-
magnetic force is also fundamental and is responsi-
ble for binding atoms and molecules as structures.

3. The Gravitational Interaction: The interaction
between objects that gives rise to the weakest of the
fundamental forces, the gravitational force.  The
gravitational force is responsible for binding struc-
tures such as the solar system and galaxies.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS
None

C.  GLOSSARY
1. Atom: A structure made up of a nucleus (contain-

ing protons and neutrons) and surrounding elec-
trons.  The electrons are bound to the nucleus by the
electromagnetic force.

2. Core: The spherical center of the earth.  The solid
inner core consists of iron and nickel while the liq-
uid outer core surrounds the inner core and consists
of molten iron and nickel.

3. Crust: The relatively thin outer layer of rock that
forms the surface of the earth.

4. Crystal: A form of solid in which atoms or mole-
cules arrange themselves in orderly arrays to create
distinctive geometric shapes.  Common table salt
exists as crystals.

5. Electric Charge: A characteristic of objects that
determines the strength of their electromagnetic
interaction (force) with matter, specifically with
other charged objects.

6. Electron: A particular kind of elementary particle
that carries a negative charge, has an electromag-
netic interaction with matter, and is a constituent
part of atoms.  Electrons are best represented as a
point without spatial extent.

7. Element: A substance made up of atoms, all of
which contain the same number of protons.
Hydrogen, helium, silver and gold are elements.

8. Light-Year: The distance light can travel in one
year, i.e., about 6 trillion miles.

9. Macroscopic: A descriptive adjective referring to
the sizes of objects large enough to see with the
unaided eye.  Automobiles and basketballs are
macroscopic objects.

10. Mantle: The spherical shell of rock that lies under
the crust of the earth but overlies its core.

11. Mass: A characteristic of objects that determines
the degree to which they can be accelerated by
applied forces.  Mass is also a characteristic of
objects that determines the strength of their gravita-
tional interaction with matter, specifically with
other objects with mass.

12. Microscopic: A descriptive adjective referring to
the sizes of objects at the limit of visibility with the
unaided eye or smaller.  Molecules and atoms are
described as microscopic objects.

13. Molecule: A microscopic structure usually made up
of more than one atom.

14. Neutrino: A particular kind of elementary particle
that carries no electrical charge, is best represented
by a point without spatial extent, and is particularly
notable for having neither a strong nor an electro-
magnetic interaction with matter.  The neutrino
interacts with matter through the fundamental force
called the “weak force.”

15. Neutron: A composite, strongly-interacting parti-
cle made up of  three quarks, but which carries no
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net electrical charge.  Neutrons are a constituent
part of the nucleus of atoms.

16. Nucleon: A generic name for either a proton or a
neutron.

17. Nucleus: The very small core structure at the cen-
ter of an atom.  The nucleus is a structure of protons
and neutrons held together by the strong force.

18. Plasma: A physical state of matter (such as solids,
liquids, and gases) that is characterized by fluid
properties, but in which particles with positive and
negative electric charges move independently.

19. Plates: Pieces or sections of the fractured rigid
outer layer of the earth on which the continents and
ocean basins sit.

20. Proton: A composite, strongly interacting particle
made up of three quarks. The proton carries a posi-
tive electrical charge and is a constituent part of the
nucleus of atoms.

21. Quarks: The elementary particles of which pro-
tons and neutrons consist.  A proton and a neutron
each consist of three quarks.

22. Reductionism: A strategy of science to understand
complex structures by reducing them to their small-
er and simpler parts.

23. Solar System: A star with its associated revolving
planets, moons, asteroids, comets, etc.

24. Weak Force: One of four fundamental forces of
nature (strong, electromagnetic, weak and gravity).
Unlike the other three, the weak force is not direct-
ly associated with binding together the common
structures of the universe.

D.  FOCUS QUESTIONS
1.  Identify at least five  levels of organization observed

in the universe.  Describe these levels of organization
in order, beginning with the smallest, and explain
how each structure is held together.  Identify the fun-
damental force which dominates in each structure.

E.  EXERCISES
2.1.  For each of the following structures, identify

their primary constituent parts and their sizes and the
fundamental force(s) which maintain the integrity of the
structure.

cluster of galaxies
galaxy
solar system
star
earth
crystal
molecule
atom
nucleus
nucleon
quark
electron

2.2.  By analogy or number, contrast the size of the
nucleus and the size of the atom.

2.3.  By analogy or number, contrast the distances
between stars, the size of the galaxy, and the distance
between galaxies.

2.4.  Describe the organization of the universe.
Show how clusters of galaxies are ultimately composed
of the simplest entities we know about.

2.5.  Is it true that matter is “mostly empty space”?
Explain what this statement means by describing the
real structure of

(a) an atom
(b) a steel ball bearing
(c) a galaxy

2.6.  Of the five levels of organization listed here,
which is second in order of increasing size and com-
plexity?

(a) quark
(b) apple
(c) moon
(d) gold nucleus
(e) protein molecule

2.7.  Which of the following forces is electrical?
(a) weight of a book
(b) force exerted by book on table
(c) gravitational force of earth
(d) force keeping the moon in orbit
(e) force keeping the solar system together
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3.  Laws Governing Motion

Motion is all around us—people walk, clouds
move, rain falls, and water flows. Things are moving
wherever we look, and motion seems to be associated
with all the changes we observe.  Understanding motion
is an important starting point in understanding the
world.  Newton helped us to understand motion in terms
of the three laws he published in 1687.  Although his
laws of motion appear relatively simple, his perspective
is not intuitively obvious and requires a retraining of the
way we think.  We will now describe these laws of
motion and try to understand their meaning, illustrating
them with common experience, but common experience
seen in a new way.

The First Law of Motion

Before dealing with all kinds of motion, we must
first ask:  How do objects move if they are left alone?
What is the “natural” motion of free objects?  Only
when we know the answers to these questions do we
know what remains to be explained.  If free objects
move in a particular way, objects that move in some
other way are not free and their motions must be
explained by another law. The First Law of Motion
correctly describes the motion of free objects:

Every object continues in its state of rest, or of
uniform motion in a straight line with unchang-
ing speed, unless compelled to do otherwise by
forces acting upon it.

It seems obvious that an object at rest remains at
rest if it is left alone, yet the consequence can some-
times be startling.  A magician depends on this law
when he pulls the tablecloth from a table, leaving the
dinner service undisturbed.  The plates and goblets are
at rest and remain at rest unless the tablecloth “com-
pels” them to do otherwise.

A less entertaining manifestation of the law occurs
when a stopped car with passengers is struck from
behind.  The passengers’ heads momentarily remain at
rest while the car and the rest of their bodies are “com-
pelled” to move forward by the force of the impact.
This results in stretching and bone dislocation known as
whiplash injury.

This First Law also states that moving objects, if

left to themselves, will continue to move in a straight
line without changing speed—uniform motion. At first
this seems contrary to our experience.  Moving objects
always seem to slow down and stop if nothing is done
to keep them moving.  Is this not a violation of this
statement of the law?

Our problem is that the objects with which we deal
are not free.  Friction acts on them and, if it is not
opposed by other forces, “compels” these objects to
change from their state of uniform motion.  We can test
the validity of the First Law, however, by considering the
motion of objects in situations where friction is greatly
reduced.  One can easily imagine, for example, that an
ice skater could glide on and on without ever slowing
down if friction could be eliminated totally (Fig. 3.1).

Figure 3.1.  An ice skater could go on forever without
effort if friction were not present.

Those who drive on icy roads are acutely aware of the
consequences of the law. It is a frightening experience to
approach an intersection, apply the brakes because of a red
light, and then proceed through without slowing down.
Turning is also a problem because, without friction, the car
continues in a straight line no matter how the wheels are
turned.  After two or three such experiences, one is easily
convinced that the First Law of Motion is valid. 
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Even so, the consequences of the law still catch us
unaware.  A common auto injury occurs when a passen-
ger strikes the windshield when the car in which he is

riding suddenly stops.  The passenger keeps moving in
accordance with the First Law of Motion (Figure 3.2).

A final example suggests another consequence of
the law.  A car makes a left turn at modest speed.  A
package next to the driver slides across the seat, away
from the center of the turn, and continues its
straight-line motion in accordance with the First Law of
Motion, while the car turns under it (Fig. 3.3).

Incidentally, none of these examples “proves” that
the First Law of Motion is valid, but all suggest that it
might be.  Considering other consequences of the law
seems reasonable.  As we gain additional experience we
gain increasing confidence in the validity of the law.  

Acceleration

Uniform motion in a straight line without changing
speed is the “natural” motion of free objects.  Any object
that is not in uniform motion is said to be accelerating.
An object accelerates if its speed changes, either to
increase or decrease, or if its direction changes.  It is
sometimes useful to assign specific words to describe
some simple types of acceleration. Deceleration, for
example, denotes a decrease in speed whereas a direc-
tion change is properly designated as a centripetal (cen-
ter-seeking) acceleration. Any change from uniform
motion, however, is an acceleration (Fig. 3.4 and 3.5).

Figure 3.3.   Why does the passenger feel “thrown” to
the outside of a turn?

Figure 3.4.  Successive pictures, taken at equal time intervals, of a car in four different kinds of motion.  Why do we
say that the car is accelerating in c and d but not in a and b?

Figure 3.2.   Both drivers lose their heads in a rear-end
collision.  Why?
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Figure 3.5.   A coin rests on a moving turntable.  How
do you know it is accelerating?

Acceleration may be defined more precisely as the
rate at which speed or direction is changing.  The accel-
eration of a car might be designated properly as 5
mi/hr/sec.  This car would increase its speed from 30 to
50 mi/hr in 4 sec.  It would have the same amount of
acceleration if its speed increased from 10 to 30 mi/hr in
the same amount of time.  If it slowed from 50 to 40

mi/hr in 2 sec the acceleration would be 25 mi/hr/sec;
the negative sign denotes deceleration.  

Force

Your intuitive understanding of force is probably
adequate for our present purposes.  Force is simply a
push or pull exerted on one object by another.  A more
sophisticated definition of force is implied by the First
Law of Motion:  force is anything that causes accelera-
tion.  All accelerations are caused by forces.  Forces are
acting whenever an object moves faster, moves slower,
changes direction, or experiences any combination of
speed and direction change.

The kind of acceleration caused by a particular
force depends on the direction of the force.  If a force
pushes on an object in the same direction as its motion,
the object speeds up.  The object slows down if the force
opposes its motion (Fig. 3.6).  Lateral forces cause
change in direction with the object turning toward the
direction of the force (Fig. 3.7).

The strength of forces is measured in pounds (lb)
in the English system of units and newtons (N) in the
metric system.  The amount of acceleration produced by
a particular force is determined partly by its strength.
Stronger forces produce greater accelerations. If a par-
ticular force causes an object to accelerate from 20 to 30
mi/hr in 10 sec, a force twice as strong would cause the
same change in half the time.  A force half as strong
would take 20 sec to produce the same effect.

Most objects we deal with are influenced by more
than one force.  These forces may oppose each other so
that the resulting acceleration is reduced, or they may
act in the same direction so that the acceleration is
greater than for either one by itself.  The sum of all the
forces acting on an object is called the net force or
resultant force. The strength and direction of the net
force determine the acceleration of the object. 

Forces cannot be summed like ordinary numbers,
however. Forces have both a magnitude (strength) and a
direction.  Such quantities, called vectors, can be repre-
sented by an arrow whose length has been scaled to rep-
resent the magnitude and whose direction is that of the
pointed arrow.  Two vectors can be added by forming a
parallelogram with the two properly scaled and oriented
vectors forming the adjacent sides.  The diagonal of the
parallelogram is the resultant force (sum of the two) and
will have both the proper length and direction.

Mass

Not all objects experience the same acceleration
when acted upon by similar forces. An ordinary car, for
example, might be able to provide significant acceleration
to a small empty trailer but considerably less when the
trailer is full.  If a truck is loaded, the time and distance
required for a safe stop increases significantly (Fig. 3.9).

The property of objects that determines how much
they accelerate in response to applied forces is called
mass. If mass is large, acceleration will be less than if
mass were smaller. The smaller the mass, the greater the
acceleration.Figure 3.6.   Both pitcher and catcher exert forces that accel-

erate the baseball.  In which direction is each force applied?

Figure 3.7.  The puck slides in a circle on an air-hock-
ey table without friction.  In what direction is the force
exerted on the puck by the string?  (Hint:  Have you
ever seen a string that could push on anything?)
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Figure 3.8.  Two vectors, A and B, are added to give the
resultant, C. What is the resultant of D and E?

Mass does not depend on location.  A particular
force causes the same amount of acceleration no matter
where the object is located:  near the earth, in interstel-
lar space, or anyplace else (Fig. 3.10).  If the same
object experiences different accelerations at different
places, it is because the forces acting on it are different,
not because its mass has changed.

To be useful, the concept of mass must be made
quantitative.  We want to know, for example, whether a
sack of potatoes has a mass of one kilogram or two kilo-
grams. Quantities of mass are defined by comparison to
some arbitrarily defined standard. The standard kilo-
gram is decreed to be the mass of a piece of platinum-
iridium which is kept under the watchful care of the
Bureau Internationals des Poids et Measures at Sevres
near Paris.  If you want to know whether you have one
kilogram of potatoes, you must directly or indirectly
compare the mass of your potatoes with the mass of this
piece of metal.

To make this process practical, copies of the stan-
dard kilogram are supplied to the bureaus of standards of
the various nations.  They, in turn, make copies—-some
of which are split in halves, quarters, etc.  You may have
seen a box of “weights” in a chemistry laboratory which
is the result of this process.  One way to compare your
potatoes to the standard mass is to place potatoes and
standard mass on opposite sides of a balance (scales) and
let gravity serve as a standard force.  Put your potatoes
on one side and keep adding standard masses to the other
until balance is achieved.  Now add up the standard
masses you have used and this is equal to the mass of the
potatoes.  You have made your comparison (indirectly)
with the standard kilogram near Paris.

Length and time must also be given quantitative
meaning by comparison to standards.  For many years

SPACE

EARTH

MOON

Figure 3.9.   The same force applied to different objects produces different accelerations.  Which of these trucks is
empty?  Which has the greater mass?

Figure 3.10.   A rocket (or any other object) is just as hard to accelerate no matter where it is.  Why?
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the standard meter was a long bar of metal kept along-
side the standard kilogram.  The second was defined as
some fraction of the day.  Today we have more precise
standards of time and distance which are based on cer-
tain characteristics of atoms.  The equations we present
in this book are usually presented in a form which
requires that a certain consistent set of units be adopted
when using the equation.  The metric system uses
meters for length, seconds for time, and kilograms for
mass; the English system uses feet for length, seconds
for time, and slugs for mass.  (While almost all civilized
nations have adopted the metric system, the United
States remains an official user of the foot-pound-second
system.  This will almost surely change because it
works to our disadvantage in world trade.)

The Second Law of Motion

Perhaps briefly summarizing what we know about
motion so far will help:

1. If an object is left to itself, it will remain at rest
or move with its initial uniform motion.

2.  Forces cause objects to accelerate. The stronger
the net force, the greater the acceleration.

3.    Accelerations are less if mass is larger.
4. Acceleration is in the same direction as the net

applied force (forward, backward, sideways, or
some combination of these).

The second, third, and fourth of these statements
constitute the Second Law of Motion. In addition, the
law specifies the exact relationship between the mass of
an object, the strength of the net force applied to it, and
the amount of acceleration caused by the force.  The
relationship is

acceleration 5 net force
mass

or, equivalently,

net force 5 mass 33 acceleration.

With the First and Second Laws of Motion, you
can begin to study the motion of anything you observe.
Remember, the important question is not why an object
keeps moving but why its motion changes.  This ques-
tion directs our attention to a search for forces and their
causes.  An understanding of the forces enables us to
determine if the accelerations we observe are consistent
with the forces and with the object’s mass.  If they are,
we can go on to other interesting problems; if not, we
have more to learn.

The Third Law of Motion

Forces act on all objects.  To understand objects’
motion, or lack of motion, we must consider where
forces come from, in what situations they occur, and
what determines their strength and direction.
Otherwise, we can neither explain nor predict motion.

The first important observation about forces is that
they occur only when two things interact with each
other.  Nothing can exert a force on itself.  For example,
the wheels of a car touch the road.  If the interactions
between drive wheels and road do not occur, perhaps
because of ice on the road, there is no force and the car
does not accelerate. A boat propeller touches the water;
an airplane propeller, the air.  The forces that accelerate
a rocket result from the contact between the rocket itself
and the fuel that burns inside.  No object or system that
can exert a net force on itself has ever been found or
invented.  Forces occur only when two objects are asso-
ciated with each other, the most common association
being actual contact.

The next important observation is that two forces
act in every interaction, one on each of the interacting
objects.  In some cases, the two forces are both appar-
ent. As a man steps from a small rowboat to a dock, he
is accelerated toward the dock and the boat accelerates
in the opposite direction.  A rifle recoils (accelerates)
whenever a bullet is fired. 

Sometimes, however, the second force is less obvi-
ous and we may not recognize its presence.  When you
start to walk, for example, the force that accelerates you
comes from the interaction between your foot and the
floor.  You push backward on the floor (using your leg
muscles), the floor pushes forward on you, and you
accelerate in the direction of this force exerted on your
foot by the floor.

The forward force on your foot in this example is
obvious.  It causes your foot and its attachments to
accelerate.  The backward force is not quite so apparent.
Nothing seems to accelerate in that direction.  We usu-
ally do not notice that the floor is rigidly attached to the
earth, and so its effective mass is quite large.  The floor
is, in fact, accelerated backward, but the amount of
acceleration is immeasurably small because of the
floor’s large mass.  The presence of this backward force
would easily be revealed if the floor were covered with
marbles.  Their backward acceleration as you walked on
them would make the backward force readily apparent.

By now you should have noticed that the two forces
that interacting objects exert on each other always act in
opposite directions.  When a man steps from a rowboat, he
is accelerated one way while the boat moves in the oppo-
site direction.  A bullet is fired in a particular direction,
and the gun recoils oppositely.  You push backward on the
floor and the floor pushes forward on you.  The two forces
in every interaction are always oppositely directed.
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It can be shown by careful measurements that the
two forces in any interaction have the same strength—a
rule always obeyed by nature.  For example, if you
forcefully kick a stone, your toe receives the benefit of
a force that has the same bone-breaking strength. If you
kick more gently, the force on your toe is also more gen-
tle by exactly the same amount (Fig. 3.11).

You can probably imagine how this rule might be
tested. Arrange for two objects, whose masses you know
from another experiment, to interact with each other;
measure the accelerations caused by the forces of inter-
action; and use the Second Law of Motion to calculate
the forces.  Thousands, perhaps millions, of experiments
of this kind have been performed since Newton first sug-
gested the rule.  In every case, the forces the interacting
objects exert on each other have been shown to have
exactly the same strength (Fig. 3.12).

The properties of forces described above are col-
lectively known as the Third Law of Motion, which is
stated as follows:

All forces result from interactions between pairs
of objects, each object exerting a force on the
other.  The two resulting forces have the same
strength and act in exactly opposite directions.

As you can see, the Third Law of Motion is a rule
about forces.  It is a law of “motion” only to the extent
that forces and motion are related through the Second
Law of Motion.  Nevertheless, the law seems to be
obeyed by all the forces in nature that can be studied in
detail.  There are apparently no exceptions.

Notice that the Third Law does not tell everything
about forces.  It gives no information about how strong
the forces will be for any given interaction.  This infor-
mation is expressed by force laws that describe the
kinds of interactions that occur in nature and the result-
ing forces.  These are described in the next chapter.

Applications

The First Law of Motion can be used to
“explain” auto whiplash and windshield injury, the
sensation of being thrown outward during a turn, the
almost effortless motion of an ice skater, and other
common experiences.

The Second Law of Motion can be used to
“explain” the nearly circular motion of the planets, why
sliding objects slow down, why it is hard to stop or turn
on slick roads, the behavior of electrons in a TV tube,
the operation of electric and gasoline motors, why it is
easier to accelerate a motorcycle than a truck, and
much, much more.  Indeed, every mechanical device
involving internal or external motion is based on the
Second Law.

The Third Law of Motion can be used to “explain”
the operation of a rocket engine, the “kick” of a rifle or
shotgun, the operation of a jet or propeller-driven air-
craft, the motion of a boat when a person steps off it,
and many other phenomena.

In each case, the Third Law of Motion describes
some features of the relevant forces.  The resulting
motions are then predicted by the Second Law of Motion.

Figure 3.11.   Identify the interaction, the two resulting
forces, and the accelerations that are produced when a
person kicks a rock.

Figure 3.12.   Why is gravel thrown backward when a car accelerates? What force accelerates the car?
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Summary

The three laws of motion provide important insights
as we attempt to understand the changes that occur
around us.  The First Law directs our attention to
changes from uniform motion, or accelerations.  The
Second Law suggests that these are caused by forces and
that the motion change in any situation is determined by
two factors:  the strength and direction of the applied
forces and the mass of the accelerating object. Finally,
the Third Law identifies interactions as the source of all
forces.  It also provides certain details about the forces
resulting from any interaction that we might discover.

You may have noticed that all three laws are need-
ed to understand the motion of any real object.  In every
case we must direct our thoughts to acceleration and
force and to the relationship between them.  Forces in
turn lead us directly to interactions.  Each law is of lim-
ited use without the insight that the others provide.

The genius and insight of Isaac Newton were
required to discover all three laws at once.  Newton led
the way for each of us to discover the order and harmo-
ny in the motions we observe.

STUDY GUIDE
Chapter 3: Laws Governing Motion

A.   FUNDAMENTAL PRINCIPLES
1. The First Law of Motion:  Every object continues

in its state of rest, or of uniform motion in a straight
line with unchanging speed, unless compelled to do
otherwise by forces acting upon it.

2. The Second Law of Motion:  (a)  Forces cause
objects to accelerate.  The stronger the net force,
the greater the acceleration.  (b)  Accelerations are
less if mass is larger.  (c)  Acceleration is in the
same direction as the net applied force (forward,
backward, sideways, or some combination of
these).  More precisely, acceleration = force/mass.

3. The Third Law of Motion:  All forces result from
interactions between pairs of objects, each object
exerting a force on the other.  The two resulting
forces have the same strength and act in exactly
opposite directions.

B.  MODELS, IDEAS, QUESTIONS OR APPLICA-
TIONS

1. The Newtonian Model (sometimes, the
Newtonian Synthesis):  The model based on
Newton’s three laws of motion and the Universal
Law of Gravitation which explains the motions of
the heavens as well as the terrestrial motions of
common experience.  The Newtonian Model when
applied to the motions of the planets replaces the
medieval model which placed the earth at the cen-
ter of the solar system and the universe.

C.  GLOSSARY
1. Acceleration:  Change from uniform motion.

Acceleration in this broader sense may be acceler-
ation (speeding up), deceleration (slowing down),
centripetal (change of direction) or a combination
of these.

2. Force:  A push or pull.  All forces result from inter-
actions between two objects (Third Law), so that
the terms “force” and “interaction” are often used
interchangeably.

3. Friction:  A force arising from contact between
surfaces of materials that prevents or retards rela-
tive motion of the surfaces.

4. Mass:  A characteristic of objects which determines
the degree to which they can be accelerated by
applied forces.  Mass is also a characteristic of
objects that determines the strength of their gravi-
tational interaction with matter, specifically with
other objects with mass.

5. Net Force (sometimes, resultant force):  The sin-
gle force which can be used to replace two or more
individual forces on an object for purposes of deter-
mining its motion.

6. Uniform Motion:  Motion in a straight line with
unchanging speed.

7. Standard: An arbitrarily chosen object of compar-
ison for purposes of defining units of measurement.
Units of length, mass, and time are defined by com-
parison to standards.  For example, the standard
kilogram is a particular piece of platinum-iridium
metal belonging to the International Bureau of
Weights and Measures near Paris.

D.   FOCUS QUESTIONS
1. In each of the following situations:

a. Describe what would be observed.
b. Name and state in your own words the funda-
mental principle(s) that could explain what would
happen.
c. Explain what would happen in terms of the fun-
damental principle(s).

(1)  A styrofoam ball and a steel ball of equal
size are each suspended from a cord and sub-
jected to about the same amount of force from
a blunt-nosed dart fired horizontally from a
spring-loaded gun.

(2)  Suppose an elephant and an ant are both
moving at the same speed on a level, friction-
less surface: which would stop first (or nei-
ther)? Assume air friction to be unimportant
for both.
(3)   A large truck moving at high speed col-
lides with an unsuspecting mosquito that
before the collision is hardly moving at all.
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What happens to the motion of both the mos-
quito and the truck?

(4)   Suppose a man jumps forward toward a
dock from a small boat that is not securely
anchored. What happens to the horizontal
motion of both the man and the boat if the boat
has less mass than the man?

E.  EXERCISES
3.1.  Suppose you have a friend who does not

believe the First Law of Motion is true.  How would you
proceed to convince the friend otherwise?

3.2.  If an elephant and an ant are both moving at
the same speed on a level, frictionless surface, which
would stop first?  Assume air friction to be unimportant
for both.

3.3.  An unrestrained child is standing on the front
seat of a car traveling at 20 mi/hr in a residential neigh-
borhood.  A dog runs in front of the car and the driver
quickly and forcefully applies the brakes.  The child’s
head strikes the windshield.

(a) Explain this result in terms of the First Law of
Motion.
(b)  If the car stopped before the child reached the
windshield, with what speed would the child’s head
strike the windshield? 

3.4.  Using the First Law of Motion, explain why a
passenger in a turning car feels “thrown” away from the
center of the turn. 

3.5.  State the First Law of Motion in your own
words.  Explain its meaning.

3.6.  What do the words “uniform motion” mean as
part of the First Law of Motion?

3.7.  A car travels in a large circle (in a parking lot,
for example) without changing speed.  Is the car in uni-
form motion?  Explain your answer.

3.8.  In each of the following situations, describe
(1) what actually happens or would be expected to hap-
pen and (2) how these results can be accounted for by
the First Law of Motion.

(a) A car is struck from behind by a faster moving
vehicle.  A passenger later complains of whiplash
injury.
(b) A car experiences a head-on collision with a
lamppost.  A front-seat passenger is not wearing a
seat belt.
(c) A ball is placed on a level table fixed to the floor
of a train at rest in a station.  The train suddenly

starts moving.  
(d) A ball is placed on a level table fixed to the floor
of a train which is moving with uniform motion.
The train suddenly stops.
(e) Same as (d) except the train speeds up.
(f) Same as (d) except the train goes around a curve
in the track.

3.9. The driver of a car has three “accelerators” (con-
trols that can cause the car to accelerate).  What are they?

3.10.  Suppose you see an object traveling in a cir-
cle with constant speed.  What can you say for sure
about the force or forces acting upon it?

3.11.  Describe an experiment you could perform
that would determine which of two objects has the larg-
er mass.  Be sure that your experiment is consistent with
the definition of mass given in this chapter.

3.12.  A constant force is continuously applied to an
object that is initially at rest but free to move without
friction.  No other forces act on the object.  Describe
what would be observed under these conditions and
explain how the observed results can be accounted for
by the Second Law of Motion.  Finally, explain why real
objects—-cars for example—-do not behave in this
way. 

3.13.  Describe the three simple types of accelera-
tion which are governed by the Second Law of Motion.

3.14.  Does a car accelerate when it goes up a hill
without changing speed? Explain your answer.

3.15.  Describe the accelerations which occur as an
elevator rises, starting from rest at the first floor and
stopping at the twentieth floor.

3.16.  Imagine an object resting on a horizontal sur-
face where there is no friction (an air-hockey table, for
example).  A force is applied to it so that it accelerates,
sliding along the surface. Now imagine that the whole
apparatus is taken to the moon where the same experi-
ment is performed using the same object and the same
force.  How would the acceleration of the object near
the moon compare with that near the earth?

3.17.  Now suppose that the object in the previous
question is taken to a place, a long way from the earth
or moon, where it is weightless.  Again, the same force
is applied to it (using a small rocket engine, for exam-
ple).  What does it do?

3.18.  State the Second Law of Motion and explain
its meaning.
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3.19.   An object is traveling on a smooth horizon-
tal surface where the friction can be ignored.  A force is
applied (perhaps by a rocket engine or propeller
attached to the object) in a direction opposite to the
object’s velocity.  Describe what would happen and
explain how this is consistent with the Second Law of
Motion.

3.20.  A rocket in deep space requires less and less
force to accelerate it at the same rate, even though the
gravitational and frictional forces on it do not change.
What can you conclude?

3.21.  A car turns a corner at constant speed.  Is
there a force acting on the car? Explain your answer.

3.22.  Show how the recoil or “kick” of a rifle or
shotgun can be accounted for by the Second and Third
Laws of Motion.

3.23.  How would the accelerations of a gun and
bullet compare if the gun had 500 times more mass than
the bullet?  How would they compare if the gun and bul-
let had the same mass?  Explain your answers in terms
of the Second and Third Laws of Motion.

3.24.  Describe the force which causes a car to
accelerate as it starts from rest. Identify the important
interaction, describe the two forces in the interaction,
and indicate the directions of both forces.  Finally,
describe the resulting accelerations.

3.25.  Explain the operation of a rocket engine in
terms of the Second and Third Laws of Motion.

3.26. 
(a)   Describe what happens when a man jumps
from a small boat if the boat is not securely
anchored.
(b)  Explain how the observed result can be
accounted for by the Second and Third Laws
of Motion.
(c)  What would be different if he jumped from
a large boat?  Why would this situation be 
different?

3.27.  A balloon is filled with air and then released.
(a)  What do you imagine the balloon does?
(b)  Explain the imagined motion of the bal-
loon by using the Second and Third Laws of
Motion.

3.28.  A truck moving at a high speed collides with
a mosquito.

(a)  Describe and compare the forces in the
interaction.

(b)  If the truck hits the mosquito from the
blind side, so that the mosquito couldn’t get
ready, could it exert a greater force on the 
mosquito than the mosquito exerts on the
truck?  Explain your answer in terms of a 
fundamental law.

3.29.  Describe the force (or forces) which cause
you to accelerate when you start to walk.  That is, iden-
tify the interaction, describe the two forces in the inter-
action, and indicate the directions of both forces.
Finally, describe the resulting accelerations.

3.30.  Do we arrive at the Third Law of Motion
through an inductive or a deductive process?  Can the
law be proved to be true?  How could it be proved to be
false?

3.31.  Person X stands on a level, frictionless sur-
face.  Which is true?

(a)  X cannot start moving, but if moving can
stop.
(b)  X cannot change horizontal speed or direc-
tion.
(c)  X can change speed or direction gradually.
(d)  X can change speed, but can’t stop.
(e)  X can change horizontal motion via verti-
cal motion.

3.32.  While riding your bicycle you collide head-on
with a moving car.  The acceleration you experience is

(a)  the same as that of the car
(b)  slightly greater than that of the car
(c)  slightly less than that of the car
(d)  much less than that of the car
(e)  much greater than that of the car
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So far in our study of motion, we have learned that
forces occur in interactions and cause accelerations.  By
itself, this information is of limited use until we learn
how to identify interactions and predict the important
features of the resulting forces.

All the forces we directly encounter in ordinary life
result from only two kinds of interactions—gravita-
tional and electromagnetic.  The other fundamental
interactions are nuclear, which are important only
when the interacting objects are as close together as
inside the nucleus of an atom.  These will be discussed
in a later chapter.

As we discuss the electromagnetic interaction, we
will also begin to examine the question of what matter is
made.  We will find that all matter, living as well as non-
living, is composed of electrically charged particles.
The electromagnetic interaction between these is respon-
sible for most of the forces we encounter. We begin our
discussion of interactions with a consideration of some
of the manifestations of the gravitational interaction. 

Falling Objects

Consider the motion of an object, such as a base-
ball, dropped from a great height.  As it falls, its speed
steadily increases.  If we were to make careful mea-
surements, we would find that, in the absence of air fric-
tion, its speed would increase at a constant rate.  After 1
sec, its speed would be 35 kilometers/hour; after 2 sec-
onds, 70 kilometers/hour; and after 3 seconds, 105 kilo-
meters/hour.  The speed would increase at 35 kilome-
ters/hour every second as long as it falls.  This rate of
acceleration is sometimes designated by the symbol g.

The falling ball is clearly accelerating.  If its motion
is in harmony with the Second Law of Motion, and it is,
some downward force must be acting upon it.  The force
that causes this acceleration is called the weight of the
ball (Fig. 4.1).

The next step is to drop a different object (e.g., a
large anchor) from the same height.  Before actually
doing the experiment, we might expect the anchor to
drop more rapidly than the baseball, since it obviously
has more weight.  But nature does not always behave
the way we expect.  In this case, the acceleration of the
anchor is exactly the same as that of the baseball!

Somehow the force causing the acceleration, the weight
of the anchor, has increased in exactly the same ratio as
its mass so that the resulting acceleration, determined
by force divided by mass, does not change (Fig. 4.2).

This surprising result is true for all objects near the
surface of the earth.  Even light objects such as feathers
and sheets of paper have exactly the same acceleration
when allowed to fall in the absence of air resistance.
The free-fall acceleration, g, is the same for all objects.
This must mean that weight (the force causing the accel-
eration) and mass are proportional.  If the mass of one
object is two times the mass of another, its weight is
larger in exactly the same ratio.  The acceleration (force
divided by mass) is then the same for both.  These
results suggest the following conclusion:

Every object near the surface of the earth experi-
ences a downward force, called its weight, the
strength of which is exactly proportional to its mass.
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Figure 4.1.  Why does a falling ball accelerate?

 



From these observations alone, we do not really
know where this force comes from, but apparently
every object is pulled toward the earth.  We might sus-
pect that some kind of interaction between the object
and the earth is responsible.

The Moon’s Orbit

The moon circles the earth in an almost perfect cir-
cle every 27.3 days.  Since it is not moving in a straight
line, we know that it is accelerating and that its acceler-
ation is caused by some force.  What can we say about
the force?

Your understanding of the last chapter lets you
know immediately that the moon is experiencing a force
sideways to its direction of motion that causes the con-
tinuous change in the direction of its motion.  Further,
you know that the force is directed toward the center of
the circular path.  The moon moves as if it, too, is being
pulled toward the earth (Fig. 4.3).

Figure 4.3.  Something must be pulling or pushing the
moon toward the earth.  How do we know?  What is it?

Clear evidence also shows that the moon pulls on
the earth.  The most apparent results of this force are the
lunar tides in which the level surfaces of oceans rise and
fall as the moon passes overhead.  The earth’s attraction
to the moon also causes the earth to accelerate slightly.
Such accelerations are measured routinely by sophisti-
cated navigational instruments such as those used on
submarines.

An additional feature of the moon’s acceleration
worth noting is calculated by using a mathematical def-
inition of acceleration and measurements of the moon’s
orbit.  The moon’s sideways acceleration is almost
exactly 1/3,600 the acceleration of an object falling near
the earth’s surface, so the earth’s pull on the moon must
be only 1/3,600 as strong as it would be if the moon
were moved to the earth’s surface. 

The Law of Universal Gravitation

Isaac Newton was the first to suggest that the
attraction of the moon to the earth is due to the same
kind of interaction that causes free objects near the earth
to fall.  These are called gravitational interactions. 

The observations we have described tell us much
about the forces resulting from gravitational interaction.
First, the two interacting objects always attract each
other.  Each force is proportional to the mass of the
object on which it acts because g is the same for all
objects.  The two forces in each interaction obey the
Third Law of Motion.  (Remember the lunar tides and
the acceleration of the earth due to the moon’s attrac-
tion.)  Finally, the force is weaker if the two objects are
farther apart, since the moon’s acceleration is only
1/3,600 as much as it would be if it were near the earth’s
surface.  In fact, the strength of the force depends on the
square of the distance between the centers of the inter-
acting objects.  The moon is 60 times farther from the
center of the earth than is the earth’s surface.  Notice
that 602 is 3600, the observed factor by which the grav-
itational force on the moon is diminished.

With these insights, Newton suggested that every
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Figure 4.2.  Why do a falling anchor and a falling ball
accelerate at the same rate when air resistance is not
important?

M

m

Figure 4.4.  Every object is attracted to every other
object through gravitational interaction.  The two forces
have the same strength.



object in the universe interacts with every other object
through gravitational interaction (Fig. 4.4).  Since the
strengths of the resulting forces depend on mass, they
are ordinarily too small to be noticed for most objects.
Only if one of the interacting objects has a large mass,
like the earth, does the force become appreciable.

This Universal Law of Gravitation (or the Law
of Gravity) can be summarized as follows:

Every object in the universe attracts every
other object by a long-range gravitational
interaction that obeys Newton’s Third Law.
The strength of the attractive force, F, varies
with the masses, M and m, of the two objects
and the distance, d, between their centers
according to the relationship 

Newton’s hypothesis is subject to experimental ver-
ification.  It was confirmed in every detail over 70 years
after Newton’s death by Henry Cavendish (1731-1810),
who finally developed a method of measuring the grav-
itational attraction between such ordinary-sized objects
as two large lead balls.  Earlier support had come by
studying the planets and their moons, whose motions
through space can be explained in terms of Newton’s
Universal Law of Gravitation.

The number G that appears in the equation for the
strength of the gravitational force is called the gravita-
tional constant.  It must be measured experimentally
and is so small that the mutual attractive gravitational
force between two 100-kilogram balls placed 30 cen-
timeters apart would be equivalent to the earth weight of
only 0.01 gram of mass.  (The actual value of G is 6.67
! 10–11 in the metric system of units.)  No wonder we
ordinarily do not notice these forces, which were mea-
sured only in fairly recent times.

Some Simple Experiments with Electricity

It has been known, at least since early Greek times,
that certain pairs of materials become “electrified” or
“charged” when they are rubbed together.  Suppose we
rub one end of a hard rubber rod with a piece of fur and
then hang the rod from a string without touching the
rubbed end.  Then we similarly rub one end of a second
rod and hold it near the first.  You will see from the
motion of the hanging rod that the rods repel each other
even when they are some distance apart.  There is an
interaction between the two rods.  Further careful test-
ing would show that the repulsion becomes greater as
the two rods come closer together.

Two glass rods that are rubbed with silk react sim-
ilarly.  The glass rods repel each other with a force that

increases as the rods get closer.
A new feature is revealed, however, when we bring

a charged glass rod near a charged rubber rod.  The two
dissimilar rods attract each other with a force that
becomes larger as the rods come closer together.  We are
dealing with something more complicated than gravity,
since these forces can be either attractive or repulsive,
depending on the circumstances.  Other kinds of mate-
rials can be electrified by rubbing.  When they are, pairs
of similar rods always repel each other.  Some, howev-
er, are attracted to a charged rubber rod and some are
repelled by it.  Those that are attracted to the charged
rubber rod are repelled by a charged glass rod and vice
versa.  Those attracted to the rubber rod are said to be
positively charged; those attracted to the glass, nega-
tively charged (Fig. 4.5).

The explanation of these experiments requires two
new broad insights.  First, we need to know more about
how materials are made and what it is that changes
when they become charged. The second major part of
the puzzle has to do with the law governing the interac-
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Figure 4.5.  Two rubbed rubber rods or two rubbed glass
rods repel each other.  Yet a rubber rod and a glass rod
are attracted.  Why?
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tion itself.  What determines the strength and direction
of the resulting forces?  

The Electrical Model of Matter

An important conclusion of these experiments is
that matter is made of more basic pieces.  Rubber, glass,
silk, fur, and all other materials presumably have some
important constituents in common.  The experiments
suggest at least two kinds.

Many objects do not seem to be either attracted or
repelled by charged objects, yet can be charged by rub-
bing.  This suggests that the materials normally contain
both kinds of constituents.  When the constituents occur
in equal amounts, they cancel each other’s effects; the
material is not charged, and is said to be electrically
neutral.  When this balance is disturbed by rubbing one
of the constituents either off or onto the object, for
example, the object becomes charged.  If it has more of
one constituent, it is said to have a positive charge; if
more of the other, a negative charge (Fig. 4.6).

Figure 4.6.  All matter contains electric charge.  The
object in (a) is electrically neutral, in (b) it is positively
charged, and in (c) it is negatively charged.

More sophisticated research that is discussed later
reveals that protons are an important constituent of all
matter.  These are tiny, dense particles in the center of all
atoms.  All protons are exactly alike, and each carries
one unit of positive electric charge.  The negative charge
in matter is supplied by electrons, each of which can bal-
ance the positive charge of a proton exactly.  Electrons
have little mass—only about 1/1,836 that of protons.

The unit of charge used in calculations is the
coulomb, equivalent to the charge of about 6.0 ! 1018

protons.  We could measure electric charge by simply
counting the number of excess electrons or protons, but
this is usually impractical because of the large numbers
involved.

Electric charge has one property that we have not
encountered previously.  It is discrete; that is, it occurs
only in multiples of a fundamental unit, the charge of a
single proton.  Other physical quantities, such as mass,

force, and speed, can have any value and are said to be
continuous.

In many materials some of the electrons can be
removed from the surface by rubbing.  When rubber is
rubbed with fur, some of the electrons in the fur are
transferred to the rubber, which becomes negatively
charged.  (The fur and rod are attracted to each other,
incidentally.)  The electrons carry so little mass that the
objects seem the same as before, except that they are
now electrically charged.  Protons, because of their larg-
er mass, are held rigidly in place in all solid materials.

This picture of matter might be termed the
Electrical Model of Matter.  It leaves many questions
unanswered (e.g., how these charged particles are
arranged in matter, how they combine to create the
almost numberless kinds of materials found in living
and nonliving matter, and what happens when materials
change form).  But it does provide an adequate model
for explaining a wide range of experiences.  We can
summarize the model as follows:

All matter contains two kinds of electrically
charged particles:  positive protons and negative
electrons.  Electrons have little mass and can be
quite mobile and transferable from one object to
another.  Protons are held rigidly in place in
solid materials.  Objects that have equal num-
bers of protons and electrons are electrically
neutral.  Objects with more electrons than pro-
tons are negatively charged.  Those with fewer
electrons than protons are positively charged.
The amount of extra charge of either kind is
called the “charge of an object.”

The Electrical Force Law

By now you have probably guessed the main fea-
tures of the electrical interaction.  Objects with the same
kind of charge repel each other.  (Remember that in our
experiments identical rods always repelled each other.)
Objects with opposite charges—one positive, the other
negative—attract each other.  The forces, attractive or
repulsive, become stronger when the charged objects
are closer together.  Careful measurements have shown
that the strength of the force varies with separation in
exactly the same way as for gravitational force—
inversely as the square of the distance between the inter-
acting objects.  The strength also depends on the
amount of extra charge possessed by each object,
increasing in exact proportion to the net charge on each.
Finally, electrical forces obey Newton’s Third Law.
These important features of the electrical interaction are
summarized in the following statement (Fig. 4.7):

Pairs of objects with similar charges repel each
other and pairs with dissimilar charges attract
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each other with forces, F, that obey Newton’s
Third Law and whose strength depends on the
net charges, q and Q, on the objects and the
distance, d, between them according to the
relationship. 

Figure 4.7.  Every charged object is attracted or repelled by
every other charged object through the electrical interac-
tion.  The two forces have the same strength in every case.
(Only the excess charges are shown in these diagrams.)

The constant, k, that appears in the strength equa-
tion is called the electrical force constant.  As with the
gravitational constant, it must be measured experimen-
tally.  The electrical force constant is large; its numeri-
cal value is about 9 ! 109 in the metric system.  This
means that the electrical force is easy to demonstrate,
whereas the gravitational force between ordinary
objects can be observed only in sensitive and careful
experiments.  In fact, the experiments described earlier
involve the transfer of only a small fraction (about 1 out
of every 1012) of the electrons actually present.  If sepa-
rating all the electrons from the protons in a single cop-
per penny were possible, and the electrons and protons
were placed 100 meters (about the length of a football
field) from each other, the collection of particles would
attract each other with a force of about 1012 tons.  The
electrical force can be strong indeed.

Electric Currents

Some of the electrons are free to move on the sur-
face or through the interior of some materials which are
known as conductors.  Insulators are materials that do
not permit this free interior motion of electrons.
Semiconductors contain a few free electrons, but not as
many as conductors.

Moving charged particles form an electric current.

Imagine water flowing through a pipe loosely filled
with gravel.  Electric current in a metal wire is similar.
The moving water represents the electrons; the station-
ary gravel represents the positive charges in the wire
(together with the rest of the electrons, which are not
free to move about).  Notice that no part of the wire is
charged, because there are always equal numbers of
positive and negative charges in any part of the metal. 

Electric current flows in a circuit in which a battery
plays the role that a pump plays in our water and pipe
analogy (see Fig. 4.8).  The circuit must be completed by
closing the switch.  Batteries produce a direct current of
electrons that flows in only one direction through the cir-
cuit.  The wall socket into which household appliances are
connected is like the battery, except that it reverses the
direction of current flow 60 times per second.  Such a cur-
rent flow is called alternating current.

Figure 4.8.  Electric current flows in a complete circuit.
The arrows show the direction of motion of the electrons.
What are the purposes of the switch and the battery?

Electromagnetic Forces

The electrical interaction described to this point is
accurate for charges that are at rest.  The total interaction
between charged particles depends on the motion of the
particles, as well as the factors already discussed.   The
changes that occur when charges are moving result in mag-
netic forces, some of which you have undoubtedly encoun-
tered.  They are usually not important if the electrical inter-
action is operating, and they result only in small
motion-dependent corrections.  They can become impor-
tant, however, when charges are moving inside electrically
neutral objects, such as when current flows through a wire.

The complete interaction due to electric charge is

33

d

Q

Q

Q

q

q

q

Battery

+

Conducting �
wire

Switch

Light

F "
kqQ

d 2   
.



known as the electromagnetic interaction.  It includes
the electrical interaction between charged particles,
either moving or at rest, as well as the magnetic inter-
actions between moving charged particles.

Summary

Four fundamental interactions—gravitational, elec-
tromagnetic, weak, and strong (or nuclear)—cause all
the forces we know about.  The gravitational interac-
tion, together with the laws of motion, explains the
motion of falling objects and is the source of the force
called weight.  The electromagnetic interaction is asso-
ciated with all the other forces governing the motion of
objects larger than atomic nuclei.

The five important laws are the three laws of
motion and the two macroscopic force laws.  Together
they make a tidy package that describes and predicts
with amazing accuracy the motions of objects ranging
in size from atoms to clusters of galaxies.  All five are
needed before we are ready to apply any of them.  

The gravitational acceleration of an object is the
acceleration it would experience if the gravitational
force were the only force acting on it.  Gravitational
acceleration depends on the location of an object, but
not on its mass.  That is, all objects have the same grav-
itational acceleration at a given point in space.

The weight of an object is the gravitational force
acting on it.  It depends on the object’s location.  The
weight of an object near the surface of the moon would
be about 1/6 its weight near the earth.  Weight on Jupiter
is 2.7 times earth weight and weight near the sun’s sur-
face is 28 times earth weight.

It is possible to measure the very small gravitation-
al attraction between ordinary-sized objects by using a
Cavendish balance.  Such measurements provide direct
experimental evidence supporting the Universal Law of
Gravitation.

The electric force can be a very strong force, even
between ordinary objects.  If it were possible to separate
all the negative and positive charges in a penny from
each other, for example, they would attract each other
with a force of more than one trillion tons at a distance
of 100 meters.

Several common demonstrations illustrate the
Electric Force Law and the motion of electric charges:
walking across a rug, then touching a metal doorknob;
lightning; the attraction and repulsion of rubber and
glass rods rubbed with fur and silk; the operation of an
electroscope when touched by a charged object.

The electrical force is the “glue” that holds the par-
ticles of matter together.  It is responsible for all the
contact forces we ordinarily experience.  Examples are
friction; atmospheric pressure; the strength of bridges
and buildings; the impact forces that occur, for example,
when billiard balls or automobiles collide; and the

forces exerted by gasoline and steam engines.
Now that we have studied the fundamental motion

and force laws one at a time, we are ready to consider
some real applications.

STUDY GUIDE
Chapter 4: The Fundamental Interactions

A.   FUNDAMENTAL PRINCIPLES
1. The Universal Law of Gravitation: Every object

in the universe attracts every other object by a long-
range gravitational interaction that obeys Newton’s
Third Law.  The strength of the attractive force, F,
varies with the masses, M and m, of the two objects
and the distance, d, between their centers according
to the relationship 

2. The Electric Force Law: Pairs of objects with
similar charges repel each other and pairs with dis-
similar charges attract each other with forces that
obey Newton’s Third Law and whose strength
depends on the net charges, q and Q, on the objects
and the distance, d, between them according to the
relationship

B.   MODELS, IDEAS, QUESTIONS, OR
APPLICATIONS

1. The Newtonian Model (sometimes, the
Newtonian Synthesis):  The model based on
Newton’s three laws of motion and the Universal
Law of Gravitation which explains the motions of
the heavens as well as the terrestrial motions of
common experience.  The Newtonian Model when
applied to the motions of the planets replaces the
medieval model which placed the earth at the cen-
ter of the solar system and the universe.

2. Electrical Model of Matter: All matter contains
two kinds of electrically charged particles:  positive
protons and negative electrons.  Electrons have lit-
tle mass and can be quite mobile and transferable
from one object to another.  Protons are held rigid-
ly in place in solid materials.  Objects that have
equal numbers of protons and electrons are electri-
cally neutral.  Objects with more electrons than
protons are negatively charged.  Those with fewer
electrons than protons are positively charged.  The
amount of extra charge of either kind is called the
“charge of the object.”
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3. Why do both heavy and light things accelerate at
the same rate when only the gravitational force is
acting on them?

4. How can the acceleration of the moon and the
acceleration of a falling apple be accounted for by
the same Universal Law of Gravitation?

5. What determines the strength of all gravitational
forces?

6. What is the Electrical Model of Matter?
7. What determines the strength of electrical forces?
8. What interactions are responsible for all of the

forces we observe in ordinary life experiences?

C     GLOSSARY
1. Circuit: A connected, continuous path along

which electrical charge flows to produce an electri-
cal current.

2. Conductor (specifically, of electricity):  A sub-
stance which readily allows an electric current to
flow through it.  The opposite of an insulator (non-
conductor).  Copper wire is a conductor.

3. Continuous: Varying smoothly without distinct
parts or discontinuous elements.  Used here to
mean the opposite of “discrete.”

4. Coulomb: The unit of charge used in calculations,

equivalent to the charge of about 6 ! 1018 protons.
5. Discrete: Separate or individually distinct, con-

sisting of distinct parts or discontinuous elements.
Used here to mean the opposite of “continuous” or
smoothly varying.  The electric charge of an elec-
tron is described as discrete since it cannot be
smoothly subdivided into smaller parts.

6. Electrical Force Constant: The electrical force
constant is usually represented by the symbol k.  It
is a constant of proportionality in the Electric Force
Law which connects the strength of the electrical
force to its dependence on the charges of objects
and their separations. 

7. Electric Current: A coherent motion of electrical
charges constitutes an electrical current.  The
motion of electrons along or through a copper wire
is an example of an electrical current.  If the flow is
only in one direction, the current is said to be
direct.  If the current periodically reverses its direc-
tion of flow, the current is said to be alternating.

8. Free-fall Acceleration, g: The acceleration of a
falling object on which the only significant force is
the gravitational force.  Near the surface of the
earth, the free-fall acceleration is about 35 kilome-
ters per hour per second.

9. Gravitational Constant: The gravitational con-

stant is usually represented by the symbol G.  It is
a constant of proportionality in Newton’s Universal
Law of Gravitation which connects the strength of
the gravitational force to its dependence on the
masses of the objects and their separations.

10. Insulator (specifically, of electricity):  A substance
which does not readily allow an electric current to
flow through it.  The opposite of a conductor.  Glass
is an insulator.

11. Semiconductors: Materials whose electrical con-
ducting properties place them somewhere midway
between conductors and insulators.  Silicon is a
semiconductor.

12. Weight: The gravitational force of attraction of a
very massive object, usually a planet or moon, for
a less massive object on or near its surface.

D.   FOCUS QUESTIONS
1. In each of the following situations:

a. Describe what would be observed.
b. Name and state in your own words the funda-
mental principle(s) that could explain what would
happen.
c. Explain what would happen in terms of the fun-
damental principle(s).

(1)  A penny and a feather are caused to fall
toward the earth in a vacuum tube. They start
to fall at the same time.
(2)  Suppose an elephant and a feather were to
fall from a high cliff at exactly the same time.
If air friction could be ignored, what would
happen?
(3)  A rubber rod is rubbed with fur and placed
on a wire rack suspended by a string. A second
rubber rod that has been rubbed with fur is
brought nearby.  The second rod is then taken
away and a glass rod that has been rubbed with
a vinyl sheet is brought nearby.  (Note: the rub-
ber rod acquires extra electrons. The glass rod
loses electrons.)

E. EXERCISES
4.1.  The earth pulls on you with a gravitational

force of attraction, your weight.  Describe the “reaction”
to this force.  Show that your answer is consistent with
the Third Law of Motion.

4.2.  If you are pulling on the earth with a gravita-
tional force, why doesn’t the earth move in the same
way you do in response to that force?  Show that your
answer is consistent with the Second and Third Laws of
Motion.
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4.3.  Why does an object weigh less near the sur-
face of the moon than near the surface of the earth?

4.4.  The sun has much more mass than the earth
(about 330,000 times as much).  Why aren’t we pulled
toward the sun with 330,000 times as much force as we
are toward the earth? 

4.5.  Compare the weights of an object in three
locations:

(a)  near the surface of the earth,
(b)  near the surface of the moon, and
(c)  in a place outside the solar system where there
are almost no gravitational forces.

4.6.  How does the mass of the object in the previous
exercise change as it is taken to the same three locations?

4.7.  Compare the definitions of weight and mass.
Can you see why the weight of an object can change
from place to place while its mass does not?  Explain
how this can be so. 

4.8.  A cannonball originally at rest and a marble
originally at rest are dropped in a vacuum from the same
height at the same time.

(a) What happens when they are dropped?
Compare the speed and acceleration of the cannon-
ball with that of the marble.
(b)  Is the gravitational force of attraction larger on
the cannonball than it is on the marble?  Justify
your answer using a fundamental law.
(c) Does the cannonball require a larger force to
provide the same acceleration as the marble?
Justify your answer using the Second Law of
Motion.
(d) Show that your answers to (a), (b), and (c) are
consistent with each other.

4.9.  State the Universal Law of Gravitation and
explain its meaning in your own words.

4.10.  A small ball is dropped from the edge of a cliff.
One-tenth of a second later a much heavier ball is
dropped from the same position.  Ignoring the effects of
air friction, can the second ball overtake the first?  Justify
your answer using fundamental laws or principles.

4.11.  Describe an experiment that demonstrates
that there are two kinds of electric charge.

4.12.  What is meant when we say that an object is
“charged”?

4.13.  Describe what happens when a glass rod
becomes positively charged by being rubbed with silk.

4.14.  Describe the important properties of a proton.

4.15.  Describe the important properties of an
electron.

4.16.  Describe the Electrical Model of Matter.

4.17.  What is meant when we say that electric
charge is discrete?

4.18.  Describe how the electrons and protons in an
atom could be held together by the electrical force.

4.19.  Explain why you experience a repulsive
force when you slap a table with your hand.

4.20.  Precisely what is electric current?

4.21.  A rubber rod rubbed with fur and then
brought near a second, similarly prepared, rubber rod
can illustrate the Electric Force Law.

(a)  Describe what happens when the two rods are
brought near each other.
(b)  Explain how the observed results illustrate the
Electric Force Law.
(c) What happened to the rubber rods when they
were rubbed with fur?
(d) What would happen if the rubber rods were
brought near a glass rod which had been rubbed
with silk?
(e) What additional feature of the Electric Force
Law is illustrated by this second experiment?
(f) What happened to the glass rod when it was
rubbed with silk?

4.22.  State the Electric Force Law and explain its
meaning.

4.23.  How do we know that the Electrical Model of
Matter and the Electric Force Law are valid descriptions
of nature?

4.24.  When a glass rod is rubbed with rubber, it
becomes positively charged.  This is because 

(a) protons are transferred from rubber to glass.
(b)  protons are transferred from glass to rubber.
(c)  electrons are transferred from glass to rubber.
(d) electrons are transferred from rubber to glass.
(e)  electrons and protons annihilate each other.
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Having studied the laws of motion and the two
important laws of force, you are ready to apply them to
a variety of situations. We will describe a few examples
in this chapter just to get you started.  In each case you
should note the relationship between the forces acting
on an object and the acceleration that results.  Then you
might focus on the way the acceleration determines the
subsequent motion of the object.  As you gain the abili-
ty to relate these ideas, you should be able to explain a
wide range of phenomena.

Gravitational Acceleration

We have seen that an object near the earth’s surface
experiences a downward force, called its weight, due to
its attraction to the earth.  The strength of the force is
proportional to the object’s mass, so the acceleration it
causes is the same as that for any other object at the same
location.  The force does not depend on the object’s
motion and it changes only slightly as the object moves
either closer to or farther from the center of the earth.
These small changes can often be neglected—as we will
do—when considering the motion of falling objects.
Thus, when gravity is the only important force, the
object moves under the influence of an unchanging
downward force and therefore has an unchanging down-
ward acceleration.  It is instructive to consider some of
the different kinds of motion that can result.

First, suppose an object such as a baseball is
dropped from a great height.  Its speed increases steadi-
ly as it falls.  After 1 second, its speed is 35 kilome-
ters/hour (about 22 miles/hour); after 2 second, it is 70
kilometers/hour; after 3 seconds, 105 kilometers/hour;
and after 4 seconds, 140 kilometers/hour.  Do you see
what it means when we say that the ball has an unchang-
ing acceleration?  Each second the speed increases by
35 kilometers/hour whether it is the first second, the
fifth, or any other.  No matter what the speed at any
time, the speed will be 35 kilometers/hour greater one
second later (Fig. 5.1).

Next, imagine throwing the ball straight up with an
initial speed of 145 kilometers/hour (about 90
miles/hour).  Instead of speeding up, the ball becomes
slower as it rises.  After 1 second, its speed is 110 kilome-
ters/hour. At the end of another second the speed has been

reduced to 75 kilometers/hour; after 3 seconds, 40 kilo-
meters/hour; and after 4 seconds, 5 kilometers/hour.  Do
you see what it means to say that the acceleration of the
ball is the same as when it was dropped?  Each second the
speed changes by 35 kilometers/hour, the same rate as
before.  Now the speed decreases rather than increases.
This is just what we would expect in a case in which the
applied force, gravity, directly opposes the initial motion
of the ball.  The amount of acceleration (the rate at which
speed changes) is the same as before, because the strength
of the gravitational force does not depend on whether the
ball is going up or down (Fig. 5.2).
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Figure 5.1.  What does not change as the ball falls?

 



Finally, suppose the ball is thrown horizontally
instead of vertically, with an initial speed of 100 kilo-
meters/hour.  You know that it will follow a curved path
as it falls.  The motion seems more complicated than
before, but it is easily described by separating its two
components, horizontal and vertical.  At the end of the
first second, the ball is still moving horizontally with a
speed of 100 kilometers/hour, but in addition, it is
falling with a vertical speed of 35 kilometers/hour.
After another second, the downward speed has
increased to 70 kilometers/hour, while the horizontal
motion remains unchanged.  In fact, the horizontal
motion never changes and the downward speed contin-
ues to increase at the rate of 35 kilometers/hour every
second.  Do you see what it means to say that the accel-
eration of the ball is the same as before?  The downward
motion is, in fact, the same as if the ball had no initial
motion at all.  The ball falls at the same rate as when it
was dropped (Fig. 5.3).

We have presumed in the foregoing description that
air resistance is not important and that gravity is the only
significant force acting on the ball.  If air resistance is
important, as it would be for a falling feather or piece of
paper, the situation will not be as we have described.
However, if these objects fall in a vacuum their accelera-
tion is the same as that of any other falling object (Fig. 5.4).

Figure 5.4.  A piece of paper and a rock fall together in
the absence of air resistance.

Gravitational force and acceleration change slight-
ly from place to place near the surface of the earth. They
are about 1/2 of 1 percent larger at the earth’s poles than
at the equator and slightly smaller (about 1/30 of 1 per-
cent per kilometer) at higher elevations.  These changes
occur because the gravitational attraction decreases
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Figure 5.2.  The acceleration of a rising ball is the same
as that of a falling ball.  Do you see why?

Figure 5.3.  Even this ball has the same acceleration as
the other two.



with increasing distance between the accelerating object
and the earth’s center.  Since the earth is not a perfect
sphere, its poles are about 21 km closer to its center than
are sea level points on the equator (Fig. 5.5).

Forces within Matter

We now turn our attention to some simple manifes-
tations of the electrical interaction.  First of all, the elec-
trical force provides the glue that holds matter together.
Adjacent opposite charges attract each other.  The indi-
vidual charges are quite small, but they are close togeth-
er and there are a lot of pairs.  Thus, the resulting forces
can be quite large.  It is these forces that must be over-
come when, for example, you tear a piece of paper, bend
a piece of metal, dissolve some sugar in a glass of water,
or melt an ice cube (Fig. 5.6).

Figure 5.6.  An arrangement of electrical charges that
could hold the associated matter together.

Each of the similar charges in materials is repelled
from the others—positive from positive and negative
from negative.  The net force on a particular particle is
the sum of all the forces acting on it, apparently all in
different directions.  The calculation of the total force
on an individual particle would be a fairly complicated
application of the Electric Force Law.

We do know, however, that the net force on any
particle inside the material is zero when the material is

undisturbed (because the particle is presumably at rest
and not accelerating).  When we try to stretch the mate-
rial, it pulls back on the stretching force.  The particles
are a little farther apart than before, and the electrical
attractions win over the repulsions.  The charged parti-
cles resist being pulled apart.

Materials also resist being compressed.  An inward
force causes the charged particles to come closer togeth-
er; their orderly arrangement is disturbed.  Now the
repulsions between like charges dominate, and the
charged particles resist being pushed closer together.

Contact Forces

The forces due to interactions between objects that
touch each other can be understood in the same way as
the forces within materials that resist changes in size or
shape.  The electrical charges near the surface of each
object are interacting with those of the other object.  The
net result is usually a repulsion due to the interactions of
boundary electrons, but may also be an attraction if the
approaching charged particles get close enough.

Consider a simple example.  Suppose you lay a
book on a table.  A downward gravitational force is on
the book, but the book is not accelerating.  Why not?  As
the electric charges of the book approach the table, they
are repelled by the electric charges in the table surface.
The table literally pushes up on the book via the electri-
cal interaction!  This upward electrical force on the
book just balances the downward gravitational force,
and the book moves no farther.

Friction results from the same kind of interaction.
Adjacent surfaces are microscopically quite uneven (Fig.
5.7).  These “bumps” and “hollows” scrape across each
other when the surfaces slide.  The repulsion between
adjacent similar charges is what we call friction.

All contact forces occur in this way.  If you kick a
rock, the charges in the rock repel the charges in your
shoe.  Charges in your shoe repel charges in your toe,
and these forces initiate internal electrical interactions
that finally cause your brain to register pain—all due to
the electrical interaction.

Finding Forces

The greatest difficulty in using the laws of motion is
correctly identifying the forces that act on a particular
object. Sometimes we do not notice one or more of the
important forces that are acting; sometimes we imagine
forces that are not really present.  All the interactions in
which an object participates (and thus all the forces act-
ing on the object) can be identified by isolating the par-
ticular object in your mind and asking three questions:

1.  Does the object participate in a significant grav-
itational interaction?  If so, there will be a gravita-
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Figure 5.5.  Not all points on the earth’s surface are the
same distance from its center.  How does this affect the
gravitational acceleration?
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tional force, its weight, usually directed toward the
earth’s center.
2.  Are there charged objects or current-carrying
conductors close enough to be important?  If so, the
object under study may participate in a significant
long-range electromagnetic interaction, depending
on its own charge and current.
3.  What does the object touch?  Electrical contact
forces will occur at each contact point.  The two
surfaces usually will repel each other and, in addi-
tion, friction will be present in many situations.

After a little practice, anyone can use these questions
to save a lot of guessing about forces and interactions.
Remember the rule:  All forces come from interactions,
and only the gravitational and electromagnetic interac-
tions govern the motions of all objects we ordinarily deal
with.  (We are still omitting the nuclear interactions that
do not affect the motion of large-scale objects.)

Applications Involving More Than One Force

We next turn our attention to some examples in
which two or more forces act on the object of interest.
First, imagine yourself standing on a normal floor.  What
forces act on your body?  To find them, ask the questions
suggested in the previous section.  Is there an important
gravitational interaction?  Yes, the resulting force on
your body is your weight, a downward force.  Is there an
important long-range electromagnetic interaction?
Probably not.  What does your body touch?  Only the
floor.  (We are neglecting the interaction with the air,
which may be important in some circumstances.)  What
kind of force does the floor exert on your body?  An
upward force equal in strength to your weight.  How do
we know?  Because your body is not accelerating, we
know that the total force on it must be zero.  Since there
is a downward force, we know that this must be balanced
by an upward force.  The only possible interaction that
could provide such a force is the contact interaction
between your body and the floor (Fig. 5.8).

Figure 5.8.  How do we know that the “floor force” on
you has the same strength as your weight?

Notice that we use the First and not the Third Law
of Motion in this discussion.  We know that these two
forces have the same strength, because we know that
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Figure 5.7.  Upper:  Scanning electron micrograph of
the surface of a steel surgical scalpel.  Lower:  Scanning
electron micrograph of an obsidian blade.
Magnification is ! 1500 in both micrographs.
(Courtesy of W. M. Hess)



your body is not accelerating.  These two forces do not
result from a single interaction, so the Third Law says
nothing about their relative strength.  There are, in fact,
two interactions here:  the gravitational interaction
between you and the earth and the contact-electrical
interaction between your feet and the floor.  Thus, there
are four forces altogether, only two of which act on your
body.  In addition, your feet push downward on the floor
and your body pulls upward on the earth; however,
these two forces act on other objects and thus do not
concern us as we analyze your motion.

The two forces on you do not always have the same
strength.  Suppose you wish to jump.  To do so, you
must accelerate, and to accelerate, one of the forces act-
ing on you must change.  It is hard to change your
weight, since this depends only on your mass, the mass
of the earth, and your position.  But you can easily
change the upward force exerted by the floor.  You just
flex your leg muscles and push harder on the floor.  The
floor, acting in accord with the Third Law of Motion,
then pushes harder on you than before.  This force is
now stronger than your weight, the total force on you is
no longer zero, and you accelerate upward (Fig. 5.9).  If
your feet leave the floor, the force exerted by the floor
immediately becomes zero.  (Remember, this force is
due to an interaction that depends on the floor being in
contact with your feet.)  The gravitational force alone
then determines your subsequent motion.  Your speed
decreases, you stop, and then you fall back to earth
where the contact interaction provides a force that
decreases your speed again to zero.

Figure 5.9.  What force accelerates you when you
jump?

An object falling through air or some other fluid
illustrates a slightly different point.  When released, the
speed of the object at first increases in the way we

described earlier.  As it falls, however, the rate of
change of speed decreases.  The speed does not increase
as fast as it would if gravity were the only force acting
on it.  Before long, depending on its shape, size, and
weight, the object reaches its maximum speed and then
continues to fall at that speed until it hits the ground.

We can identify the forces acting on such a falling
object in the same way as before.  There is an unchang-
ing downward gravitational force and an upward con-
tact force, a frictional force, due to the interaction
between the object and the fluid through which it
moves.  At first this fluid drag is small and the object
accelerates in response to the gravitational force.  As the
speed increases, the drag becomes greater.  The net
force is smaller than before and so the acceleration is
also reduced.  Finally, if the object goes fast enough, the
fluid drag force becomes as strong as the gravitational
force.  The total force is then zero.  The resulting accel-
eration also is zero and the object continues to fall with-
out further change in its speed (Fig. 5.10).  It is impor-
tant that you remind yourself that an object like this,
which is moving in a straight line with unchanging
speed, is not accelerating.  Since it is not accelerating,
the First Law of Motion tells us that the net force on the
object is zero.  In this case, as in many others, however,
forces are acting on the object.  They just balance each
other, so that their net effect is the same as if neither one
were present.

Figure 5.10.  Why does a parachute help when you fall?
Which force is larger after your speed no longer increases?
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Circular Motion

Imagine any object traveling in a circle at constant
speed.  It might be a planet moving around the sun, a
ball twirled on the end of a string, a child on a
merry-go-round, or a car turning a circular corner.  We
know from the discussion in Chapter 3 that there must
be a net sideways force on each of these objects, since
their direction is changing and their speed is not.  The
force must act toward the center of the circle, because
the object constantly turns that way.

The directions of the forces in these situations are
sometimes difficult to visualize.  Perhaps it would help
to start by imagining how your object would move if
there were no force at all.  It would travel in a straight
line.  The kind of force needed to change its motion
from a straight line to a circle is a sideways force, push-
ing or pulling the object toward the center of the circle.
Try to imagine how the motion of any object changes
from a straight line when a sideways force is applied to
it, and you will see that it curves inward toward the
direction in which the force acts (Fig. 5.11).

Figure 5.11.  Sideways forces cause objects to turn
toward the direction of the force.  The stronger the
force, the tighter the turn.

Sideways forces of this kind are called centripetal
(center-seeking) forces.  The direction changes they
cause are centripetal accelerations.

The Second Law of Motion predicts that the
strength of the net force required to cause an object to
move with circular motion depends on the radius of the
circular path and the object’s speed and mass according
to this relationship:

force " mass ! speed 2.
radius

An object will move in a circle only if it experi-
ences an inward force with exactly this strength.  If the

force is weaker, the object turns less tightly and leaves
the circle; if it is stronger, it turns more tightly and
comes closer to the center. 

It is important to notice that centripetal forces obey
Newton’s Third Law; that is, they arise because of inter-
actions.  A string pulls inward on a ball moving in a cir-
cle at the end of that string, friction pushes inward on a
car turning a corner, and gravity pulls a planet toward
the sun.  In every case, some interaction must provide
an unbalanced sideways force on any object turning a
corner or moving in a circle.  The word “centripetal”
does not describe the interaction from which the force
arises.  Instead, it describes the direction in which the
force acts (sideways to the motion) and the kind of
acceleration it causes (turning or change of direction).

Finally, we should comment on the apparent out-
ward force we often seem to experience in circular
motion.  This is another situation in which our sensa-
tions lead us astray.  Our experiences result from the
consequences of the First Law of Motion.  If an object
experiences no force, it moves in a straight line and, as
a result, leaves the circle.  It is no more “thrown out-
ward” than is a car passenger’s head thrown forward
when the car stops, or backward when the car suddenly
accelerates forward.  If a passenger moves in a straight
line (because of zero net force) while the car turns a cor-
ner, they will either soon part company or interact with
each other.  These results occur because the car turns
and the passenger does not.

The Nature of Scientific Laws

Perhaps this is an appropriate place to pause briefly
and review what we have done and philosophize a bit.
We have described five broad ideas that we have called
laws:  three laws of motion and two of force.  Two ques-
tions seem appropriate:  Where did they come from?
Why do we believe them to be true?

Basically, these laws arise in our imagination.  As
we have developed each idea in this text, we have tried
to show how it might be deduced from our common
experiences.  Viewed from this perspective, it all seems
simple.  The actual discovery of these laws, however,
took mankind many hundreds of years.  If it is so sim-
ple, why did it take so long?

We admit that we have misled you somewhat in our
development.  We have the advantage of knowing which
“common” experiences to choose, which ones to present
first, and which to postpone until later.  When we face all
the experiences of life without guidance, they are most
bewildering.  Selecting those experiences that lead to
general principles is difficult when they seem at first no
different from all the others.  The contribution of a
genius such as Newton is to separate the important from
the unimportant and then to combine the whole into
broad laws that explain almost everything.  Then all the
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rest of us stand back and exclaim, “How obvious!”
This is one essential step in finding scientific truth.

An idea is born!  It does not matter how it comes—in a
dream, musing under an apple tree, by logical “proof”
from other “laws” or experimental evidence, or simply
by guessing.  There are no general rules.

No matter how the idea originates, the next step is
essential.  The idea is tested by experiments.  Its conse-
quences are predicted, experiments are performed, and
results are observed.  To the extent that the outcome
agrees with the theoretical predictions, the idea is vali-
dated.  After the idea has been tested in numerous situ-
ations over many years, it gradually becomes known as
a “law” instead of a “theory.”

If experimental results are not exactly in harmony
with those predicted by using the new theory, we have
more to learn about either the theory or the experiment.
Our understanding is incomplete whenever theoretical
predictions and experimental results are not precisely
in accord.

The importance of this procedure can hardly be
overstated.  It is not possible to prove any scientific the-
ory or law to be true.  We simply cannot test all its ram-
ifications in all circumstances.  But we can extend the
range over which it is known to be valid by performing
ever more sophisticated experiments.

A relevant historical example will illustrate this
point.  Newton’s laws of motion have been tested and
found to be valid in an immense number of experiments
and applications over three hundred years.  As we have
seen, or will see, they correctly describe the motion of
objects from the size of molecules to the size of galax-
ies moving with speeds from zero to tens of thousands
of kilometers per hour.  Yet in this century it has been
discovered that Newton’s laws do not describe correct-
ly the motion of particles inside atoms, or of atoms
moving at speeds comparable to the speed of light.
These discoveries in turn have led to a much deeper
understanding of nature and have had significant philo-
sophical and economic impacts. 

Only through continued and vigorous experimental
and theoretical research can we hope to discover the
inadequacies of our scientific laws, thereby opening the
door to a continued, expanding understanding of nature.

Mechanistic Philosophy

An important philosophical assumption underlies
everything we have said:  Causes and effects are related
to each other through laws that we can discover.
Everything is caused by something else, and the rela-
tionship between cause and effect is fixed and unchang-
ing.  Systems of thought based on this assumption can
be called mechanistic philosophies.

All of science is mechanistic.  The cause-and-effect
assumption is important in many other applications as

well.  Historians search for the “causes” of historical
events.  Economists “explain” the vagaries of the busi-
ness cycle in terms of certain actions or events.
Psychologists “explain” human behavior in terms of
certain “needs,” or a variety of other factors, or both.
These disciplines and many others are mechanistic to
the extent they assume that events are caused and that
there is a definite relationship between cause and effect. 

Summary

In this chapter we have tried to show some of the
implications of the laws we have studied.  Think of the
efficiency of thought!  Instead of remembering a thou-
sand details about the motion of different objects in a
variety of circumstances, motion can be summarized by
five comparatively simple statements of the laws of
motion and force.  

Gravitational acceleration does not depend on
motion.  A ball has the same acceleration whether it is
thrown up, down, horizontally, or simply dropped.  The
motions are different in these cases, but the accelera-
tions are the same.  In particular, a bullet fired horizon-
tally would, in the absence of air friction, fall at the
same rate as one that is simply dropped.

Electrical forces hold matter together and are
responsible for the contact forces, including friction,
which occur when objects seem to touch each other.

Most applications involve two or more forces act-
ing on the same object.  Such forces may fully or par-
tially oppose each other so that the resulting accelera-
tion is smaller than would be the case if either force
acted by itself.  The motion of a person standing in place
or jumping and the motion of an object falling through
a fluid can be understood in these terms.

The near-circular motion of the moon around the
earth, the planets around the sun, and the sun around the
galactic center can be understood in terms of gravita-
tional interactions causing appropriate centripetal
forces.  A turning car is pushed sideways by frictional
forces due to its interaction with the road.

We have also tried to explain something of the
nature of scientific “laws,” scientific thought, and the
need for continuing experimentation as we try to
improve our knowledge.  As we proceed, we hope you
will ask two questions about every principle discussed:
Why do we believe it to be true?  What does it predict?

STUDY GUIDE
Chapter 5:  Applications of the Laws of Force and
Motion

A.   FUNDAMENTAL PRINCIPLES
1.    The First Law of Motion: See Chapter 3.
2.    The Second Law of Motion: See Chapter 3.
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3.    The Third Law of Motion: See Chapter 3.
4.    The Universal Law of Gravitation:

See Chapter 4.
5. The Electric Force Law: See Chapter 4.

B.  MODELS, IDEAS, QUESTIONS, OR
APPLICATIONS

1 The Newtonian Model: See Chapter 3.
2. Can you describe a procedure that produces a cor-

rect analysis of motion according to the Newtonian
Model?

3. What is a mechanistic philosophy?

C. GLOSSARY
1. Centripetal (“Center-Seeking”) Forces: Forces

which are directed sideways to the direction of
motion of an object, tending the motion toward cir-
cular motion around a center.  The resulting accel-
eration in the direction of the centripetal force is
called centripetal acceleration.

2. Contact Forces: Forces which, to the naked eye,
appear to arise from physical contact of one object
with another.  For example, the force exerted on a
book by the table on which the book lies.
Microscopically, contact forces are seen to be elec-
trical attractions or repulsions of the charged parts
of the atoms of which the objects are made.

3. Gravitational Acceleration (or Free-fall
Acceleration): The acceleration of an object in
those circumstances when the force of gravity is the
only significant force acting on the object.  Objects
near the surface of the earth have a gravitational
acceleration of 35 kilometers per hour each second.

4. Mechanistic Philosophy: Systems of thought
based on the idea of the fixed and unchanging rela-
tionship between cause and effect.  Science is mech-
anistic.

D. FOCUS QUESTIONS
NOTE: BY “ANALYZE THE MOTION” IN THE
FOLLOWING QUESTIONS WE MEAN TO
CHOOSE AN OBJECT, IDENTIFY THE SIGNIF-
ICANT FORCES THAT AFFECT THE MOTION
OF THE OBJECT, AND DRAW A CONCLUSION
ABOUT THE KIND OF MOTION THAT WILL
RESULT.

1. In each of the following situations:
a.  Describe the motion.
b.  Analyze the motion by applying the procedure
above.
c.  List the fundamental principles used in coming
to the result of your analysis.

(1)  A book is at rest on the ground.
(2) A ball is thrown straight up.  Analyze the
motion of the ball after it is released and while
it is still moving upward.  Also analyze the

motion at the moment it is at its highest point.
(3) A moose is hooked to a log that is at rest.
The moose then begins to pull the log forward.
Analyze the motion of the log just as it begins
to move.
(4) Suppose a bullet is fired horizontally and
leaves the gun at the same instant a rock is
dropped. Assume air friction can be neglected,
the surface is flat, and that both objects begin
their motion from the same height.
(5) A puck fastened to a string moves on an air
table in a circle about the anchor point of the
string.
(6) A girl is standing in an elevator. The eleva-
tor begins to move upward.

E.  EXERCISES
5.1.  A baseball is
(a) dropped,
(b) thrown straight down,
(c) thrown straight up, and
(d) thrown horizontally from the roof of a tall
building.  How does the acceleration (amount and
direction) of the baseball in the last three cases
compare with that in the first case?  Justify your
answers using appropriate fundamental laws. 

5.2.  Explain the meaning of your answer to the
previous question by describing the subsequent motion
of the baseball in the four different cases.

5.3.  Explain carefully, using the Second Law of
Motion and the Gravitational Force Law, why the rate
of acceleration due to gravity changes from place to
place near the surface of the earth.

5.4.   Suppose a ball is thrown upward at an angle
so that its initial motion can be described in terms of a
horizontal speed of 60 kilometers/hour together with a
vertical speed of 140 kilometers/hour.  Analyze the sub-
sequent motion of the ball.  In particular, show what it
means to say that the acceleration of this ball is the same
as if it were simply dropped from the top of a building.  

5.5.   Why is the gravitational acceleration near the
moon only about one-sixth that near the earth?

5.6.   We know that gravitational force and, hence,
gravitational acceleration change with height above the
earth’s surface.  Why can we treat objects falling near
the earth as if their acceleration does not change?

5.7.   Explain why you experience a frictional force
when you slide your hand across a table.

5.8.   Describe the force (or forces) that act on you
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as you walk across a rough floor.  Which force causes
you to accelerate?

5.9. What could cause an electric current?

5.10. Outline the general rules you can use to iden-
tify forces on any object you happen to be studying.

5.11. Use the rules for finding forces and discuss
the forces acting on your head as you sit in a car which
is speeding up or slowing down.  What difference would
it make if there were a headrest?

5.12. Describe the forces acting on a car traveling
along a level road.  Why must the car’s engine continue
to operate if the car is to continue along the road with-
out changing speed?

5.13. Describe the force, or forces, which propel a
high jumper over the high-jump bar.  For each force you
describe, identify the interaction, describe both forces in
the interaction, and indicate the direction of each force.

5.14. Describe the forces which act upon you as
you ride an elevator.  Use the Second Law of Motion to
determine their relationship to each other.

5.15. We have seen that objects which fall under the
influence of gravity increase their speed at the rate of 35
kilometers/hour (about 22 miles/hour) every second.
Raindrops fall for several seconds, sometimes minutes,
before reaching the ground.  Why don’t raindrops strike
the earth with speeds of hundreds of kilometers per hour?

5.16. Why is a parachute helpful to someone who
jumps from a great height?  Why is it not helpful if the
person jumps only a short distance?

5.17. Describe the important interactions and forces
that govern the earth’s motion around the sun.  Show
that the relationship between the forces and the motion
is consistent with the Second Law of Motion.

5.18. Describe the important forces acting on a car
as it turns a corner.  Which of these is a centripetal
force?  In what direction is the net force?

5.19. What is a “centripetal” force?  How does it
change the motion of an object to  which it is applied?

5.20. Describe how the boat would accelerate in the
following three circumstances, if the sail and rudder of
a sailboat can be maneuvered so that the resulting force
on the boat can be directed

(a) in the direction the boat is going,
(b) opposite the direction of the boat’s motion, or

(c) sideways.

5.21. A ball is whirled in a horizontal circle on the
end of a string without changing its speed.

(a) Describe the force or forces which act on the ball.
(b) Show that your answer is consistent with the
Second Law of Motion.
(c) Is there a force on the ball tending to pull the
ball outward?  Explain your answer.

5.22. A satellite is in a nearly circular orbit around
the earth.

(a) Describe the force or forces which govern the
motion of the satellite.
(b) Is the satellite accelerating?  Explain your
answer.
(c) Show that your answers to (a) and (b) are con-
sistent with the Second Law of Motion.
(d) Explain, using the laws we have discussed, why
the satellite stays in orbit rather than either flying
off into space or falling back to earth.

5.23. What do we mean when we say that a partic-
ular scientific law is “true”?

5.24. Scientific research is almost always expen-
sive.  Is there a cheaper way, perhaps using logic and
more careful reasoning, to discover the laws of nature?

5.25. Describe an example of a “mechanistic” view
in an area other than science.  Choose an example that
is different from those in the text.

5.26. What could you do to convince a skeptic that
Newton’s Law of Gravitation is valid?  Would your
demonstration prove that the law is “true”?

5.27. You get in an elevator and start from rest to
move upward.  This is possible because 

(a) of a reduced gravitational force.
(b) of an increased gravitational force.
(c) of a single force acting upward on you.
(d) the upward force of the elevator is greater than
the force of gravity.
(e) of three upward and downward forces acting.

5.28. Two objects attract each other gravitationally.
One object has twice the mass of the second.  Which is true?

(a) The force on object one is twice that on object
two.
(b) The force on object one is half that on object
two.
(c) The force on object one is equal that on object
two.
(d) The acceleration of object one is twice that of
object two.
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(e) The acceleration of object one is equal that of
object two. 
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To this point our illustrations of the laws of force
and motion  have focused on the effects of external
forces acting on identifiable objects:  balls, cars, people,
and so forth.  We will next turn our attention to illustrat-
ing the effects of forces that act inside objects and mate-
rials.  These internal forces can also be understood in
terms of the laws we have discussed.  Such illustrations
are as important as those involving external forces.

We will begin by discussing forces that occur with-
in solid objects such as trees, people, and automobiles.
This will establish some useful general principles.
Then we will examine forces within fluids, mainly
water and air, and discuss buoyancy and other important
manifestations of these internal forces.  Finally, we will
discuss some of the forces that occur within the earth
itself and that govern some of the changes we see on the
earth’s surface. 

Forces within Solids

We have seen that objects exert contact forces on
each other whenever they touch.  This is also true for
individual samples of matter within any object.
Consider any ordinary solid: a tree, for example.
Imagine a small piece of wood inside the tree near the
center of the trunk (Fig.  6.1).  What do we know about
the forces that act on this sample?

The method for finding forces outlined in Chapter
5 applies to this piece of wood as well as to any other
object.  Using this method we first ask about the gravi-
tational force on the piece of wood.  There must be one,
because the sample has mass.  Thus we know at least
one force, its weight, is acting on this object.

Because there are no long-range electromagnetic
forces, we next inquire about possible contact forces.
The sample is touching other wood at all of its bound-
aries.  Electrical contact forces are being exerted at each
point of contact.  It is difficult to describe these in detail
without knowing more about the internal structure of the
wood.   However, we can determine exactly how large the
net force must be due to all of these interactions.

Also notice that the sample is in equilibrium; it is
not accelerating.  This means that the total force must be
zero.  The total force can be zero only if the combined
contact forces provide a force that exactly balances the

weight of the sample.  Thus we know that the combined
contact forces provide a net upward force on this sample
of wood, and that the strength of the contact forces is
exactly equal to the weight of the sample (Fig. 6.2).

The same is true for the forces within any material.
When the sample is at rest, contact forces balance the
long-range forces, usually gravity. If the surrounding
material is accelerating, these interior contact forces

6.  Some Effects Due to Internal Forces

Figure 6.1.  What forces act on a piece of wood inside a
tree trunk?

Figure 6.2.  How can we describe the total effect of all
the contact forces?
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change so that a net force is on each piece of the sam-
ple, causing it to accelerate in accord with the Second
Law of Motion.

To better understand this last point, consider the
forces that act when you jump.  The contact force with
the ground is the external force that accelerates your
body upward.  Gravity, as always, provides a downward
force.  There are no significant long-range electromag-
netic interactions.  But what force accelerates your
head?  Your head is not in contact with the floor, so the
contact interaction with the floor cannot accelerate your
head.  Your head, in fact, is accelerated by contact
forces exerted by that which it touches, namely the top
of the spinal column.  The spinal column exerts an
upward force on your skull that just balances gravity
when your head is not accelerating and that exceeds
gravity (providing a net upward force) when you jump
(Fig. 6.3).

Figure 6.3.  What force causes your head to accelerate
when you jump?

The contact force explains the neck pain that a jog-
ger sometimes experiences.  When a person is running,
the head moves up and down.  Each time the head
comes down, it must be stopped and then accelerated
upward again by forces exerted by the spine.  If these
motions are very uneven or jerky, the forces the spine
exerts on the skull can resemble hammer-blows.
Continued over a long time, they can cause some struc-
tures of the spinal column to deteriorate.  Such damage
can be minimized by running as smoothly as possible,
reducing the rate of vertical acceleration by running on
softer surfaces and wearing shoes with soft soles.

The motion of every piece of matter—whether a
single atom, a complete object, or a small part of such
an object—is governed by the laws of motion and force.
In the absence of long-range electromagnetic forces, the
interplay between weight and contact forces governs
vertical motion, and contact forces alone govern  hori-

zontal motion.  The contact forces, in turn, depend on
what a given piece of matter actually touches.  It expe-
riences no forces from objects that it does not touch.  

Pressure

When you immerse an object in a fluid, it is sub-
jected to forces from the fluid touching it.   Because the
contact comes at so many different places, we speak of
“pressure” rather than of force.  Pressure is defined as
the force per unit area of contact:

pressure 5 force .area

Thus, a 100-pound force distributed over an area of
4 square inches exerts a pressure of 25 pounds per square
inch.  The same force distributed over an area of 1 square
inch exerts a pressure of 100 pounds per square inch.

For many applications, it is pressure which is the
crucial issue.  A pound is a modest force, but if distrib-
uted over a very small area it may exert a pressure of
100,000 pounds per square inch on that small area.
Some materials may not be able to withstand this con-
centration of force and may give way, even though this
same force might not cause any problem when spread
over a much larger area (thus producing less pressure).

You can investigate the pressure exerted on objects
in fluids with a device like that shown in Figure 6.4.
The device, called a gauge, exposes a small, known area
to the contact forces of the fluid.  The strength of the
force is measured by how much it compresses the
gauge’s spring.  Because you are interested in measur-
ing pressure at a particular position in the fluid, imagine
the device to be as small as possible.  Then you can
speak of the pressure at a certain point.

Figure 6.4.  A pressure gauge.

When you investigate pressures with your imag-
ined gauge, you find four simple rules:

1. Fluids at rest only exert pressure perpendic-
ular to the surface of the object in contact with
the fluid.  Fluids at rest do not exert shear
(“sideways”) forces, although these are present
when the fluid is moving.

2.  Pressure does not depend on the orientation of
the pressure-measuring device.  At a given depth,

Head

Contact Force
(with spinal 
column)

Weight
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pressure in the fluid does not depend on direction.

3.  Pressure does depend on depth.  The deeper
the gauge, the greater the pressure.  Indeed, the
pressure at any depth in the fluid must equal the
weight of the column of fluid above it, if the
column is at rest.  This insight provides a way
to calculate the pressure at any depth in a fluid:
Imagine a fluid column of unit area above the
point and compute its weight.  Also, it may be
necessary to add the weight of the air column
above the fluid if its surface is exposed to the
atmosphere.  At sea level a column of air with
a cross-sectional area of one square inch and
reaching to the top of the atmosphere weighs
14.7 pounds.

4. The pressure is the same at all points of the
same depth.  Pressure does not depend on the
total surface area of the fluid above the gauge.
For example, the pressure on the bottom of a
dam does not depend on the area of the lake.

It may seem incredible at first to realize that the
atmosphere exerts a pressure of almost 15 pounds per
square inch over the surface of your body. Your body
has a lot of square inches; the resulting total force on
your body is thousands of pounds, enough to crush you
to a pulp.  You avoid this fate by keeping air pressure
inside your body which balances the air pressure on the
outside.  The alternative is not pleasant!

Buoyant Forces

Most of us have noticed that objects immersed in a
fluid, such as water, seem to weigh less than before.
However, from our study of the gravitational interac-
tion we know that neither of the factors affecting
weight (mass and distance) have changed.  Thus,
objects really weigh the same when immersed in the
fluid.   However, they are undeniably easier to lift when
immersed. Why?

This situation is illustrated in Figure 6.5, where a
fluid pushes in on an immersed object from all sides.
Pressure in the fluid increases with depth, so the forces
pushing up on the bottom of the object are larger than
those pushing down on its top.  The total result is a net
upward contact force, called a buoyant force. You
should recognize that the buoyant force is really the
result of all the contact forces between the immersed
object and the surrounding fluid.  However, it is easier
to think of buoyancy as a single force rather than as a
large number of smaller forces acting in different direc-
tions as shown in Figure 6.5.

With a little effort we can discern the strength of the
buoyant force in any situation.  Imagine that the space

occupied by the immersed object in Figure 6.5 is filled
with fluid instead.  Now recall our earlier discussion of
the forces on a piece of wood inside a tree.  Remember
that the adjacent wood was exerting a net upward force
that was just large enough to keep the piece from falling.
The same arguments we used there lead us to conclude
here that the water adjacent to our sample in Figure 6.5
exerts a force on it that just balances its weight.

Now, suppose that the immersed object (Fig. 6.5)
exactly fills the space previously occupied by the sam-
ple of fluid.  The surrounding fluid exerts a net upward
force on the object equaling the force previously exert-
ed on the sample of fluid.  This force is equal to the
weight of the fluid that the object displaced (i.e., took
the place of).  This is the buoyant force.  The rule gov-
erning the strength of the buoyant force is known as
Archimedes’ Principle:

An object immersed in a fluid experiences an
upward buoyant force due to contact interac-
tions with the surrounding fluid, whose
strength is equal to the weight of the displaced
fluid.

An object immersed in fluid experiences two
forces:  its weight pulling downward and the upward
buoyant force.  The object accelerates in the direction
of the net force, which is the stronger of these two.  An
object sinks if its weight is stronger than the buoyant
force, and it rises if the buoyant force is stronger.

Consider a balloon and a solid metal ball that are
the same size and are both submerged in water (Fig.
6.6).  The buoyant forces on the two have exactly the
same strength, because they both displace the same
amount of fluid.  However, the weight of the balloon is
much less than the buoyant force.  Thus the net force is
upward and the balloon rises to the surface.  Since the

Object

Buoyant
 Force

Weight  

Figure 6.5.  Fluid pressure causes a net upward buoyant
force on any object.
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weight of the metal ball is greater than the weight of an
equal volume of water, its weight exceeds the strength
of the buoyant force.  The net force on the ball is down-
ward, and it sinks to the bottom.                                    

Now imagine two objects that have the same weight
but different volumes (Fig. 6.7).  One might be a ball
made of wood and the other a much smaller ball made of
iron.  Since the wood ball is larger, the buoyant force act-
ing on it is also larger. If the wood weighs less than an
equal volume of water, the buoyant force will exceed the
weight of the ball; the net force will be upward, and the
ball will rise to the surface.  The buoyant force on the
smaller metal ball, however, will be less than that on the

wood ball.  The volume of water it displaces weighs less
the metal.  Therefore, the metal ball sinks, even though
its weight is the same as the weight of the wood ball.

The general rules concerning floating and sinking
are sometimes summarized simply in terms of density.

density 5 mass   .
volume

The density of an object or sample of fluid is its mass
per unit volume, or its mass divided by its volume.  An
object sinks if its density is greater than the density of
the fluid in which it is immersed.  It rises if its density
is less than the fluid in which it is immersed.  Do you
see why?  

Densities of materials are often compared with the
density of water.  This relative density is given the name
specific gravity. Thus, if a rock sample has a density
of 2.3, or a specific gravity of 2.3, its density is 2.3
times the density of water.

Floating Objects

We next turn our attention to objects floating on the
surface of fluids, such as objects floating on water.  By
now you should visualize two forces acting on the float-
ing boat in Figure 6.8:  its weight pulling downward and
a buoyant force exerted by the surrounding water press-
ing upward.  These two forces just balance each other,
so that once the boat reaches a certain level, it neither
rises nor sinks.

Figure 6.8.  How much of the boat is below water level?

How much of the boat will sink below the water
level?  We have seen that the strength of the buoyant
force is equal to the weight of displaced fluid.  Thus, the
volume of the boat below the water surface must dis-
place a weight of water equal to the weight of the boat
and passengers.  What will happen if the boat is loaded
more heavily?  Its weight will increase and it will sink
until it displaces more water.  How much?  Enough
water must be displaced so that its weight equals the
weight of the additional freight.  What happens if the
ship does not have enough volume to displace the extra
water?  It sinks.

Icebergs illustrate these same points.  They float
because ice has a density about 10% less than water. It
only takes 90% of the iceberg’s volume to displace enough
water to equal its total weight, so the iceberg floats with
about 10% of its volume above the surface of the water.

Several features of this phenomenon are worth not-
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Figure 6.6.  A balloon and a metal ball might be the
same size.  Why does one float and the other sink?

Figure 6.7.  These objects have the same weight.  Why
does one sink and the other float?
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ing.  First, compare a large iceberg with a smaller one.
Notice that the larger one has more volume below the
water as well as above the water compared to the small-
er one.  Second, imagine what will happen if more mass
is added to the part of the iceberg above the water, say by
a snowstorm or by visiting walruses (Fig. 6.9).  The ice-
berg will sink farther into the water, thus increasing the
buoyant force needed to balance the increased mass.
Finally, imagine what will happen if some of the materi-
al above the water is lost, by melting for example.  The
iceberg will rise in the water, since a smaller buoyant
force is needed to balance the iceberg’s lightened weight. 

Buoyancy in the Earth’s Crust:  Isostasy

An interesting application of buoyancy occurs in
the earth’s crust.  The continents actually float in the
earth’s mantle in much the same way that ships or ice-
bergs float in water. The outer layer of the mantle is hot
enough to have some characteristics of a fluid.  In par-
ticular, forces within the mantle adjust over long peri-
ods, following the general rules for fluids we described
earlier. The crust lies above this semifluid layer. Its
general features are shown in Figure 6.10.

The crust underneath the oceans is quite dense (but
less dense than the mantle) and relatively thin.  The
oceanic crust sinks just far enough into the mantle that

the mantle’s buoyant force supports its weight, together
with that of the water above.

The materials that make up the continents are sig-
nificantly less dense than the oceanic crust.  These
lighter continental materials sink into the mantle only
far enough to displace the weight of mantle material
equal to their own.  Each continent, and indeed each
mountain, has “roots” extending far enough below it to
provide the necessary buoyant force.

You can deduce many of the consequences of these
ideas by remembering our iceberg example.  The taller
mountain or continent must have deeper roots, just as
the large iceberg must have more volume below the sur-
face. If material is added to a continent—for example,
by the formation of a glacier; a flow of lava, or even the
construction of a large building—the crust will sink,
over time, farther into the mantle.  If material is
removed—for example, by erosion or the melting of a
glacier—the underlying crust will rise.  The general
principle governing this fluid-like equilibrium in the
earth’s crust is called isostasy.

Convection

We now look at one additional illustration of buoy-
ant forces.  Suppose we have regions of high and low
density occurring within the same fluid because of dif-

Figure 6.9.  A floating iceberg sinks when more mass is added and rises when mass leaves or is taken away.

Figure 6.10.  The earth’s crust floats in (or on) the mantle much as icebergs float in water.
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ferent temperatures within the fluid.  Most fluids
expand when their temperatures rise.  Thus, they
become less dense because the same mass occupies
greater volume.

High-density regions of fluid sink, while low-densi-
ty regions of fluid rise.  Do you see why?  High-density
regions displace surrounding fluid, but the displaced
fluid does not weigh as much.  Thus, the buoyant force
on the high-density region is less than its weight, so it
sinks.  Low-density regions also displace fluid.  In their
case, the displaced fluid weighs more.  Thus, the buoy-
ant force on the region is greater that its weight, so it
rises.  The result in both cases is that cooler regions of
fluid sink as warmer regions rise.  These motions cause
interesting and important processes in nature.

Consider the common example shown in Figure
6.11 of a large body of water adjacent to land.  The tem-
perature of the soil is higher than the temperature of the
water during the day. Air above the soil heats and
expands, becoming less dense than the air above; there-
fore, it rises.  As it rises, it is replaced by the cooler,
denser air from the water. A circulation pattern is estab-
lished as shown in the figure.  The result is a cool breeze
from the body of water during the day.

The situation is reversed at night.  The land cools
more rapidly and, in many cases, becomes cooler than
the water.  Air circulation then proceeds in the opposite
direction, with the surface wind blowing away from the
land (Fig. 6.12).

This kind of circulation, caused by differences in tem-

Figure 6.11.  Daytime convection pattern near a seashore.  Air near the land surface is hotter than air over the water.

Figure 6.12.  Nighttime convection pattern near a seashore.  Air near the land surface is cooler than air over the water.



perature and density, is called convection. It is responsi-
ble for many of the broad circulation patterns in the earth’s
atmosphere and oceans.  Convection is probably the mech-
anism that also drives broad regions of the earth’s crust
from place to place on the surface of the earth.

Notice that convection depends on the presence of
gravitational forces.  Neither weight nor buoyant forces
would be present without gravity, so there would be no
convection.

Summary

This chapter extends applications of the laws of
motion and force to forces within materials, particular-
ly fluids.  

STUDY GUIDE
Chapter 6: Some Effects Due to Internal Forces

A. FUNDAMENTAL PRINCIPLES
1. The First Law of Motion: See Chapter 3.
2. The Second Law of Motion: See Chapter 3.
3. The Third Law of Motion: See Chapter 3.
4. The Universal Law of Gravitation:

See Chapter 4.
5. The Electric Force Law: See Chapter 4.

B. MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. How can you use the laws of force and motion to
analyze the motion of a part of a stationary object?

2. How can you use the laws of force and account for
the motion of a part of a fluid?  What is a buoyant
force?  What is Archimedes’ Principle?

3. How can you apply this understanding to explain:
a.  floating objects?
b.  buoyancy in the crust of the earth?
c.  convection in a liquid or a gas?

C. GLOSSARY
1. Archimedes’ Principle: An object immersed in a

fluid experiences an upward buoyant force due to
contact interactions with the surrounding fluid,
whose strength is equal to the weight of the dis-
placed fluid.

2. Buoyant Force: For an object at rest which is
wholly or partially immersed in a fluid, the buoyant
force is the net or resultant force of the contact
forces exerted on the object by the fluid.

3. Convection: The circulation (movement) of the
matter of a fluid because of differences in tempera-
ture and pressure throughout the fluid.

4. Density: The mass per unit volume of a substance.
5. Isostasy: The word means “balance.”  In geology,

the term is applied to the balance of the buoyant
force and the force of gravity on a piece of the

earth’s crust seen as “floating” in the underlying
mantle rock.

6. Pressure: The force applied to the surface of an
object divided by the area over which the force is
applied.  Force per unit area.

7. Specific Gravity: The density of a material divid-
ed by the density of a reference substance, usually
water.  The specific gravity of water is 1.0, if water
itself is the reference substance.

D. FOCUS QUESTIONS
1. In each of the following situations:

a. Describe the motion.
b. Analyze the motion by applying the procedure of
Chapter 5 (Finding Forces).
c. List the fundamental principles used in coming to
the results of your analysis.

(1) A cube of wood within a tree trunk.
(2) A cube of air above you on a calm day. The
air is not moving.
(3) A part of the surface of a can when the air
was pumped out.
(4) An imaginary, vertical cylinder of water in
a tub of water at rest.

2. Consider three spheres of the same size completely
submerged in a tub of water. One sphere is made of
lead, another is made of wood, and the third is
made of water.
a. How do the weights of the three objects compare
to each other?
b. How do the buoyant forces on the three objects
compare to each other?
c.  Analyze the motion of the three objects by
applying the procedure above.
d. List the fundamental principles used in coming
to the results of your analysis.

3. Consider a floating iceberg:
a. Describe why it floats by using the procedure
given to analyze motion.
b. What happens when some of the iceberg melts?
Why does it happen?
c. What happens when it snows on the top of the
iceberg?  Why?

E. EXERCISES
6.1.  Consider a piece of air 20 meters above the

ground.  What keeps it from falling?

6.2.  Imagine yourself running.  What forces gov-
ern the motion of each foot from the time it leaves the
ground until it returns to the ground?

6.3.  Imagine yourself in an elevator.  What force
accelerates your stomach when the elevator begins to
move up?
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6.4.  Explain why it is easier to lift a rock when it
is under water than when it is above water.

6.5.  Do heavy objects always sink?  Under what
circumstances would a heavy object not sink?

6.6.  Explain why an object sinks if it is more dense
than the fluid it is immersed in.

6.7.  Explain why the strength of a buoyant force is
equal to the weight of displaced fluid.

6.8.  Describe the interaction which causes the
buoyant force on an immersed object.  Is this a long-
range or a contact interaction?  What other interaction is
important when describing the behavior of objects
immersed in a fluid?

6.9.  Does the strength of the buoyant force depend
on the weight of an immersed object, its size, its densi-
ty, the density of the fluid, all of these, or none of these?
Explain your answer.

6.10.  Explain why a kilogram of wood can float in
water when a kilogram of iron sinks.

6.11.  Explain why a helium-filled balloon rises but
why an air-filled balloon does not.  What factors deter-
mine how high the helium-filled balloon will rise?

6.12.  Explain the meaning of “density.’’

6.13.  Explain the meaning of “specific gravity.’’

6.14.  Why is a buoyant force always directed
upward?

6.15.  Outdoor swimming pools in certain areas of
California sometimes rise out of the ground when they
are drained for the winter.  How could this occur?

6.16.  Explain why an aircraft carrier can float
while a small ball made of the same steel will sink.

6.17.  Explain why an oil tanker sits lower in the
water when loaded than when it is empty.

6.18.  Why are the most dense materials of the earth
mostly found near its center?

6.19.  Some parts of the U.S. require the excavation of
soft rocks and sediment before laying foundations for large
buildings.  What would you expect to happen to such a
building if its weight were greater than that of the removed
rock?  What would happen if the building weighed less?
Explain why you would expect such behavior.

6.20.  Explain why buoyant forces cause convec-
tion when a fluid such as air is unevenly heated.

6.21.  An object sinks in oil but floats in water.
Which is true?

(a) The above situation is not possible.
(b) Oil decreases the gravitational force on an object.
(c) Water increases the gravitational force on an
object.
(d) The buoyant force on the object immersed in
oil is greater than the gravitational force.
(e) The buoyant force on the object floating in
water is equal to the gravitational force.
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The laws of motion and force are often difficult to
apply in complicated situations (for example, when a
stick of dynamite explodes).  Fortunately, nature seems
to obey some additional rules that are less specific.
These usually do not describe every detail, but they do
predict certain features of the changes in nature and help
us arrive at a correct understanding of them.

Among these general laws are the conservation
laws.  A quantity that does not change is said to be con-
served.  Such a quantity is something like a set of chil-
dren’s blocks.  Although the blocks might be scattered
all over the house, yard, car, neighbors’ property, and
schoolroom, the number of blocks always stays the
same.  The “law of conservation of blocks” would
describe the conditions when the number of blocks
would not change, and also the situations when a
change would be expected to occur (for example, when
the parents purchase a new set of blocks).

This chapter discusses several quantities that are con-
served:  mass, charge, linear momentum, angular momen-
tum, and energy.  Several others might have been includ-
ed, but these are the most important for our purposes.

Conservation of Mass

Cursory observations tell us that matter comes and
goes in unpredictable and arbitrary ways.  A piece of
wood burns and seems to be destroyed, leaving only a
small pile of ashes behind; water seems to disappear
from an open pan on a warm day; a tree grows, appar-
ently from nothing.

However, careful measurements reveal that total
mass does not change in any of these transformations; it
merely changes form.  For example, if wood is burned
in a closed box, the total mass of the contents of the box
does not change.  The wood and oxygen initially present
have merely changed to carbon dioxide, water vapor,
and ashes (Fig. 7.1).  These observations lead to the
Law of Conservation of Mass:

Mass is neither created nor destroyed.  The
total amount of mass does not change.  Mass
may change from one form to another, but the
total mass after the transformation is always the
same as that before.

Figure 7.1.  Account for all the mass before and after
these events.  Is mass conserved?

The Law of Conservation of Mass is stated here as
it was understood at the beginning of the 20th century.
An amplification of the statement became necessary
when Einstein discovered an unsuspected connection
between mass and energy.  We will discuss this modifi-
cation in Chapter 9.  Until that point you should take the
Law of Conservation of Mass to be strictly true.  The
modification discussed in Chapter 9 does not affect in a
practical way the applications we will discuss in this
and most subsequent chapters.

Conservation of Electric Charge

Electric charge is another of the conserved entities
in nature; however, the conservation law is more com-
plicated because there are two kinds of charges.  We can
“create” and “destroy” electric charge.  For example,
when we rubbed the rods in Chapter 4, we “created”
charge where none was before.  Two objects were elect-
rically neutral at first, but charged after rubbing.  In
reality the charge was there all the time and the rubbing
merely separated the two kinds from each other.  The
process illustrates a general rule about electric charge:
Whenever positive charge appears, an equal amount of
negative charge appears, and vice versa.  Whenever
positive charge disappears, an equal amount of negative
charge disappears.  The general rule is as follows:

The total amount of positive charge minus the
total amount of negative charge does not change.

7.  Conservation Laws
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The words positive and negative are just labels to iden-
tify the two kinds of charge, which gives us an easy way
to keep track of nature’s conservation rule.  To under-
stand the rule more completely, try substituting the
labels red and green for positive and negative in the
statement of the conservation law.

Nature obeys the conservation law in some rather
unexpected situations.  For example, a neutron isolated
from a nucleus becomes unstable and splits after a short
time into a proton and an electron.  One unit of each kind
of charge is produced, so charge is conserved (Fig. 7.2).

Figure 7.2.  A free neutron becomes a proton and an
electron after a short time.  A neutral “neutrino” is also
created in the process.  How is charge conserved?

Many such examples have been studied.  Every
time a particle with charge appears, no matter what its
source, another particle with the opposite charge also
appears.  Whenever a particle with charge seems to dis-
appear, changing its form in any way, another particle
with exactly the opposite charge also disappears.  The
Law of Conservation of Electric Charge seems to be
a universal law in nature.  No exceptions have ever been
discovered.

Conservation of Linear Momentum

Without realizing it, we have already encountered
another fundamental conservation law:  Newton’s First
Law of Motion.  In the absence of a net force, an object
continues in unchanging uniform motion in a straight
line at constant speed.  The constancy of the speed and
direction represents something that is conserved.  To put
it in its more common form, we multiply the speed by
the mass of the object to define (linear) momentum,

momentum ! mass " speed.

Since the mass is also constant, we can state the

Law of Conservation of (Linear) Momentum:
In the absence of a net force, the linear momen-
tum of an object is conserved, i.e., an object of
fixed mass continues with unchanging speed in
a straight line such that the product of mass and
speed is a constant in time.

All of the examples that we have used to illustrate
Newton’s First Law are, as well, illustrations of the
Law of Conservation of Linear Momentum.

Conservation of Angular Momentum

An object that moves in a circle is not in uniform
motion.  For example, the moon’s nearly circular motion
about the earth is an accelerated motion.  Although the
speed of the moon in its orbit is constant, the moon is
always changing the direction of its motion.  For this rea-
son, linear momentum is not conserved for the motion of
the moon because the requirement for motion of
unchanging direction in a straight line is violated.

However, there is a conserved quantity associated
with revolving motion.  You have undoubtedly seen
examples of it as you have watched ice skaters in their
spins, divers or gymnasts in their tucks, or a falling cat
twisting to land on its feet.  

Think again of the moon revolving about an axis
through the center of the earth.  If we multiply the mass
of the moon by its constant speed and then again by the
constant radius of the circular orbit, we create a quanti-
ty that is unchanging during the motion of the moon.
We call this quantity angular momentum,

angular momentum ! mass " speed " distance
to axis of revolution.

In those cases where the mass is not concentrated in a
small volume, we must think of extended objects subdi-
vided into many small mass “particles” such that the
angular momentum of the whole object is the sum of
angular momenta of its parts.

Just as net forces change linear momentum, some
kinds of forces can change angular momentum.  Forces
that impart an additional “twist” (technically called a
torque) to the revolving object can change its orbital
speed and, hence, its angular momentum.  Brakes exert
torques on rotating wheels to reduce angular momentum.  

However, there is a class of forces that does not
change the angular momentum.  These are forces that act
along the line that connects the moving object to the axis
of revolution.  In the case of the moon and earth, this is
the line from the center of the moon to the center of the
earth.  Forces along this special line, such as the force of
gravity attracting the moon to the earth, impart (nor sub-
tract) no additional “twist” to the system.  We say that
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they exert no torque on the system (see Fig. 7.3).
With this in mind, we may state the Law of

Conservation of Angular Momentum:

In the absence of any net torque, the angular
momentum of an object revolving about an
axis is conserved, i.e., the product of the mass,
the speed, and the distance from the object to
the axis of revolution is a constant in time.

An ice skater makes use of this principle.  Using her
feet and with her hands outstretched, she creates enough
torque on her body to begin to spin slowly about a  ver-
tical axis through the center of her body.  Then she
quickly draws her hands inward to her chest.  The force
she uses to draw her hands inward exerts no torque on
her (it is along the line connecting the masses of her
hands to the axis of rotation).  Under these conditions her
angular momentum is conserved.  But since she has
decreased the distance of her hands (revolving masses)
from the axis of revolution, her speed of revolving
motion must increase accordingly so that the angular
momentum is conserved.  If one thing decreases (dis-
tance), the other (speed) must increase.  Thus, she begins
to spin very rapidly.  It is the same conservation law that
operates when divers and cats execute their maneuvers.

Forms of Energy

Another conserved entity in nature is energy.  For
example, water stored behind a dam might be allowed
to fall, thereby gaining motion, and then be allowed to
pass through an electric generator.  The generator could
then cause the motion of a motor several hundred miles
away.  Apparently the water has traded its height for its
motion.  The water’s motion was then traded for that of
the generator, and that in turn was traded for the motion
of the motor.  In each transformation something is
gained when something else is lost.

Consider a parked car with a full tank of gas.  You
can trade some of the gas for the motion of the car.  The
motion is lost when you stop, but then the tires and
engine are hotter than they were before.  You have trad-
ed something in the gasoline for motion which was then
traded for increased temperature.  Again, something is

lost as something else is gained.
The “something” in each of these examples is energy.

Energy appears in the form of motion, position, tempera-
ture, and so forth.  Our challenge is to discover all the forms
in which energy occurs and to calculate the amount of ener-
gy in each possible situation.  We will then be in a position
to determine whether energy is a conserved quantity.

Kinetic Energy

Energy associated with motion is called kinetic
energy.  We generally have some experience with the
fact that the motion of moving objects can be converted
into crumpled fenders, broken windshields, and human
injuries, all of which require energy.  We know intu-
itively that the amount of destruction caused by a mov-
ing object is somehow connected with the mass of the
object (a truck does more damage than a small car trav-
eling at the same speed) and its speed (a fast baseball
hurts more than a slow one).

The amount of kinetic energy possessed by a mov-
ing object can be calculated from the relationship

kinetic energy ! #
1
2

# " mass " speed 2.

If a truck has three times the mass of a small car
going the same speed, it will have three times the kinet-
ic energy; consequently, the truck will cause about three
times as much damage in a collision (Fig. 7.4).  The fact
that speed is squared in this formula means that energy
increases rapidly with speed.  For example, a car going
80 kilometers/hour has four times as much kinetic ener-
gy as one going 40 kilometers/hour. 

Figure 7.4.  Why can a fast truck do more damage than
a slow car?

Gravitational Potential Energy

Energy associated with the height of an object is
called gravitational potential energy.  The amount of
gravitational potential energy of an object near the sur-
face of the earth can be calculated from 

gravitational potential energy ! weight " height.

The formula is more complicated if the object is far
enough away from the earth to decrease its weight
appreciably.  However, the general rule is that gravita-
tional potential energy increases with distance—the far-
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Figure 7.3.  In which case, (a) or (b), does the force
change the angular momentum?   
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ther the object is from the earth’s center, the greater its
gravitational potential energy.  

We can now begin to examine how energy changes
from one form to another.  A ball thrown straight up into
the air moves slowly as it rises.  The ball has less kinet-
ic energy than before, but it has gained potential energy.
The loss in kinetic energy is exactly equal to the gain in
potential energy (Fig. 7.5).  The ball’s kinetic energy is
zero at the highest point, but it has then gained its max-
imum potential energy which is equal to its original
kinetic energy. As the ball falls, it loses potential energy
and gains kinetic energy until just before it reaches the
ground, where its potential energy is back to its original
value and its kinetic energy is the same as when it was
thrown.  The total energy, kinetic plus potential, has

never changed.  The energy has changed form from
kinetic to potential and back again, but the sum of the
two was exactly the same at all points in the motion.

Electrical Potential Energy

Electrical potential energy is associated with the
electrical force.  Like gravitational potential energy, the
amount of energy in electrical potential energy depends
on the separation between the interacting objects.
However the electrical case is slightly more complicat-
ed because of the possibility of either attraction or
repulsion.

The electrical potential energy associated with
charges that attract each other follows the same rule as
gravitational potential energy of attracting masses.  The
potential energy increases when the objects are farther
apart.  The only difference is that the amount of electri-
cal potential energy depends on the charges of the
objects, whereas the gravitational potential energy
depends on their masses.

You can visualize the existence of electrical poten-
tial energy by imagining two charged particles, one pos-
itive and one negative, placed some distance apart.  If
the particles are released, they attract each other and
accelerate.  Their speed increases as they come closer
together.  They lose electrical potential energy as they
gain kinetic energy.

Now imagine two charged particles both positive or
both negative, again placed some distance apart.  When
these particles are released, they repel each other.  These
too accelerate, but now their speed increases as they
move farther apart.  Their kinetic energy increases as
they separate.  This must mean that the electrical poten-
tial energy is decreasing.  In the case of particles with
the same charge, the electrical potential energy is larger
when they are closer together and smaller when they are
farther apart (Fig. 7.6).

Internal Energy

Recall for a moment the example of the falling ball
in our discussion of gravitational energy.  The ball has
its original kinetic energy just before striking the earth.

Kinetic�
energy

Gravitational�
potential�
energy

Total�
energy

+ =

Figure 7.5.  A ball moves more slowly as it rises, but its
total energy does not change.  Describe the energy changes
that occur as the ball falls.  Is energy still conserved?

Figure 7.6.  Objects that repel each other go faster as they move apart.  In which situation is the kinetic energy largest?
When is the electrical potential energy largest?
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It then hits the ground, bounces a few times, and even-
tually comes to rest.  What has happened to its energy?
It has no kinetic energy, because it is not moving.  It has
no gravitational potential energy, because it has no
height.  It appears that the energy has been lost.

This kind of puzzle has confronted people ever
since the concept of energy was suggested.  We must
either find the energy somewhere in a different form or
admit that energy is not conserved.  The solution to such
puzzles has always been found by carefully examining
what is involved in the situation  and finding some other
change that has occurred.  The change is associated with
a new form of energy.

In the case of a falling ball which strikes a floor, the
ball (and, to a lesser degree, the floor) is deformed by
the collision.  Furthermore, the floor and the ball are
both warmer than they were just before the ball hit.
These temperature changes are so small that we usually
do not notice them.  If you doubt their reality, try stop-
ping your car quickly (for example, from 50 kilome-
ters/hour or so) and then stepping out and carefully
touching one of the tires.  The tire’s high temperature

reveals where the original kinetic energy of the car has
gone (Fig. 7.7).

The energy in each of these cases converts to a
form called internal energy.  Internal energy gets its
name from the fact that it is energy that seems to be hid-
den inside materials.  We cannot measure it by any
external measurement, such as height or speed; only
careful measurements of the state of the material itself
reveal internal energy.  

Thermal energy is a form of internal energy asso-
ciated with the temperature of materials.  The thermal
energy of any object or material increases as its temper-
ature increases. The warmer ball and ground and the
hotter tire in the examples above illustrate increases in
thermal energy.  

Chemical potential energy is a form of internal
energy associated with the physical and chemical states
of a material.  Chemical potential energy is the name
given to the electrical potential energy of the atoms in a
material.  Physical and chemical reactions result in a
rearrangement of the atoms of which a material is com-
posed; this in turn causes changes in the electrical
potential energy of the atoms in the material.  Another
example is that the chemical potential energy of gaso-
line and oxygen molecules is higher than would be the
chemical potential energy of the same atoms rearranged

into another chemical state (carbon dioxide and water
molecules) at the same temperature.

The discussion to this point might leave the impres-
sion that thermal energy is always lost energy, that it is
somehow wasted.  Such an impression is only partly
valid. Our society uses thermal energy in many ways.
We use the thermal energy of a natural gas flame or an
electric hot plate to cook our food.  Gasoline in our cars
has high chemical potential energy.  When gasoline
ignites in the engine, chemical potential energy is con-
verted to the thermal energy which in turn is partly con-
verted into kinetic energy of the car and low-tempera-
ture thermal energy of the car and its surroundings.

Conservation of Energy

We have described several forms of energy and
shown how the amount of energy in any particular situ-
ation can be calculated.  Although all the details of the
calculations are complex, you should be able to identi-
fy different kinds of energy and determine if they
increase or decrease.

When precise measurements are taken and exact
calculations performed, the decrease in one form of
energy is always accompanied by an increase in one or
more other forms.  If one kind of energy increases by a
certain amount, another kind decreases by exactly the
same amount.  These results have led people to con-
clude that energy is a conserved entity.  Nature seems to
obey the Law of Conservation of Energy:

Energy can neither be created nor destroyed.
The total amount of energy in the universe
never changes.  Energy can change from one
form to another, or be transferred from one
object to another, but no process, no matter how
violent or sudden or complicated, can change
the total amount of energy.

The law has been tested extensively over an enor-
mous range of circumstances.  Situations have been
encountered where it seemed that the law had broken
down.  In such cases, new forms of energy were dis-
covered that could account exactly for the changes that
had occurred.  The most important of these forms are
the energies associated with waves and nuclear forces.
There are others as well, some of which will be dis-
cussed in later chapters.

Figure 7.7.  What happens to the kinetic energy of a car when it suddenly stops?
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Notice that we have never defined what energy is,
except to say that it is kinetic energy, potential energy,
and so forth.  At our present level of understanding,
energy is fairly abstract. It is simply a conserved entity
somehow associated with each condition or situation.
Perhaps someday we will understand energy in terms of
some underlying, more fundamental concept.  For now
we will have to be satisfied with identifying its mani-
festations in terms of motion, position, temperature,
physical state, and so on.  Even so, most scientists
regard energy as being more “real” than force or some
other concepts that we use in our description of nature.
Energy is, after all, conserved.

Occasionally an ingenious inventor proposes a per-
petual motion machine that apparently violates the Law
of Conservation of Energy by continuously creating
energy without requiring fuel or any other energy
source.  Such a machine would be immensely prof-
itable, as you might imagine.  Unfortunately, no such
machine has ever worked successfully. 

The study of energy has been extremely fruitful
over the years.  All processes in nature involve energy
transfer or transformation.  These changes often have
provided important clues to a fuller understanding of
both the living and nonliving world.  Identify various
forms of energy in situations that you encounter, and
ask yourself where the energy came from and where it
goes.  By doing so, you discover more order in the
world than you would have thought possible.

Energy Transfer and Transformation Processes

We have noted that energy can be transformed or
transferred, but we have not paid particular attention to
the ways that these changes occur.  Nature seems to
have a limited number of energy transfer and transfor-
mation mechanisms.  Identifying these will help you to
keep track of the energy in the situations you encounter.
The following are most of the important energy-chang-
ing mechanisms.  We will differentiate between the
basic “simple” processes and complex processes which
may involve a combination of simple processes.

Work is the simple process by which energy is trans-
ferred to or from an object by forces acting on the object.
(The use here of the word “work” is a technical usage and
is not meant to be directly related to its more common
usage in everyday conversation.)  You “do work” when
you exert a force to lift a large rock and thereby transfer
additional gravitational potential energy to it (Fig. 7.8).
Frictional forces do work on a book sliding across a table,
removing kinetic energy from the book and transforming
the kinetic energy of the book into internal thermal ener-
gy in both the book and the table and transferring at least
some of it from the book to the table.  Work is both a
transfer and a transformation process.

Work is not a form of energy:  it is a process.  The

amount of energy that is transferred by work is some-
times referred to as the “work done” or the “amount of
work.”  Thus, it is correct to say when lifting a rock that
you “did work on the rock” or when sliding a book that
friction did work on the book.  However, it is a concep-
tual error to refer to the amount of work possessed by the
rock or by the book.  They have energy—not work.

The amount of work done by a force, and, hence,
the amount of energy transferred, is given by the prod-
uct of the strength of the force and the distance that the

Figure 7.9.  Heat conduction, radiation, and convection
all occur when a pan of water is heated on a stove.
Identify the three processes in this figure.

Figure 7.8.  You do work when you lift a rock.  What
forms of energy are present before and after lifting?
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object moves in the direction of the force,

work ! force " distance.

If the object does not move or if the direction of the
force is exactly perpendicular to the direction the object
moves, the force transfers neither kinetic nor potential
energy to or from the object and no work is done.

Heat conduction is a simple transfer process by
which internal energy is transferred because of differ-
ences in temperature.  A hot object and a cold one in
contact with each other both become warm as internal
energy is transferred from the hot object to the cold one.
Internal energy is transferred from the hot gas flame on
your stove to a pot, from there to water within the pot,
and from there to the eggs in the water, all by heat con-
duction (Fig. 7.9).  Internal energy is transferred from
warm water in a glass to an ice cube floating on the
water.  The water becomes cooler, because it has less
internal energy than before, and the increased internal
energy of the ice causes it to melt.

Radiation is a third simple transfer process.  Here
we use the word to describe the transfer of energy from
one place to another as light (and its related forms:
infrared light, ultraviolet light, x-rays, radio waves,
etc.).  Sometimes the word “radiation” is used to refer to
the energy itself, but here we are stressing its meaning
as the transfer process of the energy, from its emission
at a source to its absorption by another object.
Radiation is the process by which energy is transferred
from the sun to the earth as light.

Convection is a complex transfer process which
often combines the simple processes of work and heat
conduction.  Convection is the process by which inter-
nal energy is moved from place to place as the matter

that contains the internal energy moves from place to
place.  For example, air is heated in a furnace and then
moves through ducts to various parts of a house, there-
by transferring the energy and warming the rooms.
Warm ocean currents from the tropics transfer consider-
able internal energy to northern latitudes.  As a result,
many locales near the ocean have much milder climates
than would otherwise be the case.  Much of our weath-
er is due to the convective transfer of enormous
amounts of energy through the atmosphere.

Chemical reactions are processes that transform
energy from one form to another.  In a chemical reaction,
atoms are bonded together or released from bonds to one
another in such a way as to store or release “chemical”
potential energy (which is a form of internal energy.)  

Combustion is a kind of chemical reaction in which
the stored potential energy is transformed into internal
thermal (i.e., heat) energy.  For example, when the mole-
cules in air and natural gas are burned (chemical reaction),
some of the stored potential energy in the molecules is
transformed into the form of internal thermal energy
(heat) which one senses as an increase in temperature.

Heat flow (or heat transfer) is a general term that is
applied to the transfer of energy from one place to anoth-
er by heat conduction, by convection, and/or by radiation.

Figure 7.10 represents the energy of any object or
collection of objects.  On the macroscopic scale (large,
visible objects) we have identified kinetic energy, grav-
itational potential energy, and electrical potential ener-
gy.  We have also seen that internal forms of energy are
manifested as thermal energy and chemical potential
energy.  If energy neither enters nor leaves the system,
the total energy inside remains constant.  Energy of the
system may change from one form to another, but the
total will not change.  Energy may enter or leave the
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Figure 7.10.  The forms of energy in a system—any object or collection of objects.  The total energy of the system can
be changed only by adding or removing energy through one or more of the energy transfer processes.  The form of ener-
gy in the system can be changed by the transformation processes of work or combustion.
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system by any of the processes we have described; this
changes the total energy of the system unless identical
amounts of energy leave or enter.

Summary

Mass, electric charge, linear momentum, angular
momentum, and energy are quantities that are conserved
within any given system.  The laws of conservation are
useful, particularly in phenomena where changes occur,
because they represent a constant in the face of change.

Mass occurs in one form, charge in two forms, and
energy in several forms.  Energy exists in various forms:
kinetic energy, gravitational potential energy, electrical
potential energy, thermal energy, and chemical potential
energy.  The energy transfer and transformation
processes are work, heat conduction, radiation, convec-
tion, and chemical reactions.

Conservation of mass implies that mass does not
change when materials burn, freeze (even though they
change size), evaporate, explode, dissolve in other mate-
rials, or undergo any other physical or chemical change.

Electric charge is conserved, for example, when a
rubber rod is rubbed with fur.  Before the rubbing, both
rod and fur are neutral; the total charge is zero.
Afterward the rod has a negative charge and the fur an
equal positive charge; the total charge is still zero.

The separation of charge in a thundercloud illus-
trates the same principle.  The water droplets that make
up the forming cloud are originally uncharged.  Several
mechanisms cause a separation of charge, with the top
of the cloud positive and the bottom negative.
However, the total charge remains zero.

Conservation of energy is illustrated by virtually
every process that occurs spontaneously in nature or is
caused to happen by man’s technology.  The following
are just a few of the many that could be cited:

• A iceberg melts in the ocean.
• An automobile accelerates from rest to 60 

miles per hour.
• Water stored in a dam is used to generate

electricity.
• Water in the ocean evaporates.  Later, rainfall 

occurs over a mountain range and there is
substantial erosion as the water returns to the 
ocean.

In each case you should be able to (1) identify the
various forms of energy that exist and (2) identify the
processes by which energy is transferred or trans-
formed.  Energy is conserved in each case, so you
should also be able to identify the forms of energy at the
beginning and end of each process and see that the total
amount does not change.

Historical Perspectives

The law we call “Conservation of Energy” had its
origin in the work of a Dutch physicist, Christian
Huygens (1629-1692), who by 1662 had drawn atten-
tion to the conservation of kinetic energy (originally
called vis viva, “living force”) in elastic collisions of
very hard objects.  But the development of the general
law took nearly 200 years more and the groping work of
many individuals. Indeed, the term energy as we now
use it was first used in 1807.

The real problem was what to make of heat (what
we have called “internal thermal energy”).  And this
problem was in turn intertwined with the nature of mat-
ter, a problem that we will examine in succeeding chap-
ters. Indeed, there have been two views of heat that have
contested with one another through the centuries.  One
view can be traced back to the early Greek philo-
sophers. They maintained that heat was a kind of fluid
which flowed through matter and which had a weight of
its own, although measurements then were not precise
enough to reveal it.  The other view, held tentatively by
Bacon and Galileo in the 17th century, was that heat
was really a manifestation of the motion of atoms.
However, at that time atoms were just an idea; there was
no direct evidence for their existence.

The fluid idea gained popularity in the 18th centu-
ry.  The name caloric was coined for it in 1787 by
Lavoisier.  The idea seemed to have intuitive evidence.
When people placed a hot piece of metal in water, they
could imagine the caloric flowing out of the metal into
the water, causing the metal to cool and the water to
warm.  The flow of the caloric from the metal could
even be thought to cause the slight contraction in vol-
ume observed when most objects are cooled.  Thus,
there seemed to be a substance, caloric, that was being
conserved as it moved from object to object.

By 1798, a British-American refugee of the
Revolutionary War, Benjamin Thompson (1753-1814),
had become Count Rumford in Bavaria where he super-
vised the boring of cannons for the Bavarian army.
Throughout a distinguished career in government, he
had maintained a devotion to chemical and mechanical
experiments. He observed that the friction of the boring
process seemed to create caloric almost without limit,
an observation which struck a blow to the idea of con-
servation of caloric.  Within a few years, further obser-
vations convinced Rumford that heat was a manifesta-
tion of motion.

But Rumford’s idea lost ground when others con-
sidered the flow of heat from the sun to the earth through
the vacuum of space.  If there were truly no matter in the
vacuum of space, the heat coming to us from the sun
could hardly be thought of as vibrations of matter. In this
instance the light from the sun and the heat that resulted
appeared to be the same thing. Until about 1820, light
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was thought to be a substance.  Hence, heat appeared in
this instance to be a flow of substance (i.e., caloric).

Although many others made contributions, the res-
olution of the two ideas into our modern Law of
Conservation of Energy began to occur in the 1840s pri-
marily because of the work of a German physician,
Julius Robert Mayer (1814-1878), and an English brew-
er, James Prescott Joule (1818-1889).  Mayer estab-
lished the quantitative connection between macroscopic
energy and heat. In Rumford’s case, it would have been
the connection between the work (in the technical,
physical meaning) of the turning borer and the heat gen-
erated in the metal of the cannon.  Joule established a
constant ratio between mechanical work done and the
corresponding heat produced by stirring fluids with
paddle wheels in heat-insulated containers, thus demon-
strating a conservation principle.  The conservation of
energy then began to emerge as a very general and uni-
fying law of physics.  One could create heat, it was true,
but at the expense of some other form of energy. Heat
could also be consumed, but it would appear as some
other form of energy.

The German physiologist and physicist Hermann
von Helmholtz (1821-1894) did much to further the
idea by developing its mathematical expression and by
demonstrating its applicability in mechanics, heat, elec-
tricity, magnetism, chemistry, and astronomy.  In his
hands, the Law of Conservation of Energy provided
explanations for old puzzles, and a wealth of mathemat-
ical relationships emerged.

The work of Mayer, Joule, and Helmholtz was also
moving with another strong tide: the growing strength
of the idea that matter is composed of molecules, an
idea to which we will turn in Chapter 11.

(Adapted from Gerald Holton, Introduction to
Concepts and Theories in Physical Science, 2nd
Edition, pp. 263-274.) 

STUDY GUIDE
Chapter 7: Conservation Laws

A. FUNDAMENTAL PRINCIPLES
1. The Conservation of Mass: Mass is neither creat-

ed nor destroyed.  The total amount of mass of an
isolated system does not change.  Mass may change
from one form to another, but the total mass after
the transformation is always the same as that
before. (This principle of the 19th century had to be
modified when the Special Theory of Relativity
established an unsuspected connection between
mass and energy.  Strictly speaking, it is mass-ener-
gy that is conserved.)

2. The Conservation of Electric Charge: The total
amount of positive charge minus the total amount
of negative charge of an isolated system does not
change.

3. The Conservation of Linear Momentum: In the
absence of a net force, the linear momentum of an
object is conserved, i.e., an object of fixed mass
continues with unchanging speed in a straight line
such that the product of mass and speed is a con-
stant in time.

4. The Conservation of Angular Momentum: In
the absence of any net torque, the angular momen-
tum of an object revolving about an axis is con-
served, i.e., the product of the mass, the speed, and
the distance from the object to the axis of revolu-
tion is a constant in time.

5. The Conservation of Energy: Energy can neither
be created nor destroyed.  The total amount of ener-
gy in the universe never changes.  Energy can
change from one form to another, or be transferred
from one object to another, but no process, no mat-
ter how violent or sudden or complicated, can
change the total amount of energy.  (This principle of
the 19th century had to be modified when the
Special Theory of Relativity established an unsus-
pected connection between mass and energy.
Strictly speaking, it is mass-energy that is con-
served.)

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What does it mean for a quantity to be conserved?
2. Is it possible for mass to be either created or

destroyed?
3. Is it possible for electric charge to be either created

or destroyed?
4. Is it possible for energy to be either created or

destroyed?
5. What are some important ways that energy can be

transferred or transformed?     

C.  GLOSSARY
1.  Angular Momentum: The quantity of motion of a

revolving object formed from the product of the
mass of an object, the speed of the object, and the
distance of the object from the axis of revolution.

2.  Chemical Potential Energy: The form of internal
energy associated with the physical and chemical
states of matter.

3.  Chemical Reaction: The process in which bonds
between atoms are made or broken with an accom-
panying storing or release of chemical potential
energy.  Combustion (“burning”) is a kind of
chemical reaction.

4. Conservation: Unchanging in time.  A quantity is
“conserved” if the amount of that quantity does not
change in time, even though processes may be
changing its form.

5. Convection: The process by which energy is
moved from one place to another by being stored in



64

matter as internal energy, then moving the matter
from one place to another.

6.  Electric Charge: See Chapter 4.
7.  Electrical Potential Energy: The form of energy

associated with the relative positions of charged
objects.  Objects with opposite charges have maxi-
mum electrical potential energy when they are sepa-
rated by greatest distance, but objects with the same
charge have maximum electrical potential energy
when they are separated by the least distance.

8.  Energy: The name given to a quantity observed to
be conserved in nature.  Energy takes many forms
associated with motion, position, temperature, etc.

9.  Gravitational Potential Energy (GPE): The
form of energy associated with the relative posi-
tions of gravitating objects.  Near the surface of the
earth, the increase of gravitational potential energy
of an object that is lifted is given by GPE =
(weight)(height lifted). 

10.  Heat Conduction: The process by which energy
moves from a hot object to a cold object placed in
contact with it.

11.  Heat Flow (or heat transfer):  A general term used
to describe the transfer of energy from one place to
another by heat conduction, by convection, and/or
by radiation.

12.  Internal Energy: A name given to energy hidden
within matter but manifest by the temperature of
the matter, the shape of the matter, the physical
state of the matter (solid, liquid, or gas), the chem-
ical composition of the matter (i.e., the kind of
energy that might be released by burning or explo-
sion of a substance), etc.

13.  Kinetic Energy (KE): The form of energy associ-
ated with motion.  The kinetic energy of an object
in motion is given by  KE = 1/2(mass)(speed)2.

14. Linear Momentum: The quantity of motion
formed from the product of the mass of an object
and its speed.

15.  Mass: See Chapter 3.
16. Net Electric Charge: The amount of positive

charge minus the amount of negative charge of a
system or object.  An atom has a zero net charge
because it has as many protons carrying positive
units of charge as it has electrons carrying negative
units of charge.

17.  Radiation: The process by which energy is moved
from one place to another in the form of light or
related forms such as x-ray, gamma rays,
microwaves, etc.

18. Thermal Energy: The form of internal energy
associated with the temperature of matter.

19.  Torque: A twist (technically, a force multiplied by
the distance from an axis of rotation) that is
applied in such a way as to increase or decrease
rotational motion (angular momentum) of an

object about that axis.  
20.  Work: The technical name given to the process by

which energy is transferred to or from an object by
an agent that exerts a force on the object and the
object moves along the direction of the force.

D. FOCUS QUESTIONS
1. In each of the following situations:

a.  Describe what would be observed.
b. Name and state in your own words the funda-
mental conservation principle that would explain
what would happen.
c.  Explain what would happen in terms of the fun-
damental conservation principle. Be explicit and
accurate in describing what changes occur and
what is conserved.

(1) Suppose a piece of wood is burned. All the
products produced are carefully caught and
their masses are measured. (Ignore any effects
suggested by the Special Theory of Relativity.)
(2) Parts of a thundercloud are electrically
charged because of internal motions and fric-
tion within a cloud. Lightning is observed.
(Use the conservation principle associated
with electric charge to answer this question.)
(3) A real pendulum is set in motion. It gradu-
ally comes to rest.
(4) Suppose a pendulum were set in motion and
there were no friction anywhere in the system.

2. Describe and illustrate the important energy trans-
fer and transformation mechanisms (work, heat
conduction, radiation, and convection).

E.  EXERCISES
7.1.  Account for all the mass before and after

burning a piece of wood.  Show how mass is conserved
in this case.

7.2.  Account for all the mass before and after
water evaporates from a lake.  Show how mass is con-
served in this case.

7.3.  Identify the processes by which mass enters
and leaves your body during a complete day.  How do
the “inputs” compare with the “outputs” when your
weight remains constant?  When your weight is increas-
ing?  When it is reducing?

7.4.  What do we mean when we say that mass is
“conserved”?

7.5.  Account for all the mass before and after a
stick of dynamite explodes.  Show how mass is con-
served in this case. 

7.6.  An ice cube is larger (has more volume) than
the water from which it was created.  Does it also have



more mass?  Explain your answer.

7.7.  Account for all the electric charge before and
after a person walks across a carpet and then touches a
metal doorknob, thereby receiving an electric shock.
Show how electric charge is conserved in this case.

7.8.  Show how electric charge is conserved when
two charged objects, one positive and one negative, touch
each other and then become electrically neutral.

7.9.  What do we mean when we say that electric
charge is “conserved”?

7.10.  A thundercloud becomes electrically charged
because of internal motions and friction within the cloud.
Show how electric charge is conserved in this case. 

7.11.  How is electric charge conserved when an
electric current flows in a copper wire? 

7.12.  Describe the energy changes that occur in
and around an automobile when

(a) the car travels on a level road at constant speed,
(b) the car climbs a hill at constant speed, and
(c) the car speeds up on a level road.  How is ener-
gy conserved in these situations?

7.13.  Describe the energy changes that occur as
water evaporates from a lake or ocean, later falls as rain,
and eventually returns to the ocean, perhaps causing
erosion in the process.  How is energy conserved in this
situation?

7.14.  What was the function of the “heat shield”
used on the Apollo spacecraft during its return to the
earth?

7.15.  Electrical energy plays an important role in
our technology.  What forms of energy can be “creat-
ed”?  What does it mean to say that energy is conserved
in such processes?

7.16.  List the various forms in which energy may
occur.  Briefly describe each form of energy.

7.17.  State the Law of Conservation of Energy in
your own words.  Explain its meaning.

7.18.  Explain why a truck would do more damage
than a small car if both were to crash into a building at
the same speed.

7.19.  Explain why a car traveling 60 miles per
hour would be expected to do more damage than would
an identical car traveling 30 miles per hour if both were

to crash into a building.

7.20.  An object falls from the roof of a building.
(a) What kind(s) of energy does it have before it
falls?
(b) What kind(s) of energy does it lose as it falls?
(c) What kind(s) of energy does it gain as it falls?
(d) What kind(s) of energy does it have just before
it hits the ground?
(e) What kind(s) of energy does it have just after it
hits the ground and stops?
(f) How does the total amount of energy in (e) com-
pare with that in (a)?  Explain your answer.
(g) What does it mean to say that energy is con-
served in this situation?

7.21.  Explain the meaning of the term “energy.”

7.22.  Describe the process (or processes) by which
a warm house becomes cooler on a cold day.  Does ener-
gy leave, or does the cold enter?

7.23.  Describe the energy changes that occur in
your body during normal activities of a day. 

7.24.  What would you call the process by which
the potential energy of a falling rock is converted to
kinetic energy?

7.25.  Describe and illustrate the important energy
transfer and transformation mechanisms (work, heat
conduction, radiation, convection, and combustion).

7.26.  Energy transfers and transformations occur
from step to step in Exercise 7.20.  Which are due to
work and which to heat conduction?  Are there any
other energy transfer or transformation processes in this
situation?

7.27.  Name and describe all of the processes by
which energy is transferred or transformed in the ener-
gy changes implied in  Exercise 7.12.

7.28.  Describe the energy transfer and transforma-
tion processes that occur in Exercise 7.13.

7.29.  It seems that kinetic energy and potential
energy are always converted into internal energy in
most of the processes we have studied.  Describe a
process in which the opposite transformation takes
place—where internal energy is converted to kinetic or
potential energy.  (Hint:  Exercise 7.12.)

7.30.  Which of the following is false?
(a) Mass is conserved in chemical reactions.
(b) Mass is conserved in “mechanical” reactions.
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(c) Internal energy is conserved in all reactions.
(d) Charge is conserved in all reactions.
(e) Charge is conserved in chemical reactions.

7.31.  Which of the following involves a radiative
energy transfer process?

(a) Airflow in a warm air furnace.
(b) Falling object.
(c) Bonfire heat reaching a camper.
(d) Light passing through a window pane.
(e) Gasoline burning in an auto engine.
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We have studied two broad classes of laws that
seem to govern changes in the physical universe.  The
first class includes the laws of motion and force.  These
can be used to predict the motions of objects in the uni-
verse.  Their only limitation is that we often do not
know enough about the situation to perform the neces-
sary computations.  

The second broad class of laws discussed to this
point is the conservation laws.  These predict general
features of the changes in nature.  The conservation
laws do not provide all the details, but they do help us
to unravel many of the puzzles presented to us.  When
we think we have a correct explanation of any phenom-
enon, it is often useful to see if our interpretation is con-
sistent with the conservation laws.  If mass, momentum,
charge, and energy (and other conserved entities as
well) cannot all be accounted for, we know that our
understanding is incomplete and we have something
more to learn.   

There is a third set of rules called symmetry prin-
ciples which, like the conservation laws, make general
statements about how nature behaves.  The symmetry
principles are rules about the rules themselves and
describe different ways our perspective of observation
can be changed without changing the laws we use to
describe nature.  If a proposed law is not consistent with
the symmetry principles, it is subject to serious doubt on
that account alone.

We encountered time and position symmetry in
Chapter 1 as self-evident truths.  In this chapter we will
discuss uniform motion symmetry.  We can change the
uniform motion of our laboratory and still use the same
laws to describe events.

Motion Symmetry 

The motion of the earth raises several interesting
questions.  First, why do we not experience some sen-
sation of motion?  After all, the earth is traveling at
about 67,000 miles/hour (107,000 kilometers/hour),
faster than our fastest planes and rockets.  Because there
is no moving sensation, many argued against the theory
of a moving earth when the idea was first proposed.   

Second, what effect does the earth’s motion have on
our experiments?  How would our natural laws change if

the motion of the earth were different?  For example, how
would the laws be different if they were studied by a sci-
entist with a laboratory in outer space and at rest? 

These questions are answered by the Principle of
Motion Symmetry, also known as the Special
Principle of Relativity:

The laws of nature are the same for all
observers who are in uniform motion.  Natural
laws do not change with uniform motion. 

Uniform motion has no effect on our experiments.
The natural laws we discover should be exactly the
same as those discovered by people on other planets
moving at different uniform speeds.   At first this prin-
ciple is not at all obvious.  Everything should happen in
a moving laboratory in accord with the same laws as if
the laboratory were not moving.  There is no way to
detect absolute uniform motion. 

Experience with motion symmetry is common
because of the wide use of air travel (Fig. 8.1).  When the
plane is taking off, or rapidly changing speed or direc-
tion, the passengers experience some unusual forces that
cause them to accelerate the same as the plane.
However, once the plane is in uniform motion the expe-
riences inside it are similar to those on the earth’s  sur-
face.  People can walk, eat, sleep, read, converse, and
otherwise exist without taking into account the fact that
their speed has increased by several hundred miles per
hour.  Life becomes different whenever the plane accel-
erates, but all physical processes inside the plane pro-
ceed as usual as long as the plane is in uniform motion. 

The laws of nature do not change with uniform
motion.  Everything that occurs in a high-speed elevator
moving with constant speed, for example, happens in
the same way as it would if the elevator were at rest.
The rules seem different when the elevator stops, starts,
or changes speed, but there is no way to detect its
motion as long as it moves uniformly.  Aircraft pilots
need to take this into account, especially when visual
conditions are restricted.  More than one pilot has been
killed because his plane was descending at a constant
rate when he thought it was in level flight. 

Motion symmetry can be used to make some pre-
dictions about the motion of objects that may surprise

8.  The Special Principle of Relativity
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you.  For example, if you drop an object from a tall
building, it falls straight down (in the absence of air
resistance).  Suppose that you were to drop the same
object from a moving plane (Fig. 8.2).  How would the
object’s motion appear as you watch it fall?   

As long as the plane does not change velocity, the
falling object will appear to you (from inside the plane)
to be exactly the same as if the plane were at rest; that
is, it would fall straight down.  When the object reach-
es the ground, it will be directly under the plane.  The
Principle of Motion Symmetry predicts that the motion
you observe does not depend on the uniform motion of
the plane. 

Next, imagine that you throw an object straight up
from the ground.  With no air resistance (no wind blow-
ing, for example) it goes straight up and straight back
down.  It stays directly above you at all times.  Suppose
next that you are standing on a moving flatcar (again, no
significant wind) and you throw the object in the same
way as before—straight up.  According to motion sym-
metry, the object’s motion, as you watch it from your
position on the moving flatcar, would also be the same
as before:  It goes straight up and falls back into the flat-
car exactly at the place from which it was thrown. 

Both of these motions appear to be different when
viewed by different observers.  Both objects have

curved paths if watched by persons standing on the
ground.  However, that is not the point of the Principle
of Motion Symmetry—the principle simply says that
you get the same results when you are moving uniform-
ly as you do when you are stationary as long as all other
circumstances are the same.  In the first case, you see an
object falling straight down whether you are moving or
not; in the second, you see an object going straight up
and then straight  down.   

The principle is related to a question often asked by
small children while traveling in the family car.  “How
do we know that the car is moving?” they ask.  “Maybe
the car is at rest and the road is moving toward us.”  The
parents usually respond by trying to change the subject.
The correct answer, however, is that there is no way to
tell the difference.  Viewed from the sun, both the road
and the car are hurtling through space at about 67,000
miles/hour, one traveling slightly faster than the other.
Their motion relative to one another may be important
and can be measured, but neither can be said to be mov-
ing in a more fundamental way than the other. 

The words uniform motion in the statement of the
Principle of Motion Symmetry mean straight-line
motion with unchanging speed.  The results for acceler-
ated motion are different.  People experience motion
sickness, for example, because of the accelerations of

Figure 8.1.  Why are experiences inside a high-speed jet airplane traveling in uniform motion the same as when the
plane is at rest? 

Figure 8.2.  How do we know that an object dropped from a moving plane will stay directly under the plane, in the
absence of air resistance, as long as the plane remains in  uniform motion? 
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their conveyances, not because of any uniform motion
they experience.   

The Motion of the Earth 

There is no way we could detect the motion of the
earth if its motion were strictly uniform, no matter how
fast it might be.  The earth, however, is not in uniform
motion, and it is possible to detect this nonuniform
character arising from its spin and revolution about the
sun.  You have probably “known” three things about the
earth since your childhood: Its shape is almost that of a
perfect sphere, it rotates on its axis once each day, and
it revolves about the sun once each year.  In this section
we will examine the evidence for these beliefs. 

First, let us consider the earth’s shape.  For many
years the evidence came the hard way.  Careful surveys
of the earth’s surface, using the stars as reference points,
revealed not only the generally spherical shape but also
the variations and imperfections.  Today, however, we
have additional, totally convincing evidence:  pho-
tographs of the entire earth (Color Plate 14).  Pictures of
the earth taken from the moon provide a breathtaking
view that before could only be imagined.  The pictures
completely confirm what we already knew about the
earth’s shape and size. 

Demonstrating the earth’s daily rotation is a little
more difficult.  To see the problem squarely, imagine
yourself in a dark room with a few dim lights some-
where near the ceiling.  The walls, ceiling, and floor of
the room are black, so you cannot see them.  You know,
however, that you are standing on a large platform that
can rotate.  As you look up at the lights, you notice that
they are moving in circles around a point directly over
your head.  You can think of at least two possible expla-
nations:  either the platform is turning, causing the
lights to seem to move; or the room is turning while the
platform remains at rest.  You then decide to perform
some experiments to help you decide which explanation
is correct. 

At first you worry a little about the Principle of
Motion Symmetry.  It seems to state that all motion is
relative, so you could not detect which motion is
absolute.  Then you remember that motion symmetry
only applies to uniform motion and that circular motion
is never uniform even though it may be regular.  If the
platform is rotating, every motion on it is changing
direction, violating a fundamental condition of motion
symmetry.  The rotation of the platform would be easy
to detect, particularly if it were very fast.   For example,
you could roll a ball across the floor. If the platform
were rotating, the ball’s path would be a curve rather
than a straight line on the platform floor.

If the platform were turning more slowly, perhaps
only once every hour or so, the more obvious effects
would be hidden by friction and other interactions.  A

thrown ball would not seem to change direction much as
it rolls across the room.  Yet there is a simple experi-
ment you could do that would reveal the motion. 

Imagine hanging a ball from a long string and let-
ting it swing back and forth—an arrangement called a
pendulum.  If your platform were not rotating, the ball
would swing back and forth along the same line until it
came to rest.  If you and the platform were rotating,
however, you would see the plane of the oscillation
rotate about the vertical axis.  The direction of swing of
the pendulum would seem to be changing directions.
Viewed from outside the room, the swinging ball is not
changing directions at all.  You just see it from different
points of view as your position changes because of the
rotation of the platform upon which you are standing.
Nevertheless, the apparent rotation of the pendulum’s
swing would reveal the rotation of your platform. 

The earth’s rotation is like this.  The dark room and
the lights represent the night sky.  The stars seem to
rotate about the pole positions (Fig. 8.3).  Is it the sky or
the earth that is rotating?  Either way, the motion is
slow, so a sophisticated experiment would be required
to settle the question. 

Figure 8.3.  The stars seem to rotate about the North
Star once each 24 hours.  How can we tell whether it is
the earth or the stars that are rotating? 

The simplest experiment is like the swinging ball
on the rotating platform.  Imagine such a ball hung from
a point just above the earth’s north pole (Fig. 8.4).  As
the earth turns below it, the plane of oscillation of the
swinging ball would appear to turn, completing one rev-
olution every 24 hours. Such pendulums, called
Foucault pendulums after the person who first demon-
strated the idea, are now displayed in almost all science
museums and in many other buildings as well.  With
such a pendulum, you can detect the earth’s rotation. 

There are other effects of the earth’s rotation.
Some are similar to the apparent changes of direction
that occur when you roll a ball across a rotating plat-
form.  For example, many of the earth’s atmosphere
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flow patterns are caused by the earth’s rotation.
Weather would be different if the world were at rest.
Ocean currents and river flow are also affected.  It is
important to remember, however, that all these effects
are due to the nonuniformity of the earth’s motion.  The
fact that a point on the earth’s equator is spinning at
high speed (about l000 miles/hour) has nothing to do
with it.  Only the acceleration of points on the earth’s
surface and the differences in speed from one point to
another are detectable. 

The revolution of the earth around the sun is even
more difficult to detect.  Although the speed involved
is much higher, the acceleration is much lower, mainly
because it takes a full year to complete one trip around
the sun.  The evidence, however, is just as conclusive. 

The first piece of evidence seemed convincing long
before the acceleration could be measured.  It is possi-
ble to explain the motions of all the components of the
solar system (planets, moons, asteroids, and comets) in
terms of Newton’s laws if we assume that all the plan-
ets, including the earth, are moving around the sun.   On
the other hand, if we assume that the earth is at rest with
the sun moving about it, no such explanation is simple.
In fact, the lack of such an explanation motivated
philosophers to search for a different model after the
earth-centered model had been accepted for hundreds,
even thousands, of years.  The fact that theory and

observation are now in harmony gives us some confi-
dence that the sun-centered model is correct. 

A second piece of evidence, known as stellar par-
allax, has been available since 19th-century telescopes
became precise enough to make possible the necessary
measurements.  Parallax is related to the way our eyes
detect our own motion—the relative positions of objects
seem to change.  For example, a line of telephone poles
seems to move when viewed against a mountain in the
distance; the lights of an oncoming car seem to get far-
ther apart as the car itself gets closer.  In the same way,
the apparent relative positions of the stars seem to
change slightly as the seasons change each year (Fig.
8.5).  This apparent motion of the stars is called stellar
parallax.  It is a small effect because the stars are a long
way away; it is, nevertheless, measurable and provides
convincing evidence that the earth moves around the
sun. 

Figure 8.5.  The relative positions of stars change slight-
ly as the earth moves about the sun.  This stellar paral-
lax is an important confirmation of the earth’s motion. 

If, as we say, the earth is spinning, why don’t we
“feel” the acceleration as we feel the acceleration of a
ride on a roller coaster?  The answer lies in the fact that
in the short period of time over which we normally
monitor our sensations (a few seconds or so), our
motion on the surface of the spinning earth is very close
to motion in a straight line at constant speed because it
is motion along a very short piece of the circumference
of the circle of our motion as the earth spins.  If we want
to detect the motion of the spinning earth, we have to do
experiments that last a few hours so that our motion is
not approximated by a straight line.  For example, we
must observe the motion of the Foucault Pendulum for
several hours in order for it to demonstrate that the earth
is spinning.

In a similar fashion, we do not “feel” the revolution
of the earth about the sun.  During a short time, the
motion of the earth about the sun is very much like uni-
form motion, i.e., motion in a straight line at constant
speed.  If we want to observe the acceleration of the
earth’s motion about the sun, we must do experiments
that last for at least several weeks or months.  For exam-
ple, the observations of stellar parallax must be made
over several months.

Figure 8.4.  Schematic of a pendulum near the earth’s
surface; the plane of the pendulum swing seems to
rotate as the earth turns under it.  A Foucault pendulum
seen from above.  (Photograph by M. A. Philbrick) 



71

Thus, the reference frames of a laboratory, the
moving earth, or the moving sun are perfectly equiva-
lent for applying or deducing the laws of physics, even
though the Special Principle of Relativity only claims
that those laws must be the same for all frames in uni-
form motion.  However, the experiments done to deduce
the laws must be done over short enough periods of time
that the motion of the frame is essentially uniform.

Taken together, our present knowledge of the
earth’s size, shape, and motion must be considered one
of mankind’s great triumphs over ignorance. 

Summary

Symmetry principles are statements of the general-
ity that we expect for the laws we use to describe our
universe and its processes.  These laws should be valid
everywhere (position symmetry), at all times (time sym-
metry), and should be the same for all observers who
are in uniform, straight-line motion with respect to one
another (the Special Principle of Relativity).  We can
detect the rotation and orbital motion of the earth
because the motion is not straight-line motion.  Rotation
is revealed by a Foucault pendulum; orbital motion is
revealed by stellar  parallax. 

Historical Perspectives

Perhaps the first to suggest that the earth was in
motion was Aristarchus of Samos (ca. 300 B.C.).
Aristarchus worked at the Library of Alexandria, per-
haps the first “research institute” in history.  Aristarchus
held that the earth was in revolution about the sun, a
dangerously impious proposal.  The argument used
against his system was that the stars did not exhibit  par-
allax.  Indeed, stellar parallax of the stars is not evident
to the unaided eye. 

Of course, one could explain the lack of parallax by
arguing that the stars are very far away, but this was not
reasonable to the Greeks and, later, the Christians.  They
argued if man and earth were the center of creation,
what purpose could there be in locating the stars at
incomprehensibly great distances away?  No, they said,
it was not reasonable that the stars were so far away, and
since they did not show parallax, the earth must not
move around the sun.  

Aristotle’s system of the planets, moon, and sun
placed the earth at dead center of the universe.  He
claimed the earth was at rest and the remaining objects
moved in perfect circles around it.  It is difficult now to
look back and understand why it was so hard to give up
the circle idea.  

Nearly 500 years after Aristotle, the center of Greek
science and philosophy had moved to Alexander the
Great’s city of Alexandria where Claudius Ptolemy
(second century A.D.) worked as an astronomer, mathe-

matician, geographer, and astrologer.  By Ptolemy’s
time there were certain astronomical observations that
were hard to understand in terms of the earth-centered
spheres of Aristotle.  It fell to Ptolemy to fix the ailing
model.  He did it without giving up the circles and his
new theory lasted another 1200 years until the time of
Copernicus.  

If you look at a constellation of stars, such as the
Big Dipper, night after night, you will notice that the
constellation does not change its shape.  It always
appears the same.  You can interpret this observation to
mean that the stars are not moving relative to one anoth-
er.  (An alternative explanation, of course, is that the
stars are very far away and that their relative motions
only become apparent over times much longer than a
human lifetime.)   We call these unchanging constella-
tions the fixed stars. Planets, on the other hand, wan-
der among the fixed  stars.  Indeed, the word planet
means “wanderer.”  The motion of the planets among
fixed stars is sometimes quite peculiar (Fig. 8.6).  As
you watch a planet over several weeks (and after com-
pensating for any motions due to the earth’s rotation), it
may move forward among the fixed stars, stop, and then
reverse its motion (retrograde motion).   

Figure 8.6.  A planet wanders among the fixed stars. 

The motion of the planets relative to the fixed stars
is hard to explain in Aristotle’s system of concentric
spheres.  It was also hard to explain why the planets
sometimes appeared to be closer to the earth than at
other times.  Ptolemy and his colleagues postulated sev-
eral new ideas, including circular epicycles.  The plan-
ets moved on circular paths and the circular paths them-
selves circled around the earth (Fig. 8.7).  By adjusting
the epicycles and moving the earth a little off-center in
his new theory, Ptolemy was able to propose a system
consistent with the observations made in his time.  It
worked.  What more could you ask?  

By the time of Nicholas Copernicus (1473-1543)
the circles were still alive and well, but it took more
than 70 simultaneous motions of the seven known
celestial bodies to keep them in harmony with observa-
tion (Holton, p. 17).  Copernicus proposed that the sun
was actually at the center and the planets revolved, but
it took the heliocentric (sun-centered) model about 100



72

years to prevail among astronomers.  The argument
used against it was the same as that used against
Aristarchus:  the stars show no parallax; the earth must
be at rest.  This argument died with the invention of the
telescope in 1610, which finally allowed the observa-
tion of parallax.  Still, the first successful observation of

stellar parallax did not come until 1838.  When
Copernicus’ system finally prevailed, it was not so
much that it explained something that the Ptolemaic
system did not; it was just simpler.  Copernicus
appealed to simplicity and applied Occam’s Razor to
the Ptolemaic theory.  Copernicus’ model, like the
Ptolemaic epicycles, also explains the retrograde
motion of the planets  (Fig. 8.8). 

The spin of the earth was demonstrated by Jean-
Bernard-Léon Foucault (1819-1868). Foucault was a
French physicist, the son of a Paris publisher.  For his
demonstration in 1851 of the spin of the earth using a
Foucault pendulum, and for his invention of the gyro-
scope, he received the Copley Prize of the Royal
Society in 1855. 

STUDY GUIDE
Chapter 8: The Special Principle of Relativity

A.  FUNDAMENTAL PRINCIPLES
1. Special Principle of Relativity (also Principle of

Motion Symmetry: The laws of nature are the
same for all observers who are in uniform motion.
Natural laws do not change with uniform motion.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. Do natural laws change with uniform motion?
2. Can uniform motion be detected?
3. Is there an absolute or “best” object or frame of ref-

erence with which to compare uniform motion?
4. Can the rotation of the earth about its axis be

detected?
5. Can the motion of the earth as it moves around the

sun be detected?

C.  GLOSSARY
1. Fixed Stars: Stars that are so far away that their

relative motions only become apparent over times
much longer than a human lifetime, thus giving rise
to the apparent unchanging shapes of the constella-
tions.

2. Foucault Pendulum: A large mass suspended on
a wire and set into motion back and forth.  If one
observes the plane in which the pendulum swings
back and forth, the plane is observed to rotate slow-
ly about a vertical plumb line.  The behavior of the
pendulum is taken to be evidence that the earth
rotates on its axis.

3. Stellar Parallax: The annual variation of the pat-
tern of the relative positions of stars as observed
from earth, particularly nearby ones.  The observa-
tion of stellar parallax is taken as evidence that the
earth revolves around the sun.

4. Symmetry: See Chapter 1.
5. Symmetry Principles: A set of principles that
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Figure 8.7. According to the Ptolemaic theory the earth
is stationary.  Epicycles accounted for the observed
motion of other planets. 
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direction among the stars as viewed from the earth. 



describe different ways our perspective of observa-
tion of the world can be changed without changing
the laws themselves that we use to describe nature.

6. Uniform Motion: See Chapter 3.

D. FOCUS QUESTIONS
1. In each of the following situations:

a.   Describe in your own words what would be
observed.
b.  Name and state in your own words the fun-
damental principle that would help explain
what would happen.
c.  Explain what happens in terms of the fun-
damental principle.

(1) Suppose you are in a closed boxcar,
pulled by an engine, in uniform motion.
You throw a ball upward to try to prove
that you are moving.
(2)  An object is fired vertically from a
snowmobile that is in uniform motion.
You observe the object from the ground.
The experiment is performed a second
time and you observe the object from the
snowmobile.

2. If we stand still for a moment or two in a laborato-
ry, we seem to be at rest.  But, we are standing on
an earth that is moving at great speeds around the
sun and the sun is moving at even greater speed
around the center of the galaxy.

a.  Is one of these frames of reference (labora-
tory, moving earth, or moving sun) “better”
than the other two for purposes of applying or
deducing the laws of physics?
b. Explain your answer in terms of a funda-
mental principle.
c.  To apply the principle, you must assume
that during any observations that you make of
the world, the motion of the earth and sun must
be, to very good approximation, what kind of
motion?  Is this strictly true for the motions of
the earth and sun?

3. A Foucault pendulum experiment is made at the
poles and at the equator.  Describe the Foucault
pendulum and explain what would be observed.
What kind of motion can be detected by the
Foucault pendulum?

4. What experimental evidence justifies our belief that
the earth revolves around the sun once each year?
Describe the experiment and explain what is
observed.  What kind of motion can be detected?

E.  EXERCISES 
8.1. If you were playing table tennis on a train trav-

eling in uniform motion, how would you have to change
your game to allow for the motion of the train?  Explain
your answer using a fundamental law or principle. 

8.2. Suppose someone told you that the room you
are standing in is actually moving uniformly at high
speed.  What experiments could you perform that would
prove his statement to be true or false? 

8.3 An object drops from the ceiling of a boxcar
while the boxcar is moving uniformly.  Describe its
motion as seen by a person inside the boxcar.  How
would the motion appear if the boxcar were speeding
up?  Justify your answers by using a fundamental law or
principle. 

8.4. State the Special Principle of Relativity in your
own words.  Explain its meaning.   

8.5. An object is thrown straight up from a moving
platform (an open boxcar or snowmobile, for example)
while the platform is moving uniformly.  Describe its
motion as seen by a person moving with the platform.
How would the motion appear if the platform were
accelerating?  Justify your answers by using a funda-
mental law or principle. 

8.6. An object is dropped from an airplane flying in
uniform horizontal motion.  Describe its motion as seen
from the airplane.  Justify your answer using the Special
Principle of Relativity.  Assume the effects of air resis-
tance are negligible.

8.7. If the Special Principle of Relativity is valid,
why do some people experience motion sickness? 

8.8. It seems preposterous to believe that the earth
is moving through space at a speed of about 67,000
miles/hour (almost 19 miles every second).  Why don’t
we feel the effect of this motion? 

8.9.  One argument advanced against the idea of the
earth’s motion is the following:  If you were to shoot an
arrow straight up to make it return to your feet, it would
not do so if the earth moved.  But the arrow does return
to where it started so the earth does not move.
Comment on this argument and show why it is not valid.
Assume that air resistance is not important. 

8.10. Suppose someone told you that the room you
are standing in is actually rotating very slowly, say
about once every hour.  Describe an experiment you
could perform (and the  results you would expect) that
would detect this rotation.

8.11. What experimental evidence justifies our
belief that the earth rotates?  

8.12. What experimental evidence justifies our
belief that the earth revolves around the sun? 
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8.13. Which of the following are not demonstra-
tions of symmetry principles? 

(a)  The motion of a Foucault pendulum on the
earth. 
(b)  The stellar parallax as seen from earth. 
(c)  Australian and American scientists get the same
experimental results in identical experiments. 
(d)  Horizontal and vertical motions are governed
by the same laws. 
(e)  Both (a) and (b). 

8.14.  Which of the following symmetry principles
is of paramount importance to geologists and
astronomers? 

(a)  uniform motion 
(b)  time 
(c)  position 
(d)  direction 
(e)  nonuniform motion asymmetry 
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The Newtonian concepts of space and time pre-
vailed for 200 years, but finally began to crumble under
closer scrutiny.

What are we to think of Albert Einstein (1879-1955)
who sought resolution to emerging problems of physics
in new concepts of space and time?  He lectured in the
Senate House at Cambridge clothed in an old sweater and
carpet slippers without socks, a man quite unconcerned
with worldly success, respectability, or conformity.

Einstein was born in Ulm, Germany, but received
his early schooling in Munich.  He did not show much
proficiency at school work and rebelled against the
regimentation of German education so much that one of
his teachers suggested he discontinue attending class
because he was so disruptive.  An uncle tried to help the
situation by giving him some private instruction in the
rudiments of algebra, which seemed to arouse his inter-
est in mathematics.

His family was Jewish, but did not practice their
religion.  The young Einstein went through a period of
intense interest in Judaism, but became disillusioned
with organized religion:

Suspicion against every kind of authority grew
out of this experience . . . an attitude which has
never again left me, even though later on,
because of a better insight into the causal con-
nections, it lost some of its original poignancy
(Albert Einstein, Philosopher-Scientist, New
York: Harper, 1945, p. 5).

His later utterances would be sprinkled with references
to God:  “God does not play dice!”  “God is subtle, but
He is not malicious!”  In fact, a colleague, Niels Bohr,
once asked Einstein to “Stop telling God what to do!”
Einstein’s God was a kind of pantheistic awe for the
harmony and order he found in nature.

At the age of 16 he decided to study electrical engi-
neering at the Swiss Federal Polytechnic University in
Zurich, but failed the entrance examination.  To prepare
for a second try, he enrolled in the high school at Aarau.
When he finally was admitted to the university, his
interest had shifted to theoretical physics and he
skipped class to study on his own the writings of
Ludwig Boltzman, James Clerk Maxwell, Herman

Helmholtz and others, relying on the meticulous notes
of his friend, Marcel Grossmann, to prepare for exami-
nations.

He received his Ph.D. in 1905 from the University
of Zurich and intended to teach, but was unable to find
an academic position.  So he took a job with the patent
office in Berne where he made preliminary evaluations
of patent applications. 

Because the work was not taxing, it gave Einstein
time to think and to write.  In what may have been the
most remarkable year in the history of science, 1905,
the recently graduated, completely unknown patent
clerk published four papers.  Each contained a great dis-
covery of physics: the creation of the Special Theory of
Relativity, the establishment of the equivalence between
mass and energy, the explanation of Brownian motion,
and the photon theory of light.

Genius lies as much in asking the right questions as
in finding the answers, and Einstein’s genius seems to
have been in asking simple questions that had unex-
pected answers.  He had, in fact, been thinking about
such a question for years before 1905: What would it be
like to ride a beam of light?

Imagine a large clock mounted in a tower, such as
the one in Berne that Einstein was familiar with.  Imagine
that the clock reads exactly noon.  If you stand and watch,
the hands slowly move as time advances.  But what if you
jumped on a light beam and sped away?  If you looked
backward at the clock, would it be frozen because no
light from the hands of the clock could catch up to com-
municate the motion of the hands?  By putting yourself
into the frame of reference of the light beam, would you
cut yourself off from a world in which, from your own
perspective, time ceases to exist?  Traveling between the
two extremes of standing on the sidewalk and riding the
beam at the speed of light, would you find that time—in
the world from which you separate yourself by relative
motion—must slow down?  Now that is an interesting
thought.  The Special Theory of Relativity was the elab-
oration of the answers, as one question led to another.

Spacetime

Consider a town laid out in squares and consider a
point of origin such as the intersection of Center and

9.  Special Relativity
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Main from which the addresses of all points in the city
are measured.  The position of each point in this two-
dimensional space is specified by two numbers called
“coordinates.”  You could also imagine three-dimen-
sional space carved up this way, although in three
dimensions one needs three numbers to specify a point.
Einstein and others took the conceptual leap to a four-
dimensional world for which the extra dimension was
time.  Points in this four-dimensional “spacetime” are
called events and they are specified by three spatial
coordinates and a time coordinate.  For example, the
explosion (an event) occurred 3 miles east and 2 miles
north at 2 miles altitude and at 9:03 a.m.

Imagine this four-dimensional grid of spacetime.
We can only draw it on paper by suppressing one or two

of the spatial dimensions, as in Figures 9.1 and 9.2.
Paths through spacetime consist of a series of events
and are called worldlines.  Observe path A in Figure 9.1
for a man just standing at one place, and growing older
in the time (vertical in the figure) dimension.  Or con-
sider path B for a man moving forward along a one-
dimensional path, such as a straight sidewalk, and get-
ting older as he does so.  Einstein was particularly con-
cerned with how motion changes our observations and
measurements of spacetime, especially distances and
time intervals between events.

Light moves in spacetime.  Although Einstein did
not know it as he began, a truly strange and unexpected
result emerged from earlier experiments performed by
Albert Michelson and Edward Morley in 1887.  They
showed that the speed of light in empty space is the
same for all observers regardless of their motion or the
motion of the light sources.  Moreover, the speed of
light emerged as a natural speed limit.  No material
object has ever been observed to exceed the speed of
light, even in experiments designed to test the limit.
Why is this true?  Newton’s laws indicate that force
causes acceleration.  If one continues to exert a force on
an object, the acceleration ought to continue to increase
the speed beyond any limit one chooses to specify.  Yet
there it was (and is): a natural speed limit amply demon-
strated by experiment, but wholly inconsistent with
Newton’s laws of motion!  

It is not that light itself is in some way mysterious,
but rather that nature has somehow set this speed limit at
the speed light happens to travel.  Because this limit
exists, the speed at which we can communicate is limited.  

Postulates of the Special Theory of Relativity 

The Special Theory of Relativity deals with obser-
vations made by individuals who are in uniform motion
relative to one another.  Suppose two people see a dis-
tant star.  How are their observations related to one
another?  Suppose each person observes two events and
measures the time between them.  How do the time
intervals compare with one another?  Suppose they
measure the speed of a third moving object.  What is the
relationship between the measurements they make? 

To answer these questions Einstein had to define
new parameters.  He began to think of individual
observers moving through spacetime in their own indi-
vidual cubicles called frames of reference.  He provid-
ed each observer with identical rulers and clocks to
make measurements of spacetime as needed.  With the
very nature of space and time in question, he introduced
postulates and operational definitions (definitions in
terms of experiments which could be carried out in prin-
ciple).  Then, when unexpected and counterintuitive
results began to emerge, he could always fall back on
experimental tests of the postulates or definitions and
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Figure 9.1.  Worldline A is for a man standing still.  The
time dimension and one space dimension are shown.
What does worldline B represent?  
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Figure 9.2.  Worldline for the earth as if at rest with the
moon in a circular orbit (in space) about it.  The time
dimension and two space dimensions are represented.
Visualized in this way, the worldline is an upward-spi-
raling helix in spacetime.
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thus always be guided by experience.  The whole theo-
ry was constructed very carefully and methodically.
The results were mind-boggling, but always proved to
be consistent with experiment.  This teaches us a valu-
able lesson:  Laws of nature exist as they are—not as we
want or anticipate them to be.

The first of Einstein’s two postulates is the Special
Principle of Relativity:

The laws of nature are the same for all
observers who are in uniform motion.  Natural
laws do not change with uniform motion.

The principle is “special” because it is restricted to
observers who are in uniform motion.  It is a principle
of relativity because it points out that all motion is rela-
tive and that absolute uniform motion is impossible to
detect or even to define.  For example, when we
describe the motion of the earth, we usually describe its
motion with respect to the sun.  The sun itself, howev-
er, is moving with respect to the other stars in the Milky
Way galaxy, and this galaxy is moving with respect to
other galaxies.  What Einstein rejected is what Newton
endorsed:  an absolute frame of reference with respect
to which all motion could be said to exist.

The Special Principle of Relativity implies that the
laws of nature are the same for each observer as long as
he or she is moving in uniform motion.  In other words,
measurements made by any observer in uniform motion
are as valid as those obtained by any other.  There is no
basis for one observer to claim special significance for
his or her own measurements just because others are in
uniform motion with respect to that person.  

The second of Einstein’s two postulates is a state-
ment concerning the speed of light:

The speed of light in empty space is the same for
all observers in uniform motion regardless of
their motion or the motion of the source of light.

This latter postulate runs counter to our experience at
ordinary speeds.  As a water wave moves through the
water, it is quite possible for a speedboat to overtake
and even pass the moving wave.  The postulate for light
says that this is not possible for light waves.  The speed
of light is the same (186,000 miles per second) relative
to the moving speedboat as it is to a swimmer floating
motionlessly in an innertube.  No matter how fast the
speedboat moves, the speed of light relative to the boat
remains the same.

Simultaneity

To these two postulates we add an important oper-
ational definition.  Two events in spacetime are defined
as simultaneous based on the outcome of the following

experiment.  Place an observer at the midpoint (mea-
sured in his own frame and with his own rulers)
between the places where the two events occur.  Let
each event trigger a light pulse which travels to the
observer stationed at the midpoint.  If the light pulses
arrive at the observer at the same instant, the events are
simultaneous; otherwise, they are not.

Now consider the thought experiment that Einstein
himself used in popular explanations of relativity.  (A
thought experiment is an experiment that we imagine
only in our mind as part of a logical argument.)
Suppose a train is moving in uniform motion at nearly
the speed of light relative to an observer, M, standing by
the tracks (Fig. 9.3a).  The train, too, carries an observ-
er, F, who is positioned at the midpoint of the train.  The
observers are motionless in their own frames (trackside
and on board the train, respectively).  Imagine that light-
ning strikes both ends of the train when the two frames
of reference are lined up as shown (Fig. 9.3b).  Each
strike leaves a scorch mark on the train and on the
ground, as well as emitting a pulse of light which begins
traveling at large but finite speed toward the observers.
At a later time (Fig. 9.3c) F has moved to the right and
encounters the light pulse from the lightning strike on
the right.  However, M is not yet aware of either strike,
since the light has not reached him.  At a later time (Fig.
9.3d) F has moved yet farther to the right, and M
receives the two light pulses at the same instant.   Then
M measures off the distance between the scorch marks
on the ground (his frame), finds himself to be at the
midpoint, and concludes that the two events were
“simultaneous.”  However, F, who has already observed
the light pulse from the right, will eventually receive the
pulse from the left.  She measures the distance to the
two scorch marks on the train (her frame) and concludes
she was at the midpoint between them.  Since F did not
receive the two pulses coincidentally, she concludes the
two events were not “simultaneous.”

Common sense says the forward speed of the train
toward the light coming from the right ought to “speed
up” the light relative to the approaching train.  But this
is precisely what Einstein’s second postulate (which
experiment confirms) says does not happen.  Common
sense also indicates that the train frame is “really” in
motion and that the events are “really” simultaneous as
judged by observer M who is “really” at rest.  But this is
precisely what Einstein’s first postulate says one cannot
assert, because absolute uniform motion is not
detectable.  After some thought one is eventually led to
conclude that if Einstein’s postulates are true (as experi-
ment confirms), then two events that are simultaneous to
one observer are not necessarily simultaneous to anoth-
er.  This is one of the great conclusions of Special
Relativity: Simultaneity of events in spacetime is a rela-
tive concept, not an absolute concept.  There is no under-
lying reality which resolves the ambiguity.
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With a little additional thought one can see that the
relativity of simultaneity may cause unexpected results
when we measure distance and time.  Imagine two per-
fect clocks which have been synchronized to tick simul-
taneously.  The ticking of the two clocks are two events.
As long as you hold the two in your hand, you will

judge the two events to be simultaneous.  Indeed, if the
clocks began to move at equal speeds but in opposite
directions leaving you at the midpoint between them,
the events will continue to occur simultaneously in your
frame of reference according to the operational defini-
tion of simultaneity.  But to an observer riding with one

Figure 9.3.  Two events as viewed by observers moving relative to one another.  To which of the two observers do the
events appear to be simultaneous?  Why?
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of the clocks, the events will not be simultaneous.  He
will not agree that his clock and the other clock are mea-
suring the same time intervals.  The phenomenon is
called time dilation.   

It is not difficult to measure the length of a stick
when one has both stick and ruler in hand.  However,
consider the task of measuring the length of a stick which
flies past you at nearly the speed of light.  You might pro-
ceed by setting up an experiment as in Figure 9.4.  In this
experiment you mark the position of the front of the mov-
ing stick on your ruler and simultaneously mark the posi-
tion of the back end of the stick on your ruler.  The mark-
ing of the ends of the sticks are events, and it is important
to make the markings simultaneously if you are to get the
“real” length of the stick.  But another observer moving
relative to you and to the stick will maintain that you have
not chosen simultaneous events.  He will set up his own
experiment in which the marking events are simultaneous
in his frame.  In the end the two observers will not agree
on the measured length of the stick.  This phenomenon is
called length contraction.

Figure 9.4.  Measuring the length of a moving stick.
Why must the observations of the position of the ends
of the stick be made simultaneously?

The phenomena of length contraction and time
dilation are definitely counterintuitive (though both can
be explained using simple mathematics) and require
some changes in our thought patterns.  The common
mistake is to assume that our experience with objects
moving at normal speeds carries over to objects moving
near the speed of light.  Remember that principles of
nature exist as they are—not as we anticipate or would
like them to be.  We accept and use the predictions and
relationships of the Special Theory of Relativity in sci-
ence, not because of the soundness of the arguments and
the elegance of the theory (although the theory is both
sound and elegant) but because the predictions are in
strict accord with experimental test.  

Time Dilation

When we talk about time, we are describing time
intervals measured by clocks.  All clocks display peri-

odic motion which creates events (“ticks”) in spacetime.
A watch is a clock.  A beating heart is a clock.  A rotat-
ing earth is a clock.

The most accurate scientific clocks today use the fre-
quency of a particular color of light as their time base.
An international agreement specifies the light emitted
during a particular kind of change in cesium atoms as the
standard of time.  The “second” is defined as the time
required for 9,192,631,770 oscillations of the standard
light wave.  A clock using cesium radiation as its time
base is often called an atomic clock.  In principle, any
bureau of standards in the world can construct such a
clock to give exactly the same meaning to a “second.”

We could use such a clock in the following illustra-
tion, but for simplicity’s sake we will imagine a simpler
(though impractical) clock that better illuminates the
postulates of Special Relativity.  We will call this a light
clock.  Imagine two mirrors that face each other so that
a beam of light bounces back and forth between them
(Fig. 9.5).  Light goes from one mirror to the other and
back again, repeating this round-trip as long as the clock
operates.  Each time the light makes a round-trip, an
event is created:  the clock ticks.  The ticks are perfect-
ly periodic.  Imagine that the observer ages a year each
time the light clock ticks. 

Figure 9.5.  A nonmoving light clock.

Now imagine two such identical clocks whose ticks
are synchronized.  The ticks of these two clocks consti-
tute simultaneous events so long as the clocks remain
together.  If they move apart in opposite directions with
equal speeds, the ticks continue to be simultaneous to an
observer who remains precisely at the midpoint
between them.  However, let’s take the point of view of
an observer moving with one of the clocks.  She con-
siders herself to be stationary because she has a clock
which remains at her side.  For this clock the light trav-
els a distance, D, as shown in Figure 9.5.

Our stationary observer sees the other clock mov-
ing away from her at a very high speed  (Fig. 9.6).  The
light in the moving clock has to follow path P in order

D
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to hit the upper mirror and be reflected to the lower.
You can see from the diagram that distance P is larger
than distance D.  But the motion of the clock does not
change the speed of light (second postulate), so light
moving at the same speed travels the distance D and the
distance P.  Clearly, when the stationary clock has
ticked, the light in the moving clock will not yet have
had time to cause a tick.  The stationary observer is a
year older, but judges that an observer attached to the
moving clock is not yet a year older because the mov-
ing clock has not ticked yet.  The stationary observer
concludes that the moving clock is running slow rela-
tive to her clock.

If we call the two observers in our example A and B,
we note that stationary A observes the clock of moving B
to run slow.  However, from the perspective of B it is A
that is moving, so B observes that it is the clock of A
which is running slow.  Note that relativity does not claim:

A’s clock runs slower than B’s clock.
and B’s clock runs slower than A’s clock.

These two statements are mutually contradictory, a log-
ical absurdity.  What relativity does claim is:

A observes B’s clock to run slow.
and B observes A’s clock to run slow.

This phenomenon is called time dilation:

An observer measuring the rate of a clock that
is in relative motion with respect to herself will
find the rate of the clock to be slow when com-
pared with an identical clock that is not mov-
ing.  It does not matter whether the moving
clock is approaching or receding.

The actual amount of time dilation is accurately
predicted by the Special Theory of Relativity.  If T rep-
resents the time between two events (clock ticks) as

measured when a clock is at rest, and if T′ represents the
time between the same two events measured (on a sec-
ond clock) in a frame in which the first clock is moving
with uniform motion, then T and T′ are related by 

in which s represents the speed of the moving clock rel-
ative to the stationary clock, and c represents the speed
of light.  Notice from this relationship that T′ is always
larger than T, and the difference between T and T′ is sig-
nificant only for clocks whose speeds are near the speed
of light.  For this reason we normally do not notice time
dilation.

If we imagine twins moving apart from one anoth-
er in relative uniform motion, each will view the other
as being in motion and carrying clocks that run slow.
Each concludes that his twin is becoming younger than
himself!  At the same time, the twins are moving farther
and farther from one another, so that they never stand
side-by-side to compare their ages.  From the symmetry
of the perspectives of the two twins, we might conclude
that the difference in age that each is concluding must
not be “real.”  However, if one of the twins, B, turns
around and returns to stand next to his twin, A, the
Theory of Relativity predicts that on their reunion B
will actually be younger than A!

At first this may seem a paradox, because from the
perspective of each twin it is the other that moves away
and returns.  But the two perspectives are not symmet-
rical as they were when the relative motion was strictly
uniform.  In this instance, one of the twins must execute
an acceleration in order for the two to get back togeth-
er, and accelerated motion is detectable.  The accelera-
tion breaks the symmetry between the two twins.  It is
the accelerated twin who comes back younger than the
stay-at-home twin.

D P

Figure 9.6.  A moving light clock seen by a nonmoving observer.
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The departure and return of B constitute two
events.  Observe that A and B follow two different paths
in spacetime to get between the two events.  The elapsed
time on the clocks that each carries with him measures
the “distance” between the two events along the paths
followed by the two in spacetime.  It is analogous to the
different distances covered in going from Salt Lake City
to San Francisco along two different routes.  But in
spacetime it is the clock you carry which measures the
separation of the events.

Now this may all sound a bit incredible, but the
idea has been put to experimental test!  In 1972 two
physicists, J. C.  Hafele and R. E. Keating, did almost
exactly what we proposed for the twins.  They flew sev-
eral atomic clocks around the world aboard commercial
jet airliners and then compared them with atomic clocks
that remained at home.  The jetliners do not move near
the speed of light, so the time discrepancy was only of
the order of 100 billionths of a second, but well within
the capability of the clocks to measure.  The results of
the experiment were consistent with the predictions of
the Special and General Theories of Relativity.  (The
General Theory treats some additional effects of gravi-
ty on the clocks.)  Billionths of a second are what days,
months, and years are made of.

In fact, time dilation has been confirmed in thou-
sands of experiments, beginning in 1931 using particles
called muons.  A muon can be thought of as a heavy
kind of electron.  Muons, like human beings, have an
average lifetime after which they “die” by changing into
an electron and two particles called neutrinos.  Because
muons have an average lifetime, they are a kind of
clock.  Muons are created in the upper atmosphere from
collisional debris when an energetic proton from the sun
hits a nitrogen nucleus in our atmosphere.  When
formed in this way muons travel at speeds near the
speed of light until they decay to the electron and neu-
trinos.  The lifetime for muons at rest is about two-mil-
lionths of a second (Fig. 9.7).

Pencil and paper calculations show that if the muon
travels at 99 percent the speed of light, it could travel
about 600 meters in its expected lifetime.  But these
same high-speed muons actually travel several thousand
meters before their decay.  Somehow their lifetime is
extended many times by their high speed.  When their
speeds and lifetimes are measured, the results are in
accord with the prediction of time dilation.  The two-
millionths-of-a-second lifetime of these particles is
“dilated” by their motion so that they live many times
that long, as seen from the stationary earth.  Similar
experiments are conducted daily in every particle accel-
erator in the world.

Length Contraction

Time and space are intimately connected in the
concept of spacetime.  While the speed of light is the
same for all observers, the measurement of time inter-
vals is relative.  But the speed of light is a distance inter-
val traveled by light in a certain interval of time.
Because the speed of light is absolute and the time inter-
val is relative, the measurement of distance intervals
must be relative to make the speed of light the same for
different observers.  This result is called length con-
traction (or, sometimes, Lorentz Contraction):

The lengths of moving objects are measured to
be shorter than the lengths of the same objects
when measured at rest.  The contraction is only
along the line of motion of the object.  It does
not matter whether the object is approaching or
receding.

If an object has a length L when measured at rest
and  L′ is the length measured for the object when mov-
ing at speed s, then

.

A muon at rest lives 2 x 10    seconds before decay-6

Light travels 600 meters in 2x10    seconds-6

Moving at 99% the speed of light, a muon travels 4200 meters before decay

Figure 9.7.  The decay of high-speed muons provides experimental evidence for the validity of time dilation.
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Again, c is the speed of light.  Since the ratio of s
to c is small in ordinary experience, the effect of length
contraction is not usually apparent.  The length of a
moving object becomes shorter and shorter as its speed
becomes greater, finally becoming zero if its speed were
to reach the speed of light. 

Mass Increase

We have noted that the speed of light is an invari-
ant speed in nature.  How does nature stop objects from
being accelerated beyond the speed of light?  The resis-
tance to further acceleration of the object begins to
increase rapidly as the object approaches the speed of
light.  We have seen in Chapter 3 that mass is the prop-
erty of objects that determines how they accelerate in
response to forces.  As the object approaches the speed
of light, the resistance to acceleration increases so much
that even the strongest force cannot increase its speed to
the speed of light.  The result is the phenomenon of
mass increase:

Mass (resistance to acceleration) increases
with speed.  Moving objects have more mass
than when they are at rest.  It does not matter
whether the object is approaching or receding.

The quantitative expression for the mass, m, of a mov-
ing object which has a mass, m0, at rest is,

The mass of an object measured when it is at rest
(i.e., not moving) is called the rest mass of the object.
Since the rest mass does not depend on the motion of
the object or of the observer, an object’s rest mass has a

very specific value.  For example, the rest mass of an
electron is 9.1 # 10–31 kilograms.  We reserve the sym-
bol m0 for the rest mass.

The mass which changes with the speed of the
object is called the relativistic mass, m.  As you can see
from its defining formula above, the relativistic mass
depends on the rest mass of the object and on the speed,
s, of the object.  The relativistic mass is the mass that
plays the role of resistance to acceleration in the Special
Theory of Relativity.  This increase does not come about
because more atoms or molecules are added to the mov-
ing object.  It is the same object as before; it is simply
harder to accelerate and it weighs more as a conse-
quence of its motion.

Mass and Energy

If you accelerate an object with a constant force, its
speed will increase.  If you maintain the force, eventu-
ally the relativistic mass will increase and the accelera-
tion will not be so great.  Nevertheless, the force is
doing work on the object and transferring energy to it.
If the energy is not appearing as a proportionate
increase in speed, where then is the energy going?  

Einstein recognized that kinetic energy depends
both on the mass of the object and on its speed.  If ener-
gy is being added to the object, but its speed is not
increasing, then the alternative is that the energy is
being transformed to increase the mass of the object.  In
this way Einstein established a previously unsuspected
connection between mass and energy.  Through the
nineteenth century mass and energy had been thought to
satisfy independent conservation laws.  Einstein com-
bined them as two manifestations of the same conserved
thing which is called mass-energy.

The quantitative relationship between the two is
expressed in one of the most familiar equations,

Energy ! relativistic mass # (speed of light)2

Figure 9.8.  Pair production and annihilation.  How do these processes conserve energy?  How do they conserve elec-
tric charge? 
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or,     E ! mc2.

Enormous amounts of energy are associated with
very ordinary amounts of matter, if one could but con-
vert the mass form to the kinetic energy form.  Nuclear
reactors accomplish this, generating electrical power
from modest amounts of uranium.  Atomic and hydro-
gen bombs also convert small amounts of rest mass into
large amounts of destructive kinetic energy. 

Another remarkable verification of the conserva-
tion of mass-energy occurs in the phenomenon of pair
production (Fig. 9.8).  Under some circumstances the
energy from light is enough to create two electrons:  one
is a normal electron with a negative charge; the other is
identical except that it has a positive charge.  The posi-
tively charged particle is called a positron.  The total
energy of the created electron-positron pair, including
their rest masses and kinetic energy, is exactly equal to
the energy of the original light.  The reverse process,
called particle annihilation, also occurs.  A positron
meets an electron, they both disappear, and their mass-
energy reappears as light.

Summary

The Special Theory of Relativity, based on the
Special Principle of Relativity and the invariance of the
speed of light, gives us new insight into our intuitive
ideas about time and space.  Time intervals and dis-
tances are not the same for all observers; their magni-
tudes depend on the motion of the observer with respect
to the actual objects being observed.  The theory pre-
dicts time dilation, length contraction, mass increase,
and the equivalence of mass and energy.  It also predicts
that the speed of light is the fastest speed at which ener-
gy or information can be transmitted through space.  All
of these have been confirmed by experimental evidence.

STUDY GUIDE
Chapter 9: Special Relativity

A. FUNDAMENTAL PRINCIPLES
1. Special Theory of Relativity (sometimes Special

Relativity):  An extension of the Newtonian Laws
of Motion that differs significantly from the
Newtonian description for motions that approach
the speed of light.  Special Relativity is based on
two postulates: (1)  Motion Symmetry (also called
the Special Principle of Relativity) and (2) the
speed of light in empty space is the same for all
observers in uniform motion regardless of their
motion or the motion of the source of light. 

2. The Conservation of Mass-Energy: Mass and
energy are both manifestations of a single quantity,
denoted mass-energy, which is strictly conserved:

i.e., within an isolated system, the amount of mass-
energy is a constant.  Mass may be converted to
other forms of energy in amounts which satisfy the
relationship E = mc2.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What are the two postulates on which Special
Relativity is based?

2. What is “special” about Special Relativity?
3. What restriction in the way we add speeds of mov-

ing objects does the second postulate place on us?
4. Is it possible for two events that are observed to

occur simultaneously in one reference frame to
occur at different times in another?

5. What is the value of a “thought experiment”?  How
is it different from  a “real experiment”?

6. How does “time dilation” follow from the two pos-
tulates?

7. How does “mass increase” follow from the two
postulates?

8. How does “length contraction” follow from the two
postulates?

9. What happens to the energy transferred to a particle
as it approaches the speed of light?

10. What does the famous equation E = mc2 mean?

C.  GLOSSARY
1. Atomic Clock: A real, practical clock that uses the

frequency of light emitted from cesium atoms as its
standard of time.  Atomic clocks set the time stan-
dards for the world.

2. Event: An event is something which happens at a
particular place in space and at a particular point in
time.  It is a “point” in four-dimensional spacetime.

3. Frame of Reference: An observer together with
his/her instruments for measuring distances (sepa-
rations in space) and time intervals (separations in
time) define a frame of reference.  The instruments
and observer are always at rest relative to one
another.

4. Length Contraction: The name given to the pre-
diction of Special Relativity that an observer mea-
suring the length of an object that is moving rela-
tive to herself will find that the length is shorter
than the length of the same object when measured
at rest.  It does not matter whether the object is
approaching or receding.

5. Light Clock: An idealized clock that measures
time by the repeated flight of light to a mirror a
fixed distance away and ticks when the light
returns.  A light clock is particularly convenient for
demonstrating how time dilation comes about in
Special Relativity.
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6. Mass Increase: The name given to the prediction
of Special Relativity that an observer measuring the
mass of an object in relative motion with respect to
herself will find that the mass (resistance to accel-
eration) is greater than the mass of the same object
when measured at rest.  It does not matter whether
the object is approaching or receding.

7. Muon: An elementary particle similar to an electron
except about 200 times more massive.  Muons have
a lifetime at rest in the laboratory of 2.2 # 10–6 sec-
onds after which they transform (decay) into an elec-
tron and two neutrinos.

8. Operational Definition: A definition made in
terms of an experiment (operation) such that the
outcome of the experiment determines whether the
conditions of the definition have been met.  In rel-
ativity, simultaneity of events is defined in terms of
an operational definition.

9. Pair Production: A process that occurs in certain
circumstances where the energy of high-energy
light is transformed into the mass and kinetic ener-
gy of an electron and a positron.  The process is a
particularly clear example of the equivalence of
mass and energy predicted by Special Relativity.

10. Particle Annihilation: The reverse of the process
of pair production wherein an electron and a
positron collide and their mass-energy is trans-
formed into radiant energy.

11. Positron: An elementary particle similar in almost
all respects to an electron except that it carries a
positive charge instead of a negative one. 

12. Rest Mass: The mass of an object, m0, measured
when it is at rest (i.e., not moving).

13. Relativistic Mass: The effective mass, m, in
Special Relativity which determines an object’s
resistance to acceleration and its weight.  The rela-
tivistic mass is related to the rest mass by the rela-
tionship,

where m0 is the rest mass, s is the speed of the
object, and c is the speed of light.

14. Simultaneity: Two events are simultaneous if an
observer located midway between where the two
events occur receives light signals (generated by
the events) coincidentally.

15. Spacetime: A four-dimensional description of the
world in which time is added to the conventional
three dimensions of space to form a fourth dimen-
sion.

16. Time Dilation: The name given to the prediction
of Special Relativity that an observer measuring the
rate of a clock that is in relative motion with respect

to himself will find the rate of the clock to be slow
when compared with an identical clock that is not
moving.  It does not matter whether the moving
clock is approaching or receding.

17. Worldline: In spacetime, a worldline is a continu-
ous succession of events, analogous to an ordinary
line of points in conventional three-dimensional
space.

D. FOCUS QUESTIONS
1. For each of the following predictions of Special

Relativity:
a.  State the two postulates.
b. Describe a thought experiment that illustrates the
prediction and show how the prediction follows
from the postulates.  A diagram may be helpful.
c. Describe the results of a real experiment that is
consistent with the prediction.

(1)  Time dilation (that is, analyze a light clock
in terms of the postulates).
(2)  The relationship between mass and energy.
(You may take the second postulate to mean
that the speed of light is a maximum in nature.)

2. State the two postulates of Special Relativity.  Use
these postulates to show that two events observed
to be simultaneous in one reference system may not
be simultaneous when observed in another. A dia-
gram will be helpful.

E.  EXERCISES
9.1. State Einstein’s two postulates in your own

words.  Illustrate what the postulates mean by describ-
ing the results of thought experiments.

9.2. Explain what is meant by “time dilation.”

9.3. Use a light clock to explain why time dilation
must be true if the two postulates are true.

9.4. The muon experiment is often cited as an
example of a real experiment that supports the reality of
time dilation.  Describe this experiment and show how
it supports the prediction of time dilation. 

9.5. Suppose an astronaut were able to travel for
several years near the speed of light and then return to
earth.

(a) How would his age on his return compare with
the age of those who were born at the same time but
did not travel?
(b) Show how this result is consistent with the
Special Theory of Relativity.
(c) The astronaut sees the stay-at-homes moving
with high speed, first away from him and then
toward him.  Would he predict that these “travel-
ers” would be younger than himself when they are
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reunited?  But traveler and stay-at-home can’t both
be younger than the other.  Who is right?

9.6. What is meant by length contraction?

9.7. Explain how the muon experiment supports the
prediction of length contraction.

9.8. Characterize the following statement as either
true or false and explain the reasons for your answer:
“An astronaut observes all objects around (pencil, seat,
handles, etc.) to become shorter as his spaceship goes
nearer the speed of light.”

9.9. As we stand on the earth, we see that it takes
light several years to get to the nearest star.  We also
know that a spaceship cannot go as fast as light.
Explain, using length contraction, how an astronaut
could go to the nearest star and back in one day or less
(as he measures time).

9.10. How much earth time elapses as the astronaut
in Exercise 9.9 completes the trip?

9.11. Explain what is meant by mass increase.  Is
there any experimental evidence that supports this pre-
diction of Special Relativity?  Describe the evidence.

9.12. Where does the increased mass of a moving
object come from?

9.13. A piece of wood is burned.  The wood and
oxygen were weighed before the burning, and all the
combustion products were weighed again after every-
thing had cooled down.  Which weighed more—the
ingredients before the burning or the products after-
ward?

9.14. Somehow a constant force is exerted on an
object.  The force remains the same in both magnitude
and direction.  It is the only force acting on the object
and it is maintained for a very long time.

(a) Describe what happens to the speed of the
object.
(b) How is this result to be interpreted?
(c) Is energy being supplied to the object?  If so,
what happens to the energy?

9.15. What is meant by the “rest-mass” of an
object?

9.16. Characterize the following statement as either
true or false and explain the reasons for your answer.

“An astronaut observes all objects around
(pencil, seat, handles, etc.) to become more massive as
his spaceship approaches the speed of light.”

9.17. Describe the universal relationship between
mass and energy.

9.18. Explain how the explosion of an atomic bomb
verifies the relationship between mass and energy pre-
dicted by Einstein.

9.19. Why would a hot marble be expected to
weigh more than a cold one?

9.20. Why is it that the effect described in Exercise
9.19 has never been noticed by people studying such
processes?

9.21. Which of the following is a consequence (pre-
diction) of the Special Theory of Relativity rather than
a postulate?

(a) An object’s mass increases with speed.
(b) The speed of light is the same for all observers.
(c) Lengths contract in the direction of motion.
(d) Moving clocks run slow.
(e) (a), (c), and (d).

9.22. An astronaut measures the mass and length of
a rod before taking it on a flight to the sun.  While trav-
eling to the sun at near the speed of light he measures
the rod again.  What does he find?

(a) Mass is the same and length is the same.
(b) Mass is larger but length is the same.
(c) Mass is the same but length is longer.
(d) Mass is larger but length is shorter.
(e) Mass is larger but length is longer.
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To this point we have concentrated on the laws that
govern motion in the universe, using our knowledge of
the larger objects around us to illustrate these laws and
confirm their validity.  Now we begin a study of matter
itself:  What is it?  What is it made of?  How does it
behave?  Can we understand its behavior in terms of the
laws we already know?  Do the laws that govern the
motions of large chunks of matter also explain the
detailed properties and behavior of matter itself?

Our probing will take us deep within matter to dis-
cover molecules, atoms, electrons, the constituents of
atomic nuclei, and even the smaller particles that pro-
tons and neutrons are made of.  We can understand
much in terms of the laws already described. Yet, the
smallest objects seem not to obey these laws—at least
not in the same way as before.  The study of matter will,
therefore, lead to a deeper understanding of the laws of
nature.

Before a new science has developed a fundamental
understanding of the laws governing it, its founders
begin by classifying things.  Aristotle (384-322 B.C.),
using this strategy centuries ago, became recognized as
an influential originator of many of the modern disci-
plines: physics, biology, politics, psychology, and
ethics.  The names he gave the disciplines are the ones
used to this day.  

For 20 years Aristotle worked at the side of the
aging Plato in the Academy at Athens; for seven, he
lived in Macedonia as tutor to Alexander the Great.
Aristotle was interested in nature and compiled obser-
vations of biological facts, many of which were fur-
nished from Alexander’s expeditions.  He classified liv-
ing things into genera and species.  What are the simi-
larities in things?  What are the differences?  What are
the opposites?  What are the extremes?  Where is the
mean?  In De Partibus Animalium, for example, he
says:  “The course of exposition must be, first, to state
the attributes common to whole groups of animals, and
then to attempt to give their explanation.”  With the
attributes in place, Aristotle’s goal was to find a unify-
ing theory that explained them.  He applied the
approach not only to biology but also to physics, poli-
tics, psychology, ethics, and other disciplines.

As Aristotle taught us, classification is a prelimi-
nary activity in a science.  In this chapter, in a very lim-

ited way, we will discuss some of the properties of mat-
ter by which it can be classified. But classification is not
to be confused with understanding.  In later chapters we
will see how some of these characteristics can be under-
stood in terms of unifying theories and laws.

The Continuous Model of Matter

Matter as we encounter it seems to be fairly uni-
form.  We do not perceive it as being made of tiny,
invisible particles.  Water, for example, shows no visi-
ble evidence of any internal structure, even with the
most powerful optical microscope.  The model that
assumes matter to be uniform is called the Continuous
Model of Matter (Fig. 10.1).

Figure 10.1.  Matter as we deal with it seems uniform
and continuous.

10.  The Physical Properties of Matter
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Descriptions of matter in common experience usu-
ally assume a continuous model.  The details of the
structure of matter seem unimportant in the design of
bridges, buildings, automobiles, and kitchen appliances.
We do not think of atoms and molecules when we cook,
clean, use a pencil, or burn gasoline.  Generally we treat
matter as we find it—uniform and continuous—and
classify it according to the properties that it displays
when found in large chunks (i.e., large enough to be
seen under optical microscopes). 

This concept of continuous composition of matter
suits most of our purposes.  Although we can explain
most of the properties of matter in terms of more funda-
mental models, scientists are still not able to predict accu-
rately many important properties of specific kinds of mat-
ter.  On the other hand, great progress is being made in
this direction, as evidenced by the large number of syn-
thetic, or man-made, materials now available.

The States of Matter

Most of the matter we encounter occurs in one of
three states:  solid, liquid, or gas.  Solids are rigid and
resist changes in size or shape.  Liquids flow to assume

the shape of their container, but resist changes in vol-
ume.  Gases expand to assume both the shape and size
of their container.  Liquids and gases are both referred
to as fluids, defined most simply as materials that flow.

A fourth state of matter, plasma, also occurs in cer-
tain situations.  A plasma is a gas in which both positive
and negative charges are free to move independently of
each other.  When this occurs, the gas is said to be ion-
ized.  Plasmas occur naturally in the earth’s upper
atmosphere, where ionization is caused by radiation
from the sun.  Lightning discharges create a plasma.
The gases inside fluorescent lights and neon advertising
signs are partly ionized when the tubes are emitting
light.  Very hot flames are also plasmas.

Some materials, like water, change from one state to
another at common temperatures; others require extreme
temperatures for such changes.  All materials, including
air and other gases, can be solidified if their temperature
is low enough.  They melt into liquids as their tempera-
ture increases, and then vaporize into gases at even high-
er temperatures (Fig. 10.2).  They finally become plas-
mas if their temperature continues to increase.  (This
simple view is slightly complicated by the fact that some
materials decompose as their temperature increases.)

Below 0°C Above 0°C�
& below 100°C

Above 100°C

Figure 10.2.  Most materials, such as water, change from one state to another as temperature increases.

MELTING TEMPERATURE BOILING TEMPERATURE SPECIFIC
(°C) (°C) GRAVITY

Nitrogen -210 -196 0.0013 gas
0.81 liquid

Ammonia -78 -33 0.0008 gas
0.82 liquid

Water 0 100 0.92 solid
1.00 liquid

Carbon tetrachloride -23 77 1.6
(dry cleaning solvent)
Ethyl alcohol -117 79 0.79
Table salt 801 1413 2.2
Lead 327 1613 11.3
Iron 1535 3000 7.9

Table 10.1.  Melting temperature, boiling temperature, and specific gravity of common materials.
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One way to classify a given sample of matter is to
identify its state at various temperatures and to note the
temperature at which it changes state.  The temperatures
at which changes of state occur, called the melting and
boiling temperatures, vary widely among different
materials. For example, hydrogen melts at -259 °C and
boils at  -253 °C.  Gold, on the other hand, melts at 1063
°C and boils at 2600 °C.  We normally encounter hydro-
gen only as a gas and gold only as a solid.  Table 10.1
shows the melting and boiling temperatures for several
common materials.

Density

Matter may also be classified according to its den-
sity.  Density is the mass per unit volume (density =
mass/volume).  Density is a property of a material,
whereas mass is a property of a specific object.  For
example, a ball bearing and a cannonball that are both
made of the same material have the same density, even
though their masses are quite different.  On the other
hand, two balls with exactly the same mass, one made
of aluminum and the other of iron, would have different
densities.  The aluminum ball would be significantly
larger than the iron ball, even though both have the
same mass (Fig. 10.3).

Figure 10.3.  These balls have the same mass.  Which
has the greater density?  How do you know?

Densities of materials vary widely.  The density of
hydrogen is only 0.089 kilogram per cubic meter,
whereas that of gold, a solid, is over 19,000 kilograms
per cubic meter, more than 200,000 times larger.

The densities of all materials change with tempera-
ture, usually (but not always) decreasing as temperature
increases. Changes of state are always accompanied by
abrupt changes in density.  Liquids are usually less dense
than solids of the same material; gases are always less
dense than the corresponding liquids.  Water is an impor-
tant exception to this general rule, because ice is slightly
less dense than water. Table 10.1 lists the specific gravity
(relative density) for several common materials.

Color

The colors of materials provide interesting clues to
their internal structure.  By “color,” we usually mean
what happens to the light that falls on material.  When

white light, which contains a rainbow of colors, falls on
the surface of a material, some colors are absorbed and
some are diffusely reflected.  The reflected light reach-
es our eyes, where its color is identified.  An apple is red
because it reflects only the red part of white light and
absorbs the rest.  A leaf is green because it reflects only
green and absorbs everything else.  The sky is blue
because more of the blue light than the red light from
the sun is scattered toward the earth (Fig. 10.4).  What
causes a material to absorb some colors of light and
reflect others?  The answer, as we will see in later chap-
ters, provides important information about the structure
of materials as well as the nature of light.

Figure 10.4.  Why is an apple red?

Some materials emit light under certain circum-
stances.  The light from the sun, electric lamps, hot elec-
tric stoves, lightning, and melted iron are common
examples.  Actually, everything radiates some energy;
however, it is not always apparent, since the radiation is
usually infrared rather than visible light.  The different
colors of this emitted radiation are an important charac-
teristic of a material, and they depend on the tempera-
ture and properties of the material.

We have long known that light separates into its
component colors when passed through a
triangular-shaped piece of glass called a prism.  When
white light from the sun passes through such a prism, it
breaks into all the colors of the rainbow.  Light from an
electric lamp also displays all the visible colors, but
blue is comparatively dimmer than the blue from sun-
light.

The pattern of colors emitted by a material is called
the spectrum of its emission.  A spectrum that covers
the entire rainbow, such as sunlight, is said to be con-
tinuous.  Some materials, particularly in the plasma
state, emit only a few of the possible colors.  The spec-
trum is then said to be a discrete (or line) spectrum.

The specific colors that are emitted in a discrete
spectrum are characteristic of the material and can be
used to identify the material even when it is not other-
wise accessible.  For example, light from the sun and
stars reveals a great deal about the materials of which
these objects are composed.  Details of emitted and
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reflected light have been an important part in under-
standing the detailed structure and behavior of matter
and of light itself (Fig. 10.5).

Response to Force

Another way to identify materials is to describe
their response to external forces.  Materials vary great-
ly in their hardness (or softness) and their ability to
return to their original shape and size once external
forces are removed.

Materials that permanently change shape under the
influence of outside forces are said to be plastic.  Soft
clay and putty are common examples.  Plasticity
depends on the temperature of the material.  Iron, for
example, is not plastic at ordinary temperatures but can
be formed into almost any shape when very hot (but still
considerably below its melting temperature).

Materials that deform when forces are applied, but
return to their original size and shape when the forces
are removed, are said to be elastic.  A rubber band is
elastic, because it stretches when forces are applied and
returns to its original shape and size when the stretching
forces are removed.

Almost all the materials we deal with in ordinary
circumstances are elastic.  We often do not notice the
deflections that occur, so we tend not to be aware of

them.  For example, when we sit on a chair, the chair
bends slightly because of the force we apply.  When we
stand, the force on the chair is removed and the chair
returns to its original shape.  A bridge made of the
strongest steel bends slightly when we walk on it.  Such
deflections occur whenever forces are applied, no mat-

ter how small the force or how strong the material.
Stronger forces always cause larger deflections.

Civil and mechanical engineers must take such dis-
tortions into account in the design of buildings, bridges,
automobile engines, and almost every other project.  A
common technique, for example, is to form building
materials so that they will assume a more desired shape
when they carry their designed load.  A prestressed con-
crete beam is curved upward when placed into position,
but it is straight when carrying its load as part of a build-
ing or bridge (Fig. 10.6).  If the beam were straight to
begin with, it would sag downward when carrying the
load.  

The stiffness or elasticity of a material is character-
ized by its elastic constant.  This number simply mea-
sures the amount of force needed to cause a particular
deformation and is defined roughly by the relationship

elastic constant !  force      .
deformation

Rubber has a small elastic constant, since a small
force produces a comparatively large deformation.
Steel, on the other hand, deforms only slightly when fair-
ly large forces are applied; thus, it has a large elastic con-
stant.  In this sense, steel is far more elastic than rubber.

Elastic constants are associated with three different
kinds of deformations:  tension, compression, and shear.
A material is said to be under tension when the forces
act to stretch it (Fig. 10.7); the forces would pull the
material apart if it did not resist.  If the forces push
inward on the material, it is said to be compressed; the
forces cause the material to occupy a smaller volume
than before.  Shearing forces cause the material to
change shape.  These might be applied parallel to the
surface of the material, perhaps by frictional forces.

Fluids have little resistance to changes in shape, so
their elastic constants for shear would be nearly zero.  The
compressional elastic constant of a liquid, however, is
usually quite high.  For example, water is only slightly
more dense (more compressed) at the bottom of the ocean
than near the surface.  Compressional elastic constants for
gases are considerably lower.  A comparatively small
force on the handle of an automobile tire pump can cause

Figure 10.5.  Light from an incandescent bulb contains all the colors.  A plasma emits a discrete spectrum that contains
only a few colors.

Figure 10.6.  A prestressed concrete beam straightens
when a load is applied.
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a significant reduction in the volume of the air inside. 
If the forces applied to an elastic material are too

large, it will not return to its original size and shape
when the force is removed.  Instead, the material will
become permanently deformed just as if it were plastic.
The maximum force that can be sustained without per-
manent deformation is a measure of  the elastic limit of
the material.  This is another important property by
which materials can be classified and identified.
Builders and engineers clearly need to be concerned
about the elastic limits of the materials they use.

The elastic properties of materials are a result of
electric forces acting within each piece of matter.
Again, detailed explanations of these properties and
their variations require significant understanding of the
submicroscopic structure of matter.

Electrical Properties

Electrical properties provide some of the most
provocative clues about the internal structure of matter.
Solid materials can be roughly divided into two classes,
conductors and nonconductors.  An electric current can
flow through conductors if an electrical force acts on the
charged particles within the material.  Electric current
does not flow through nonconductors. (Fig. 10.8).

All matter contains electrically charged particles.
The presence of an electric current means that at least

some of the charged particles are free to move about
inside the conductor.  Conversely, the absence of current
in the nonconductors implies that the charged particles
in these materials are not free to move, but are held
rigidly in place.

Metals are conductors—copper, aluminum, iron,
sodium, and zinc.  Nonconductors include the non-
metals such as phosphorus, sulfur, water, sodium chlo-
ride (table salt), and sugar.  These are sometimes called
insulators.  

In addition, some materials, called semiconduc-
tors, conduct small currents under appropriate circum-
stances.  They do not conduct as well as the conductors,
but they do conduct better than nonconductors.  This
means that only a small fraction of the charged particles
semiconductors are made of are free to move inside the
material.  Semiconductors made of silicon form the
basis of our modern computer technology.

Some nonconductors become conductors if they are
melted, or if they are dissolved in water or some other
liquid.  Table salt, for example, is a nonconductor as a
solid.  It becomes a conductor when melted or when dis-
solved in liquid.  Other nonconductors do not exhibit
this behavior.  Water is a nonconductor as ice or as liq-
uid, but it will conduct an electric current if certain
materials such as table salt are dissolved in it.
Dissolved sugar, on the other hand, does not cause
water to become a conductor (Fig. 10.9).

Figure 10.7.  Three important ways that force can be applied to materials.  Which of these is under tension?  compres-
sion?  shear?

Figure 10.8.  Which material is the conductor?  Which is the nonconductor?  How do you know?
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Nonconductors that become conductors as liquids,
or that become conductors when dissolved in a noncon-
ducting liquid such as water, are called ionic materials.
Those that remain nonconductors under these circum-
stances are nonionic (Fig. 10.10).  Apparently the inter-
nal structures of ionic and nonionic materials differ.
The charged particles in ionic materials somehow
become free in the liquid state, whereas those in non-
ionic materials remain bound.  These differences can
only be explained by a detailed model of the internal
structure of these materials.

Figure 10.10.  The classification of materials according
to their electrical properties.

Summary

In this chapter as we begin a study of matter, we
have followed Aristotle’s lead by classifying matter in
various ways.  Classification is a preliminary exercise
we will follow in later chapters to find unifying theories
that attempt to explain the characteristics.

Matter can be classified according to its physical
states:  solid, liquid, gas, and plasma.  Matter may also
be classified according to its density, color, response to
forces, and conduction of electricity.  All of these give
some clues to the underlying structure of matter.

The spectrum of light emitted by matter is particu-
larly important.  Under some conditions, matter emits a
continuous spectrum; under others it emits a discrete

spectrum that is characteristic of the material.  The emit-
ted light is a direct probe into the atom.  

In addition to the features of matter described in this
chapter, matter participates in a variety of chemical
changes.  The chemical properties of matter are an impor-
tant part of our description of nature and provide addi-
tional evidence for our model of the structure of matter.

STUDY GUIDE
Chapter 10: The Physical Properties of Matter

A.  FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.

B. MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. The Continuous Model of Matter: That model of
matter which sees matter as smoothly divisible
without limit, i.e., matter that is not made up of dis-
crete particles (molecules).

2. What are the four states of matter?
3. It is useful to describe matter in terms of density, color,

responsiveness to force, and electrical properties.

C. GLOSSARY
1. Color: A characteristic of matter imparted to it by

the nature of the reflected light which it transmits to
an observer.

2. Compression Force: A force which is applied in
such a way as to compress a material.

3. Conductor (specifically, of electricity):  A sub-
stance that readily allows an electric current to flow
through it.  The opposite of an insulator (noncon-
ductor).  Copper wire is a conductor.

4. Continuous Spectrum: A spectrum in which the
colors blend gradually together without noticeable
abrupt changes or missing colors.  The opposite of
a discrete spectrum.

5. Density: Mass per unit volume.
6. Discrete (or Line) Spectrum: A spectrum of sep-

Figure 10.9.  (a) Water by itself is a nonconductor.  (b) Adding salt to water causes it to conduct.  (c) Adding sugar to
water does not cause it to conduct an electric current.

All Materials

Conductors
(As Solids)

Nonconductors
(As Solids)

(Conductors As Liquids)
Ionic Nonionic

(Nonconductors As Liquids)



arate and distinct colors.  The opposite of a contin-
uous spectrum.

7. Elastic: An adjective describing materials that
deform when forces are applied but return to their
original size and shape when the forces are
removed.

8. Elastic Constant: A quantitative measure of elas-
ticity formed by taking the ratio of the force
applied to a material to a measure of the resulting
deformation.

9. Elastic Limit: The maximum force that a material
can sustain without sustaining a permanent change
in shape.

10. Fluid: Matter that flows readily.  Gases and liquids
are fluids.

11. Gas: A physical state of matter that readily
changes both shape and volume to match its con-
tainer.

12. Ionic Material: A material that is a nonconductor
of electricity as a solid but that conducts electricity
when melted or dissolved in water. 

13. Ionized Matter: Matter in which at least some of
the atoms have been altered from their ordinary neu-
tral state by the addition or subtraction of electrons.

14. Liquid: A physical state of matter that readily
changes shape to match its container but that resists
changes in volume.

15. Nonconductor (specifically, of electricity):  An
insulator.  A substance that does not readily allow
an electric current to flow through it.  The opposite
of a conductor.  Glass is a nonconductor.

16. Nonionic Material: A material lacking in some
way the characteristics of an ionic material. 

17. Plasma: A physical state of matter characterized
by fluid properties but in which positive and nega-
tive charges move independently.  

18. Plastic: An adjective describing materials that per-
manently change shape under the influence of
external forces.

19. Semiconductor: A class of materials with electrical
conducting properties somewhere between conduc-
tors and nonconductors.  Silicon is a semiconductor.

20. Shearing Force: A force that is applied in such a
way as to be tangential to the surface on which it
acts.

21. Solid: A physical state of matter that is character-
ized by rigidity and resistance to changes in size
and shape.

22. Spectrum: A display of the amounts and colors of
light emitted by a particular source in which one
sees the colors separated from one another.

23. Tension Force: A force that is applied in such a
way as to stretch a material.

D. FOCUS QUESTIONS:  None.

E. EXERCISES
10.1. Describe what is meant by a fluid and give

examples of substances that are fluids at ordinary tem-
peratures.

10.2. Describe how materials change from one state
to another.  How do materials like gasoline and copper
differ from one another in this respect?

10.3. Which has greater density, an ice cube or an
iceberg?  Explain your answer.

10.4. Name several materials that are solids at ordi-
nary temperatures.

10.5. Name several materials that are liquids at
ordinary temperatures.

10.6. Name several materials that are gases at ordi-
nary temperatures.

10.7. Describe what is meant by a “plasma” and
give an example of a plasma that occurs in nature.

10.8. Explain the meaning of the word “density.”

10.9. Choose several materials and list them in
order of increasing density.

10.10. Why do people look different when seen
under mercury vapor lamps than when seen by sun-
light?  In particular, red objects seem almost black
under such lamps.

10.11. Explain how it might be possible to know
something about the materials in a planet without going
there.

10.12. Explain what is meant by a “continuous”
spectrum.

10.13. Explain what is meant by a “discrete” spec-
trum. 

10.14. A certain wire stretches 0.1 millimeter when
a particular force is applied.  Another wire in the same
size and shape but made of a different metal stretches
0.01 millimeter with the same force.  Which has the
larger elastic constant?  Explain your answer.

10.15. Explain why the elastic properties of materi-
als must be taken into account when designing build-
ings, bridges, and other structures.

10.16. Explain what is meant by the term “elastic
constant.”
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10.17. Show how forces can be applied to a mater-
ial to produce compression, tension, and shear.

10.18. In what way are the elastic constants of flu-
ids different than those for solids?

10.19. What conditions must be met if a current is
to flow through any material?

10.20. What is the difference between the internal
structures of conductors and nonconductors?

10.21. What is the difference between the internal
structures of ionic and nonionic materials?

10.22. Define “conductor,” “nonconductor,”
“ionic,” and “nonionic.”

10.23. Suppose you are given an unfamiliar sample
of material, say a rock.  Describe the experiments you
might perform that allow you to classify the material
according to its electrical properties.

10.24.  Why is tap water a conductor while pure
water is not?

10.25.  Do you think the human body is a conduc-
tor or nonconductor?  Why?  What does this imply
about the structure of the body?

10.26.  Which of the following processes does not
produce a change of state? 

(a) melting ice
(b) dissociating gas atoms
(c) freezing water
(d) boiling water
(e) falling object

10.27. Is “classifying” the same as “understand-
ing”?  In modern testing practice one often sees multi-
ple-choice questions for which the available choices are
the names of things.  What is being tested in such
instances:  classification or understanding?  What did
Aristotle think was the objective of classification?
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Earlier we discussed some of the properties exhib-
ited by matter.  No attempt was made to explain these
properties in terms of more fundamental structure; our
purpose was to outline some of the interesting features
that have been observed and are important for scientific
purposes.

We will now begin to develop more detailed models
by which these and other features of matter can be under-
stood.  The word model in this context means an image
of how we imagine matter to be organized.  We have
already encountered one such model, the Continuous
Model, which is useful and adequate for many purposes.
However, the Continuous Model fails to explain many
things, so we must make other assumptions about the
composition of matter.  These will be accepted to the
extent that they can successfully explain the behavior of
matter in ever more sophisticated experiments.

Despite the many useful models science has creat-
ed, the puzzle of the nature of matter has not yet been
solved completely—no one knows what the ultimate
building blocks of nature are like.  The problem is like
a collection of nested eggs:  when each egg is opened,
another smaller one is found inside.  As the eggs
become smaller, they are more difficult to open.  Each
opening provides greater insights, but also raises new
questions.  Someday scientists may come to the last egg,
one that will prove to be the basis for everything, but so
far we have only hints about what the ultimate nature of
matter is like.

Thus, each successive model of matter provides
new insights and opens new possibilities.  These
insights and possibilities simultaneously demonstrate
the correctness of our understanding and provide useful
new ways to organize and use the materials found in
nature.  The models appear to be valid and useful, even
though they are not as complete as we might wish.

Molecules

In the Molecular Model, matter is assumed to be
composed of tiny particles called molecules.  Each kind
of matter has a different kind of molecule—one for
hydrogen, another for water, still another for sugar, and
so on (Fig. 11.1).  Molecules are so small that they can-
not be seen even with the most powerful optical micro-
scopes, although some of the larger molecules have
been “seen” in recent years with electron microscopes
(Color Plates 1 and 2).  Indirect measurements, howev-
er, have given us considerable information about the
size, shape, and internal makeup of many molecules.

The molecules in matter are in constant motion,
interacting with each other and their surroundings
through electromagnetic interaction.  Because of these
motions, the theoretical framework of the Molecular
Model of Matter is often called the Kinetic Theory of
Matter, and it is used to explain large-scale properties
of matter.

Molecules move and interact, in accord with the
laws of motion and the laws of force as well as the con-
servation principles.  The great success of the Molecular
Model lies in its ability to explain the properties of mat-
ter in terms of physical laws, which are already under-
stood and which can be tested using larger chunks of
matter.  

Brownian Motion

When small objects in fluids—such as dust parti-
cles in water—are observed through an optical micro-
scope, they appear to be in constant, irregular motion in
random directions (Fig. 11.2).  This is called Brownian
Motion, in honor of Robert Brown, who first described
it in 1827.
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Figure 11.1.  Representations of the shapes of some simple molecules.



Figure 11.2.  Dust particles seen through a microscope
are in constant, irregular motion.  Why?

At first, Brownian Motion seems mysterious—the
particles do not appear to touch, yet they are obviously
interacting with something.  The motions are typical of
collision-type contact interactions.  The motion must be
a result of the interaction between the particles and the
fluid that surrounds them.

The Molecular Model provides an obvious expla-
nation.  The visible particles are being bombarded by
the “invisible” molecules of the fluid in a random way.
The motion of the visible particles reveals the presence
of the molecules.

Although this phenomenon had been known since
early in the 19th century, only in 1905 did Albert
Einstein properly explain it in terms of the Molecular
Model.  Einstein’s successful explanation of Brownian
Motion is one of the important proofs of the validity of
the Molecular Model and the existence of molecules.

The States of Matter

The Molecular Model suggests a straightforward
explanation for the existence of the various states of mat-
ter.  The molecules in solids must be attached rigidly to
one another.  The attractive forces are due to the electri-

cal interaction.  Further, the arrangement of charged par-
ticles within the molecules determines the physical
arrangement of the molecules in solids (Fig. 11.3).

Molecules in liquids are still in contact with each
other, but they are no longer held rigidly in place.
Instead, they are free to roll around each other and to
move from place to place. The arrangement of mole-
cules in a liquid state is much like that of many small
ball bearings in an open box.  These can be poured from
one box to another and assume the shape of their new
container.  They exert forces on each other and on the
sides of the container and are free to move about if they
are agitated, perhaps by someone shaking the box.
Many of the properties of liquids can be understood by
imagining the behavior of such small balls.  But unlike
the ball bearings, molecules are attracted to each other
by the same forces that would hold them together in the
solid state.

In gases, the molecules are usually some distance
from each other.  They move through space almost as if
they were free particles.  They may collide with each
other and with the walls of their container, but they
spend most of the time free from outside influences
other than gravity.  Whereas the molecules in solids and
liquids fill the volume of the material almost complete-
ly, the molecules in a gas may fill only one-tenth of one
percent of the total volume—most of the volume is just
empty space.  This is why and how gases can expand to
fill any container.

The Molecular Model also suggests a simple expla-
nation for the changes of state that occur in all materi-
als.  The key is to remember that changes of state are
always associated with changes in energy.  Energy must
be added to a solid if it is to become a gas.  Imagine the
molecules in a solid, perhaps with little energy.  The
molecules are almost at rest, vibrating rather slowly
with respect to one another.  As the molecules receive
energy, they vibrate more rapidly than before, even
though the forces holding the molecules together may
be strong enough to keep them in position while they
are moving.  If the molecules move enough (i.e., if they
receive enough energy), the attractive forces between
them will not be able to hold them near fixed positions.
When this happens, the solid melts and becomes a liq-
uid.  The molecules do not have enough energy to sep-
arate from one another, but they do have enough energy
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to break the rigid bonds associated with fixed arrange-
ments.  If the molecules in the liquid continue to receive
energy, their kinetic energy and their speed continue to
increase.  If they move fast enough, they finally can
escape completely from the attractions of their neigh-
bors.  They then leave the liquid and travel as free par-
ticles until they encounter the walls of the container.  In
this gaseous state the molecules are traveling quite
fast—faster than the speed of sound (about 720 miles
per hour).

The Molecular Model of a liquid can also explain
evaporation at temperatures lower than boiling (Fig.
11.4).  The molecules are moving about, sliding over
one another and colliding with one another in random
ways.  As a result of these collisions, the molecules do
not have the same speed.  Sometimes one will be
bumped in such a way to give it a rather high speed,
while another will have a much lower speed.  The total
energy stays the same, but some molecules have more
energy than others.

Figure 11.4.  How can molecules escape from a liquid
when it is not hot enough to boil?

Imagine what would happen if one of these
high-speed molecules were near the surface of the liq-
uid, particularly if it were moving away from the bulk
of the molecules the liquid is composed of.  If the mol-
ecule were going fast enough, it would escape from the
attractions that hold it to its neighbors and keep going,
leaving the liquid surface and entering the space above
it.  This is exactly what happens when a liquid, such as
water, evaporates.  The faster moving molecules escape
from the liquid surface.

The molecules of a gas frequently collide with
each other.  At ordinary energies, these collisions are
elastic.  The molecules bounce off each other just as if
they were little, hard rubber balls.  If they are moving
fast enough, however, these collisions can actually
break the molecules apart, sometimes separating the
charged particles they are composed of.  When this
happens, the gas becomes a plasma and begins to emit
light as the charged particles again combine into neu-
tral combinations.

Finally, the Molecular Model suggests why some
materials are easier to melt or vaporize than others.
Molecules that are strongly attracted to each other
would need considerable energy to escape that attrac-
tion, whereas those that are weakly attached would be
separated with less energy.  The model is not sophisti-
cated enough to help predict in advance which mole-
cules would have the stronger attractive forces, but it
does explain that melting and boiling temperatures are
related to the strength of the attraction of molecules for
each other.

Internal Energy and Temperature

We previously identified one of the important forms
of energy as internal energy.  It was given this name
because the energy seemed to be somehow locked up
inside matter.  The Molecular Model can explain internal
energy in terms of more familiar kinds of energy. 

Our first observation is that molecules must be
moving.  Their motion is associated with kinetic energy,
just as is the motion of a moving baseball or a moving
truck.  The molecules are so tiny, however, that each one
has only a short distance to travel before it experiences
a collision and changes direction.  Any collection of
molecules large enough to see contains trillions of bil-
lions of molecules, all moving in different directions
and each having a small amount of kinetic energy.  For
example, the molecules in a table are vibrating violent-
ly.  Each is traveling faster than any automobile or most
airplanes.  Yet the table seems to be at rest, with almost
no manifestation of its internal turmoil.  This internal
kinetic energy represents an important part of the inter-
nal energy of any material.  Internal kinetic energy is
usually called heat, or thermal energy, for reasons that
should become clearer as we proceed.

The second form of internal energy is electrical
potential energy associated with the interaction between
molecules. We know from our molecular understanding
of melting and boiling that molecules attract each other.
Remember that attracting objects have more potential
energy when they are farther apart. The same is true of
molecules.  The potential energy associated with the
attractive forces between molecules is another impor-
tant part of internal energy.

Additional internal energy is associated with the
motions and forces within the molecules themselves.
We are not quite ready to discuss the details at this
point, but this is the energy involved in all chemical
reactions.

Now we can see that internal energy is really not a
unique form of energy at all; it is just the same kind of
kinetic energy and electrical potential energy that we
have previously identified.  The only difference is that
internal energy occurs on a molecular scale, each mole-
cule making a small contribution to the total energy of
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the whole.  Certainly, we would not think of trying to
measure the kinetic energy of each molecule and then
adding all of these to calculate the total energy in any
sample of matter.  It is much easier to measure the
large-scale manifestations of internal energy, such as
temperature and physical state.  Nevertheless, in princi-
ple at least, internal energy is the same as the ordinary
kinds of energy we deal with when we study the
motions of larger objects.

With this insight, we can complete Figure 7.10,
which represents the various kinds of energy.  The result
is Figure 11.5.  Potential energy is associated with all
the forces of nature, but there are no significant micro-
scopic manifestations of gravitational potential energy
and no macroscopic examples of nuclear potential ener-
gy.  With those exceptions, these kinds of energy may
be summarized by saying that there are microscopic and
macroscopic forms of kinetic energy, three kinds of
potential energy, and rest-mass energy.  The figure lists
some common examples but is not exhaustive.

We have previously noted the connection between
temperature and internal energy.  Generally, higher tem-
perature is associated with higher internal energy.  We
now see that internal energy has several components,
each representing a particular type of microscopic ener-
gy.  Molecular kinetic energy is associated with temper-
ature.  Temperature is a measure of the average mole-
cular kinetic energy of any collection of molecules.
(The average is used because the molecules in any sam-
ple of matter do not all have the same speed and, there-
fore, do not all have the same kinetic energy.)

These ideas can be combined to help understand a

fairly common phenomenon: cooling through evapora-
tion.  Wet one finger and hold it in the air.  As the water
evaporates, your finger feels cooler.  This occurs
because the faster molecules in the water are the ones
that escape; the slower ones with less kinetic energy are
left behind.  The average kinetic energy of the remain-
ing molecules is less than the average kinetic energy
before the faster ones left.  Thus, the temperature of the
water is reduced as evaporation takes place. Thermal
energy decreases, but what form of energy increases to
conserve energy?  The electrical potential energy of the
molecules that evaporate is increased as they are sepa-
rated from one another.  This increase in electrical
potential energy is shown in Figure 11.6 as a change in
physical state from liquid to gas.

Figure 11.6.  How is the internal energy of water vapor
different from that of ice?

Heat Conduction

We have previously described heat conduction as
the process by which internal energy is transferred from
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one object to another because of differences in temper-
ature; two objects of different temperature eventually
will come to the same temperature if allowed to remain
in contact long enough.  The Molecular Model explains
what is happening and why.

The molecules of the hotter object have more kinet-
ic energy on the average than those of the colder object.
At the points of contact, the molecules of the one are
colliding with those of the other.  In those collisions,
energy is transferred from molecules with more energy
to molecules with less energy.  The speeds of the mole-
cules in the cooler object are increased, and the temper-
ature of the object rises.  The molecules in the warmer
object, having lost some of their energy, are slower than
before.  Since the average kinetic energy of its mole-
cules is reduced, its temperature drops.  The process
continues until the average kinetic energy of the mole-
cules in the two objects is the same.  At this point colli-
sions still occur at the contact points, but no average
transmission of energy from one object to the other
occurs.  Thus, heat conduction is just the transfer of
molecular kinetic energy from molecules with more
energy to molecules with less energy.

To visualize these ideas, consider the heat conduc-
tion through a glass window on a cold day (Fig. 11.7).
The outside air and the glass window both have lower
temperatures than the inside air.  The inside air mole-
cules, with more kinetic energy, collide with the surface
layers of molecules in the glass.  These experience an
increase in kinetic energy that is transmitted, by colli-
sions between molecules within the glass, through the
entire layer of glass.  Collisions occur between the ener-
getic molecules near the outside surface of glass and the
less energetic air molecules adjacent to that surface.
These collisions transmit kinetic energy to the outside air.

Figure 11.7.  How does heat transfer through a window
occur?

The average kinetic energy of molecules, not their
speed, comes to equilibrium in such situations.  The
glass molecules in this example have considerably more
mass than do the air molecules.  When they reach the
same temperature, the air molecules are moving much
faster than the glass molecules because of the depen-
dence of kinetic energy on mass as well as speed.  The
less massive air molecules simply must move faster to
have the same kinetic energy.  It is this equality of aver-
age kinetic energy at thermal equilibrium that leads us
to associate temperature with kinetic energy, not with
speed or some other measure of the molecular motion.

Properties of Gases

Matter in the gaseous state exhibits several proper-
ties that can be understood using the Molecular Model.
The molecules in gases are far enough apart that their
mutual attractive and repulsive forces are unimportant,
except during the brief intervals while they are colliding
with each other and with the walls of their container.
Thus, gas molecules move almost as free particles
between collisions.  Further, as long as the temperature
is low enough so no permanent damage is done, the
details of the collisions are not important when consid-
ering the external behavior of the gas.

Molecular kinetic energy is the most important
form of internal energy in the physical behavior of
gases.  As temperature increases, the internal energy
increases in a predictable way.  These predictions have
been verified by measuring the masses and speeds of a
variety of gas molecules at different temperatures.

Since the speeds of molecules at various tempera-
tures can be measured and predicted, one can estimate a
temperature at which they would have no speed at all—
at which they would be completely at rest.  This is
called the absolute zero of temperature and is found to
be just below -273 °C (-460 °F) for all gases.  Absolute
zero represents a lower limit of temperature at which all
materials have the least possible internal energy.

The forces that gases exert on their surroundings
can also be understood in terms of the Molecular
Model.  Such forces are often described in terms of
pressure, or force per unit of area.  For example, the air
above a table pushes down on the table with a force of
about 15 psi (pounds per square inch), or about 1 ton per
square foot.  The air in an automobile tire pushes out-
ward with an additional force of about 30 psi, thus sup-
porting the car and preventing the tire rim from falling
to the road surface.

Gas pressure is caused by the collisions of the gas
molecules with the surface experiencing the force.
Suppose you were to throw a tennis ball against a wall.
During the collision there would be a small force exert-
ed on the wall and the ball that would last only a short
time and probably would have no appreciable effect.
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Suppose, however, that you had some mechanism for
throwing thousands of tennis balls at the wall, picking up
each and rethrowing it after rebounds.  The force from
all the balls would add together to provide a continuous
and considerably strong push on the wall.  This is the
way that gases exert force—through the combined effect
of billions of billions of small collisions (Fig. 11.8).

Figure 11.8.  How do the hot gases in an automobile
cylinder exert pressure on the piston?

With these ideas you can understand another com-
mon occurrence.  Gas pressure increases with tempera-
ture.  For example, if you measure the pressure in your
car tires when they are cold and after traveling several
miles so they are hot, you will find the pressure to be
significantly higher in the hot tires.  In terms of the
Molecular Model, the hotter molecules  move faster and
collide harder with the tire walls than do the slower
molecules in cooler air (Fig. 11.9).

It is possible, using the Molecular Model and the
laws of motion, to predict the pressure that would be
exerted by any sample of gas molecules on the walls of
its container.  The prediction is, as we would expect,
that the pressure should increase with temperature. 

Another prediction of the model is that equal num-
bers of molecules in equal volumes at the same temper-
ature would exert the same pressure no matter what the
mass of the individual molecules might be.  (This result,
known as Avogadro’s Hypothesis, was first suggested

in 1811 by Amadeo Avogadro to explain some of the
details of chemical reactions.)  Suppose, for example,
that the molecules of one gas have 100 times the mass
of another and that both gases have the same number of
molecules confined inside containers that have the same
volume.  As long as the temperatures are equal, the pres-
sures exerted by the two gases on the walls of the con-
tainers are predicted by this theory to be the same.

At first this result seems a bit surprising.  Anyone
knows that, other things being equal, a collision with a
more massive object involves more force.  We have to
remember, however, that all other things are not equal
between these two gases.  The two sets of molecules
have the same temperature and, therefore, the same
average kinetic energy.  That means that the ones with
more mass are moving slower—in this case, about
one-tenth the speed of the lighter molecules.  Each col-
lision of a heavy molecule exerts ten times as much
force as does each collision of a lighter one.

We can understand the theoretical prediction that
the pressures are the same by noticing that the smaller
molecules, moving ten times as fast, strike the contain-
er ten times as often.  These factors taken together allow
us to predict that the total forces exerted by the two sets
of molecules on the walls of their containers have exact-
ly the same strength.

Change of Physical State

When matter changes from one physical state to
another, there must be a systematic reorganization of the
molecules within the matter.  As a result, there are
accompanying changes in the internal energy of the
matter.  For example, if we want to change the physical
state of water from solid to liquid, we must add internal
energy to the ice.  However, as matter changes physical
state, a peculiar thing happens.

Imagine that we have created a mechanism to
remove internal energy from water at a slow but constant
rate.  If we begin with water at room temperature, we
notice that the temperature falls as we remove internal
energy (see Fig. 11.10).  The falling temperature tells us
that at least some of the internal energy that is being
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removed comes at the expense of internal kinetic energy
of the molecules because the decreasing temperature is a
measure of the average kinetic energy of the molecules.
However, when we reach the freezing point of water, the
temperature no longer changes even though we continue
to remove internal energy at the same rate from the
water!  This means that the internal energy being
removed at this point must come at the expense of the
electrical potential energy of the molecules as they reor-
ganize themselves from liquid to solid state. 

The amount of internal electrical potential energy
that we remove during this change of state at constant
temperature is called latent (“hidden”) heat.  When the
water changes from gas to liquid or from liquid to solid,
the molecules must “dump” the latent heat to the sur-
rounding environment.  On the other hand, when the
water changes from solid to liquid or from liquid to gas
at constant temperature, an amount of energy equal to
the latent heat must be added to the internal electrical
potential energy of the water molecules.  The change of
physical state from liquid to gas, which occurs at the

constant boiling point temperature, is not to be confused
with evaporation which may occur in principle at any
temperature and, in fact, is often associated with a cool-
ing effect which changes the temperature.

When water droplets freeze to form snowflakes in
a winter storm, the water molecules release the latent
heat to the surrounding molecules of air (nitrogen, oxy-
gen, carbon dioxide).  The air molecules experience an
increase in kinetic energy, and a corresponding warm-
ing trend occurs.  (However, the warming trend may be
masked by movements of warm and cold air which usu-
ally accompany the storm.)  Similarly, the release of
latent heat at the earth’s inner core as molten iron solid-
ifies to form the inner core provides energy to keep the
outer core hot enough to remain in the liquid state.

It is estimated that about one-sixth of the solar
energy reaching the earth is stored as internal energy of
water vapor (gas) in the atmosphere.  When the water
condenses to form raindrops (liquid), the latent heat
must be released.  This enormous amount of energy is
collected over the oceans but dumped over the land as
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the water condenses, releasing energy to drive the mon-
soon weather patterns that provide moisture and suste-
nance to nearly half the people of the earth who live in
India, Asia, and parts of Africa.

Summary

The Molecular Model of matter is rather simple.
There are no sophisticated assumptions about the struc-
ture of molecules, nor about their interactions with each
other.  Even so, the model successfully explains such
widespread phenomena as changes of state, changes in
internal energy, the relationship between internal energy
and temperature, heat conduction, gas pressure, and
Brownian Motion.  We have not shown the mathemati-
cal details, but the quantitative agreement between the
predictions of the model and experimental observations
is impressive indeed.  No other model of matter can
explain such a wide range of phenomena with such pre-
cision.  The Molecular Model by itself, however, does
not explain all the details of chemical reactions.  For
these, it is necessary to have more information about the
structure of molecules themselves.  We will see that
chemical reactions involve changes in these structures.

Historical Perspectives

The idea of an “atom” can be traced to the Greek
philosophers Democritus and Leucippus, who lived
about 450 B.C.  Atoms were conceived to address the
question of what it was about the world that was eternal.
Atoms (as the word itself means) were “uncut” and had
no parts, and hence were not subject to deterioration,
change, or internal rearrangement.  Atoms were eternal
things in a world of change.

Atoms were also very tiny.  So for well over 2000
years they persisted as an idea, but always with the
skepticism aroused by something that cannot be seen.
Our modern concept of atoms and molecules began to
come into focus as the result of the study of the behav-
ior of gases.  How is it that gases exert pressure?  If you
compress the gas, why does its temperature rise?  If the
compression is done while holding the temperature con-
stant, why does the pressure increase?

Robert Boyle (1627-1691) was the seventh son and
fourteenth child of the Earl of Cork, Richard Boyle.  As
a child he learned Latin and French.  At eight years of
age he was sent to school at Eton, and at age 11 he trav-
eled abroad with a French tutor.  Visiting Italy in 1641,
he studied “the paradoxes of the great stargazer,”
Galileo.  Besides being a prolific natural philosopher,
Boyle was interested in theology.  He learned Hebrew,
Greek, and Syriac to pursue his scriptural studies.  At
his death he endowed in his will the Boyle lectures for
proving the Christian religion against the infidels—
Jews, Moslems, atheists, and pagans.  He added the pro-

viso that controversies between Christians were not to
be mentioned in the lectures. 

By 1662 Boyle had discovered that, at constant
temperature, the product of the pressure times volume
of a gas is a constant.  Decrease the volume and the
pressure increases by a prescribed, predictable amount
and vice versa.  He offered two possible explanations in
terms of atoms, though neither was original with him.

First, the air might consist of compressible particles
like little tufts of wool that were at rest and touching one
another.  When compressed, the little tufts would act
like springs and exert repulsive forces.  Heating the gas
corresponded to adding a substance called “caloric,”
which flowed in to surround the atoms.  The caloric
caused an increase in the intensity of the repulsion and
caused the gas to expand or to exert more pressure.  It
was a little harder in this model to account for the abil-
ity of the atoms to expand to fill whatever space they are
allowed, as gases are observed to do.

Boyle’s alternative model (later developed by
Daniel Bernoulli in 1738) was that atoms were not con-
tinually touching, but rather were suspended in a fluid
and were in violent motion, exerting pressure as a result
of collisions with one another and with the walls of the
container.  But it seemed difficult to imagine getting
Boyle’s simple relationship between pressure and vol-
ume from chaotically moving particles.

The concept of atoms was simplistic until John
Dalton (1766-1844)—a poor, largely self-taught
Englishman—rose to fame for his basic studies in what
was to become the science of chemistry.  Although
Dalton had an erroneous conceptual framework and was
misled by his own sloppy experiments, he proposed the
idea first that there were to be atoms of different kind and
size for each pure substance.  Dalton also admitted the
combination of two or more atoms to form compound
atoms (molecules), which were spherical structures with
the centers of the constituent atoms in close proximity
and surrounded by a sphere of caloric.  Atoms (or mole-
cules) of a given substance were taken to be identical.  

It wasn’t until the generalized Law of Conservation
of Energy and the equivalence of mechanical work and
heat had been established in the period following 1842
that people returned to Boyle’s second model (as it had
later been elaborated by Daniel Bernoulli).  With the
notion of caloric in disrepute, James Joule turned to the
kinetic (motion) theory of heat and began to give some
of the qualitative explanations for phenomena in terms
of moving molecules, much as we have done in this
chapter.  Starting in 1857, Rudolf Clausius (Germany),
James Clerk Maxwell (Britain), and Ludwig Boltzmann
(Austria) provided the quantitative tests of the theory.
In this work the molecules of gases were finally put into
rapid and chaotic motion, moving in straight lines at
constant speed until they struck one another or the walls
of the container.
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Despite the success of this work, the molecules
were still invisible, and some chemists (notably early
Nobel Laureate Wilhelm Ostwald) remained uncon-
vinced of their reality until Einstein’s quantitative theo-
ry of Brownian Motion in 1905.

(Adapted from Gerald Holton, Introduction to
Concepts and Theories in Physical Science, 2nd
Edition, Princeton University Press, 1985, pp. 295-348.)

STUDY GUIDE
Chapter 11: The Molecular Model of Matter

A. FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.  Chapters 3-8 discuss the laws of
force, motion, and conservation that govern the
behavior of molecules.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. The Molecular Model of Matter: The essential
defining characteristics of the Molecular Model
are:  (a) Matter consists of tiny particles called mol-
ecules.  (b) Each different kind of matter consists of
a different kind of molecule.  (c) The molecules in
matter are in constant motion.  (d) Molecules move
and interact in accord with the laws of motion, the
laws of force and the laws of conservation applica-
ble to motion.

2. How is Brownian Motion explained?
3. How are the different states of matter and changes

between states explained?
4. What is temperature and how is it related to inter-

nal energy?
5. How can heat conduction be explained?
6. How is the pressure in a fluid explained?

C.  GLOSSARY
1. Brownian Motion: The constant, irregular motion

of very fine particles (such as fine dust or smoke)
suspended in a fluid and observed with a micro-
scope.  Brownian Motion is taken as evidence for
molecules, which collide with the observed parti-
cles and cause the jittery motion.

2. Evaporation: The process by which a liquid loses
molecules from its surface and thus changes (at
least, in part) from the liquid physical state to the
gaseous physical state.

3. Heat Conduction: The transfer by physical con-
tact of molecular kinetic energy from a material
consisting of molecules with more average energy
to a material consisting of molecules with less aver-
age molecular kinetic energy.

4. Internal Energy: The kinetic and electrical poten-
tial energy of the molecules within a sample of
material.

5. Latent Heat: Internal electrical potential energy

that must be added to or removed from matter as
molecules undergo systematic reorganization in a
change of physical state at constant temperature.
Latent heat must be removed to change matter from
gas to liquid or from liquid to solid.  An amount of
internal energy equivalent to the corresponding
latent heat must be added to change from solid to
liquid or liquid to gas.

6. Molecules: The tiny constituent particles of which
matter is composed.  An atom may be a molecule,
but not all molecules are atoms.  Within the
Molecular Model of Matter, however, the size,
shape, and structure of molecules are not specified.

7. Pressure: Force per unit area.  The pressure exert-
ed by fluids, in particular, arises from the force
exerted by the collision of their molecules with a
surface or with each other.

8. Temperature: A measure of the average kinetic
energy of molecules in a material.

9. Thermal Energy (or heat): That portion of inter-
nal energy which is associated with the kinetic
energy of molecules.

D. FOCUS QUESTIONS
1. For each of the following:

a. Outline the main elements of the Molecular
Model of Matter.
b. Describe the experiment or the phenomenon
in terms of the Molecular Model.  If an exper-
iment is involved, describe it and the observed
results.

(1) Brownian Motion.
(2) A wet finger is held up into the wind.
The finger feels cold.
(3) A glass thermometer is placed into a
cold pan of water.  The water is at a lower
temperature than the thermometer. 
(4) A cold object is placed in contact with
a hot object.
(5) Pressure exerted by a gas.

E.  EXERCISES
11.1. What is actually “seen” when Brownian

Motion is observed?

11.2. How would you expect Brownian Motion to
change if the temperature were increased?

11.3. What is meant by “Brownian Motion”?

11.4. How is Brownian Motion explained by the
Molecular Model?

11.5. Using the Molecular Model, explain why
gases readily change volume when pressure is applied
while liquids and solids do not change volume appre-
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ciably, even under enormous pressure.

11.6. Using the Molecular Model, explain why
solid materials resist changes in shape, while liquids
readily assume the shape of their container.

11.7. Using the Molecular Model, explain why
evaporation takes place more rapidly at high tempera-
ture.

11.8. What is meant by the Molecular Model of
Matter?

11.9. What is meant by the Kinetic Theory of
Matter?

11.10. Explain how the different properties of
solids, liquids, and gases are accounted for by the
Molecular Model of Matter.

11.11. Using the Molecular Model of Matter,
describe what happens when a solid melts.

11.12.  In terms of the Molecular Model, describe
how evaporation takes place.

11.13. Two gases have the same temperature, but
the molecules of one have more mass than the mole-
cules of the other.  In which gas are the molecules trav-
eling faster?

11.14. The temperature of boiling water does not
rise above 100 °C until all the water has evaporated,
even though considerable energy is added to the water
during this time.  Where does the energy go?

11.15. The temperature outdoors often rises just
before it starts to snow.  Why?

11.16. Describe the energy changes that occur
when an ice cube melts in a glass of warm water.

11.17. How is the internal energy of water vapor
different from that of ice?

11.18. Using the Molecular Model, describe how
the temperature of the mercury in a mercury-in-glass
thermometer is increased when the thermometer is
placed in a hot liquid.

11.19.  A common practice for insulating windows
is to use two pieces of glass with a layer of air between
them.  Using the Molecular Model, explain why less
heat conduction would occur for this arrangement than
if the two pieces of glass were touching.

11.20. Describe how heat conduction occurs as
explained by the Molecular Model.

11.21. Exactly what is the “internal energy” of a
gas?  What is different about the motion of the mole-
cules in a gas if the internal energy of the gas is
increased?

11.22. The pressure of all gases rises when their
temperature is increased.  For example, the air pressure
in the tires of a car is higher when the tires are hot than
when they are cold.  Using the Molecular Model,
explain why this is so.

11.23. What is meant by the “temperature” of a
gas?  What is different about the motion of the mole-
cules in a gas if the temperature of the gas is increased?

11.24. Using the Molecular Model of gases, explain
how a gas exerts pressure upon its surroundings.

11.25. What is meant by the “absolute zero of tem-
perature”?

11.26. Two different gas samples, A and B, are con-
tained in identical containers at the same temperature.
Each has the same number of molecules, but each mol-
ecule of A has 64 times as much mass as each molecule
of B.

(a) In which sample are the molecules moving
faster?
(b) In which sample do the individual molecules
exert more force as they strike the walls of the con-
tainer?
(c) In which sample are there more collisions
between molecules and walls?
(d) In which sample is the pressure larger?
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Before proceeding further, we need to discuss one
additional universal law:  the Law of Increasing
Disorder.  Although more subtle than the laws previous-
ly described, this law is just as important because it sig-
nificantly limits our actions and capabilities.  For exam-
ple, proposed solutions to problems involving environ-
mental pollution and the use of energy must take this
law into account.  The Law of Increasing Disorder
explains impossibilities in some proposed solutions that
otherwise seem possible.

Irreversible Processes

Almost all of the spontaneous processes in nature
proceed only in one direction; the reverse process does
not occur if outside influences do not interfere.  For
example, an ice cube melts in a glass of warm water
(Fig. 12.1).  A rolling ball comes to rest.  A ripe apple
gradually decays.  We never see an ice cube sponta-
neously form in a glass of warm water, a ball suddenly
start rolling by itself, or a rotten apple become whole-
some.

Figure 12.1.  An ice cube in a glass of warm water.
Which event occurs first if the system is left to itself?
Why could the other not have been first?

Processes that spontaneously occur in one way but
never in exactly the reverse way are called irreversible
processes.  A simple test of whether a process is irre-
versible is to imagine a movie of the process (Fig. 12.2).
When the movie is run forward, the process is shown in
the way that it actually occurs in nature.  When the
movie is run backward, however, the reverse process is
shown.  If running the movie backward shows a process
that could not happen spontaneously, the original
process is irreversible.  

Irreversible processes present us with a puzzle.
Why can they occur in one direction as time changes but
not in the reverse direction?  Some fundamental law
must prevent such processes from reversing themselves.

Nothing in the laws we have discussed to this point
explains why some events are irreversible.  The laws of
motion apply equally well to the reverse processes as
they do to the originals.  Energy could be conserved
both ways.  A melting ice cube cools the water in which
it is placed.  If the ice were to form again spontaneous-
ly, energy would be conserved by the remaining water
becoming warmer, returning to its original temperature.
In the case of the ball, the kinetic energy of the rolling
ball is dissipated to thermal energy as the ball slows and
eventually stops.  The ball and the surface it rolls on are
both warmer than before.  If the ball were suddenly to
start rolling again, its kinetic energy could presumably
come from this thermal energy, the ball and surface
becoming cooler as the ball rolls faster.  All the other
laws and principles can be accommodated in about the
same way.  None of them prevents any process from
reversing itself.  According to the laws we have studied,
all processes should be reversible, yet most are not.
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Order and Disorder

An important clue regarding irreversible processes
comes from consideration of the following example.
Imagine a bottle partly filled with red and white sand
that is separated into two distinct layers (Fig. 12.3).
Suppose that someone shakes the bottle and mixes the
colored sand.  The boundary between the two colors
disappears; the original ordered arrangement is
destroyed and is replaced by a completely disorganized,
random arrangement of sand grains.  Further, no amount
of shaking restores the sand to its original ordered
arrangement.  The process by which the sand is mixed
is an irreversible process.

Why can’t the sand be shaken back to its original
configuration?  One answer is that “order” has been lost
and has been replaced by “disorder.”  Somehow the dis-
order of this system has been increased and cannot be
reduced by more shaking.  All irreversible processes
have this same characteristic—disorder increases as the
process occurs.  Order never spontaneously increases in
isolated systems.  This suggests a fundamental law of
nature that might appropriately be called the Law of
Increasing Disorder:  

Changes occurring in natural systems always
proceed in such a way that the total amount of
disorder in the universe is either unchanged or
increased.  If total disorder is increased, the
process is irreversible.

This law is usually known as the Second Law of
Thermodynamics.  (The Law of Conservation of Energy
is known as the First Law of Thermodynamics.)

We can illustrate this law by considering once again
the examples of irreversible processes we began this dis-
cussion with (Fig. 12.4).  The loss of order that occurs in
the decaying apple seems obvious.  The molecules of
which the apple is composed were originally arranged in
an orderly array.  The later arrangement seems disorga-
nized, particularly in the last stages of decay when the
materials are actually dispersed in the earth and atmos-

phere.  Significant changes also occur on the molecular
level—the complicated and highly organized carbohy-
drate molecules of the healthy apple break down into the
simpler molecules of water and carbon dioxide.

Sometimes we have to look more carefully to dis-
cern that the relative order and disorder in a system are
changing.  Consider once again the ice cube in a glass
of warm water.  The important clue here is the organi-
zation of energy in the system.  The main difference
between the ice and the water is that the molecules in
the ice have less average energy than the molecules in
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Figure 12.3.  Shaking the bottle destroys the original order.  How long must you shake before you restore order?

Figure 12.4.  How is one arrangement in each case more
organized than the other?

 



the water.  Thus, the energy in the ice and water combi-
nation is “organized” so that the molecules with less
energy are mainly in one place (the ice cube) and the
more energetic molecules are elsewhere (the water).  As
the melting proceeds, the molecules are mixed; fast and
slow molecules are distributed throughout the system.
The average energy is less than the average energy in
the original water (but greater than in the ice cube), so
the temperature of the water is cooler than before the ice
melted.  The original organization has been lost and
cannot be put back together again.  In some ways the ice
cube and water are much like the layers of colored sand,
except that the water molecules were originally separat-
ed on the basis of energy rather than color.

The organization associated with a ball rolling on a
table is even more subtle.  As the ball rolls, the veloci-
ties of its various parts are organized in a specific way.
Each piece of matter revolves about the center of the
ball in a regular, organized motion.  After the ball stops,
the total energy is the same as before.  The pieces of the
ball (and the table) are still moving, but the directions of
the motion are random.  Instead of being organized as
before, the particles are moving in the completely dis-
organized patterns characteristic of thermal energy.
Again, disorganization increases as the ball moves more
slowly and eventually stops.

Scientists use a quantity called entropy to measure
disorder. Elaborate rules for calculating and measuring
entropy are available.  Simply stated, high entropy
implies a high state of disorder; low entropy implies a
low state of disorder.  In terms of entropy, the Law of
Increasing Disorder may be stated as follows:

Total entropy never decreases.  It increases in
irreversible processes and remains unchanged
in reversible processes.

Order and Energy

The study of the Law of Increasing Disorder was
initiated by those interested in energy use in industry
and transportation.  They wondered why their steam
engines, for example, had such low efficiency (about 10
percent).  Why was it not possible to convert all of the
internal energy of the steam into useful energy?

The answer is that forms of energy differ in the
degree to which they are organized.  We have already
seen some examples of this.  The energy in the rolling
ball had more organization than the same amount of
thermal energy that was present after the ball had
stopped.  The thermal energy associated with the ice
cube and warm water had more order than did the same
amount of energy after the ice cube had melted.  There
is a change in disorder in each case even though the
amount of energy does not change.

Figure 11.5 shows the degree to which the various

kinds of energy are organized.  The macroscopic forms
of  energy—kinetic energy, gravitational potential ener-
gy, and electromagnetic potential energy—tend to be
highly organized (or high-quality) forms of energy.  Any
of these can be transformed completely into one anoth-
er or into one of the other energy forms.  At the other
extreme, most processes end up as thermal energy at a
temperature about the same as the surroundings.  Thus,
ambient temperature thermal energy must be the most
disorganized (or lowest-quality) form of energy.  In
reality even thermal energy can be partly organized if
there are differences in temperature between parts of a
system, but the level of organization is still lower than
any of the other forms of internal energy.

Internal energy associated with chemical bonds,
excited atoms and molecules, and the physical states of
matter is more organized than thermal energy.  The
exact degree of organization depends on the physical
and chemical state of the material.  All physical and
chemical changes decrease the overall organization of
the system and its surroundings.

Finally, nuclear potential energy is the most orga-
nized of the internal forms of energy.  Once again, there
are differences in organization that depend on the exact
form of nuclear configuration.

It is useful to make a rough listing of these kinds of
energy according to the degree of order they tend to rep-
resent.  If we list them with the most ordered at the top
and the most disordered at the bottom, the Law of
Increasing Disorder dictates that a form of energy cannot
be totally converted to a form which is above it on the
list.  Equivalently, processes in nature that follow the
direction of the arrow of time will be processes which
accompany an overall trickling of energy downward
through the list.  We can make such a list, realizing that
in some specific circumstances the order may be differ-
ent.

1. Macroscopic kinetic and gravitational potential
energy
2. Nuclear potential energy
3. Electrical potential energy
4. Chemical potential energy
5. Ambient temperature thermal energy

Stars obtain the energy to shine from a release of
nuclear potential energy.  The energy is transmitted as
sunlight, part of which is taken up by plants in photo-
synthesis to become chemical potential energy.  When
the plant dies, the decay process passes the energy to the
environment as part of the random molecular motion
(thermal energy) of the ambient temperature.  The trick-
le of energy flows naturally with the arrow of time from
the top of the list to the bottom, from order to disorder.

The dependence of disorder on the chemical form
of energy has some interesting and important conse-
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quences.  For example, the disorder associated with
hydrocarbons (e.g., gasoline) and atmospheric oxygen
is fairly low.  These can combine chemically when
gasoline burns to yield carbon dioxide, water vapor, and
considerable thermal energy.  All of these are more dis-
organized than the original materials, so the process is
irreversible.  Disorder associated with various chemical
combinations is one of the important properties that
chemists study.  Here, however, our intuitive ideas
about measuring order and disorder are not adequate.
The more sophisticated term “entropy” is used in this
work.

Ways to Increase Order

At this point, we are ready to consider the circum-
stances under which things become more organized.
Such events seem to happen all around us.  After all, an

apple tree can organize an apple from seemingly disor-
ganized materials; the ice cube in a glass of water was
once water itself; every rolling ball was caused to roll.
Are these not violations of the Law of Increasing
Disorder?  

Such a question permits us to emphasize the word
total, which appears in our formal statements of the
Law of Increasing Disorder.  It is total disorganization
that is required to increase in any irreversible process.
It is perfectly legitimate for the disorder of one part of a
system to decrease as long as disorder increases even
more somewhere else.  The total disorder would then
increase in harmony with the requirement imposed by
the law.

Efficiency of a car, for example, is limited in this
way.  Gasoline, a substance with moderately organized
chemical potential energy, burns in the cylinders to yield
the high-temperature internal energy associated with the
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Figure 12.5.  Energy changes in a car when chemical potential energy in gasoline is converted into macroscopic kinet-
ic energy and low-temperature thermal energy.  Notice that the total energy is conserved, but that total disorganization
increases even though some of the energy is changed to kinetic energy.



hot gases that drive the pistons.  The disorder is now sig-
nificantly higher than in the unburned gasoline, so con-
siderable degradation has already occurred in the “quali-
ty” of the available energy.  However, this moderate-order
chemical potential energy also produces energy with the
most order of all—kinetic energy of the moving car.  If all
the energy of the hot gases were converted to kinetic ener-
gy, overall increase in organization would be significant.
On the other hand, if the hot gases were allowed to cool to
the ambient temperature of the engine, the organization
would decrease.  The key is to combine these two process-
es. Some of the energy can be converted to kinetic energy,
thereby increasing its order. If the rest of the energy
becomes thermal energy at the lower temperature, the dis-
order of that portion is increased.  The process works
because the increased disorder at least balances the
increased order so that the overall disorder does not
decrease (see Fig. 12.5).  The “efficiency” of the automo-
bile engine is the fraction of the input energy that the
engine converts to its primary purpose of providing
macroscopic kinetic energy.  Automobile engines are con-
strained by the Law of Increasing Disorder to an efficien-
cy of about 25-30 percent.

The operation of  refrigerators, air conditioners,
and heat pumps illustrates this principle in a slightly dif-
ferent way.  The function of such devices is to “pump”
thermal energy from a low-temperature region (the
inside of the refrigerator) to a higher temperature region
(the space outside the refrigerator). The order associat-
ed with this energy is thereby increased.  If the refriger-
ator were able to accomplish this transfer of energy
without outside influence, it would violate the Law of
Increasing Disorder.  No one has ever successfully con-
structed a device that could do this.

All cooling devices of this kind require a source of
high-quality, organized energy, such as electricity or
natural gas.  This energy becomes room-temperature
thermal energy as the device operates, with a corre-
sponding increase in its disorder.  (The refrigerator actu-
ally emits more thermal energy into the room than it
removes from the cold box.)  This increased disorder
more than balances the decrease associated with the
thermal energy transferred from the cooled region, so

that the total disorder of the system (refrigerator, sur-
roundings, and input energy source) increases in accord
with the Law of Increasing Disorder.

All “organizing” processes in nature have these
same characteristics.  If something is organized, some-
thing else must become even more disorganized so that
total disorder is increased (Fig. 12.6).

The “Energy” Crisis

There is much discussion these days about energy
“conservation.”  The term itself is misapplied.  Energy
is conserved automatically in nature.  We can do noth-
ing either to create more energy or to do away with any
that is already here.  In fact, we do not have a shortage
of energy.  The thermal energy in the oceans and solid
earth is more than we could ever use in any technology.

The problem we face is nonetheless real; however, it
is a problem of disorder rather than one of energy.  The
vast amount of thermal energy in the materials around us
is not useful, because its disorder is already at almost the
maximum level permitted by the earth’s temperature.
Our fossil fuel supply is important because it provides
our best supply of highly ordered energy.  When we burn
it, we do not lose its energy—we lose its order.  We do
not have an “energy crisis”;  what we have is a “disorder
crisis” or, more precisely, an “entropy crisis.”

The Efficiency of Energy Conversion

The Law of Increasing Disorder significantly limits
the efficiency of the various processes and machines
that convert energy from one form to another.  We
already have seen how automobile engines are limited
to efficiencies in the range of 25 percent.  Steam power
plants, which generate electricity by burning coal or
natural gas, and modern diesel engines both have effi-
ciencies around 40 percent.  Electric motors and gener-
ators, on the other hand, both have efficiencies exceed-
ing 90 percent, since these use high-quality (highly
organized) energy as input.  

The important point here is that these efficiencies
are limits that a fundamental law of nature imposes.
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Figure 12.6.  Any energy-organizing device divides energy into two parts, one more organized and the other less orga-
nized than before.  The total organization cannot increase.

 



They are not a penalty for poor engineering, nor can
they be improved much by better design of existing
types of machines.

Pollution

The problem of industrial pollution is also partly a
problem of increasing disorder.  Pollution itself usually
results from the dispersed by-products of industrial
activity.  The problem of control is basically one of
organizing these randomly dispersed materials so that
they are no longer bothersome or dangerous.  Of course,
as one component of our environment becomes more
organized, another must become more disorganized.
So to control pollution we usually must expend more of
our high-order energy sources (Fig. 12.7).

Industrialists have been trying to tell us for some
time that industrial processes involving pollution con-
trol require more highly organized energy than those
that do not require such control.  We must realize that
these processes are limited by the Law of Increasing
Disorder.  There is no way to have more pollution con-
trol with less energy degradation.  Only two ways exist
to have less pollution and simultaneously use less
high-quality energy:  one is to continue increasing the
efficiencies of industrial processes until they reach their
theoretical limit and the other is to reduce the level of
industrial production.  The latter may be an appropriate
choice, but at least we ought to evaluate realistically the
various possibilities that are consistent with the funda-
mental laws of nature.

On the other hand, pollutants would seem to be
most easily controlled when they are most organized—
that is, at the point where they are produced.  Once they

leave their source they become even more disorganized
as they disperse throughout the environment.  They then
require even more useful energy for control than would
be required earlier.

Equilibrium

When an isolated system reaches its state of maxi-
mum disorder, it is said to have reached thermodynam-
ic equilibrium. If left to themselves, natural systems
approach equilibrium.  A rolling ball, which slows and
finally stops, is an example.  In such cases, the system
changes so that its disorder continuously increases until
it reaches a maximum.  No further change occurs
because disorder cannot decrease spontaneously.

Equilibrium arrangements of many systems can be
changed by introducing outside influences.  For exam-
ple, the equilibrium reached after ice has melted in a
glass of water can be shifted the other way by placing
the glass in a freezer.  Most of our technology depends
on our ability to control equilibriums by introducing
highly organized energy into a system.

The universe as a whole seems to be following the
Law of Increasing Disorder and eventual equilibrium.
Highly organized forms of energy convert to more dis-
organized forms.  Hot regions become cooler, while
cold regions are becoming warmer.  Planets and stars
gradually become run-down, their kinetic energy being
converted to thermal energy by tidal effects.  The equi-
librium universe seems to be a situation in which every-
thing is at the same temperature, and all forms of ener-
gy are converted to internal energy.  No further ener-
gy-changing processes of which we know would then
be possible.  The equilibrium universe would be a dead
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Figure 12.7.  Why must energy be used if we are to control pollution?

 



universe.

Summary

Disorder may seem abstract at this point, but it is a
real and important entity in nature.  Without disorder
(and its mathematical expression, entropy), our descrip-
tion of the physical universe would be incomplete
because it should be evident that the Law of Increasing
Disorder is one of the important, far-reaching laws
required to understand the universe.  It limits and con-
trols our actions and the processes that occur around us
just as much as the laws of motion, the laws of force, or
the laws of conservation. 

The Law of Increasing Disorder (also known as the
Second Law of Thermodynamics) states that the total
amount of disorder in the universe always increases in
physical changes, thus creating a direction to time.  The
real processes of our everyday experience are invariably
irreversible processes.  They occur one way in time but
never exactly in the reversed way.

The disorder of molecular systems is a measure of
the degree of randomness of motion of the molecules,
the degree of mixing of species, or the degree to which
temperature differences have been eliminated by ran-
domizing the energy among the molecules.  In general,
in chemical reactions disorder is increased as the num-
ber of independent molecules is increased as a result of
the reaction.

In a rough way, forms of energy can be classified
according to their likely degree of order.  Macroscopic
kinetic energy represents coherent motion of very large
numbers of molecules and is, therefore, highly ordered.
In contrast, ambient temperature thermal energy repre-
sents completely random motion of very large numbers
of molecules and is highly disorganized.  In naturally
occurring and spontaneous processes, energy is trans-
formed from the ordered forms to the disordered forms.

It is important to understand that all the Law of
Increasing Disorder requires is that the total disorder of
the universe increase.  Thus, order may be created in a
subsystem of the universe if a more than compensating
amount of disorder is created elsewhere.  The operation
of engines and refrigerators illustrates this important
point.

If left to themselves, natural systems tend to a state
of maximum disorder.  This state is called “equilibri-
um.”  When equilibrium is reached, no further energy
processes are possible.  The universe as a whole seems
to be tending toward such an equilibrium state.

Historical Perspectives

The Industrial Revolution promised to put engines
to work to produce goods and stimulate commerce on a
scale never before possible.  In particular, the new steam

engine patented by James Watt in England in 1789 made
steam the servant of the human will.

The French physicist and engineer, Sadi Carnot
(1796-1832), went to work on the fundamental question
of determining how much motive power one could actu-
ally get out of a steam engine which was running in a
cycle of operations.  Is the efficiency of an engine lim-
ited and, if so, how is it limited?  Although Carnot died
of cholera at a relatively young age and, although he
actually published but one work in his brief career, we
credit him with discovering, in 1824, the unexpected
limitation on the efficiency of engines which we now
call the Second Law of Thermodynamics.  The law was
independently established by Rudolf Clausius in 1850,
but it was not until 1852 that it was publicized by
William Thomson (Lord Kelvin).  In 1852 the German,
Hermann von Helmholtz, pointed out another very
unexpected consequence:  The universe was using up all
its available useful energy. Within a finite time all
changes must cease, and the universe, with all its life,
would perish in what came to be called the “heat death.”
It was a disturbing thought.  Would all of man’s
achievement and progress come to naught in a new
Goetterdaemerung, albeit one far removed into the
future?

Isaac Newton’s legacy was a clockwork world
which operated according to law.  Newton himself,
however, saw God as the author and continual preserv-
er of the original forces and moving powers of the
world.  He wrote that the world is

not a diminution, but the true glory of His
workmanship, that nothing is done without his
continual government and inspection.  The
notion of the world’s being a great machine,
going on without the interposition of God, as a
clock continued to go without the assistance of
a clockmaker, is the notion of materialism and
fate, and tends (under pretence of making God
a supramundane intelligence) to exclude provi-
dence and God’s government in reality out of
the world.  (Quoted by Gerald Holton in
Introduction to Concepts and Theories in
Physical Science, p. 284.) 

But now the clockwork was discovered to be run-
ning down!  Where some people interpreted Brownian
Motion as evidence of some vital life force in matter,
the behavior of the world was increasingly being inter-
preted—and often very successfully—as atoms in
motion.  In 1830 Charles Lyell (1797-1875) published
his influential Principles of Geology, which held that
the earth had evolved over a long period of time and had
been shaped by quite natural processes of erosion.  In
1859 Charles Darwin (1809-1882) published his Origin
of Species, which again invoked natural processes to
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explain the variety of life on the earth.  The entire edi-
tion of 1250 copies was sold on the day of issue, and a
storm of controversy arose over the book.

The march of materialism was disturbing.  T. H.
Huxley, who defended Darwin’s right to be heard,
expressed his dismay in 1868:

The consciousness of this great truth weighs like
a nightmare, I believe, upon many of the best
minds of these days.  They watch what they con-
ceive to be the progress of materialism, in such
fear and powerless anger as a savage feels when,
during an eclipse, the great shadow creeps over
the face of the sun.  The advancing tide of mat-
ter threatens to drown their souls; the tightening
grasp of law impedes their freedom; they are
alarmed lest man’s moral nature be debased by
the increase of his wisdom.  (From the Collected
Essays of T. H. Huxley, quoted in Dietrich
Schroeer, Physics and its Fifth Dimension:
Society, Addison Wesley, 1972, p. 127.)

The Second Law of Thermodynamics was, in fact,
enlisted in the war against the evolutionists who envi-
sioned, with Darwin, that “man in the distant future will
be a far more perfect creature than he now is.”  In con-
trast, the Second Law argued for decay and degradation
and a dismal future for achievement and progress.

The debate continues to this day.  Some, like
Bertrand Russell in 1903, simply conceded to the
demonstrations of science and adopted a materialistic
philosophy that tried to find a ground for ethics in a pur-
poseless world.  Others took the view that the Second
Law meant that God must be “wholly other” than the
world, a Being out of time and space and, hence, free of
the Second Law.  But most people probably just ignored
the whole thing and weeded their gardens.

But Huxley’s statement above brings into focus
why religious leaders have grown very anxious about
the role of science in the world.  There is, indeed, a ten-
sion between the two that has its roots in the ways of
discovering truth.   Science places its faith in sensory
perception, the reasoned argument, and the controlled
and repeatable experiment.  With these tools it has been
strikingly successful in understanding the physical
world.  Religion, on the other hand, particularly values
authority and revelation.  With these, it has given mean-
ing and purpose to life and stirs feelings within the soul
of man, which science does not explain.

Finding the truth about the world is much like
putting together a very complex picture puzzle:  some
pieces fit together quite nicely; others do not.  Some
pieces may not yet be on the table.  George Will once
observed that we know next to nothing about almost
everything.  It behooves us to be a little tentative about
those things that time will yet unveil in ways we proba-

bly cannot anticipate. 

STUDY GUIDE
Chapter 12:  The Law of Increasing Disorder

A.  FUNDAMENTAL PRINCIPLES
1. The Law of Increasing Disorder (also the Second

Law of Thermodynamics): Changes occurring in
natural systems always proceed in such a way that
the total amount of disorder in the universe is either
unchanged or increased.  If total disorder is
increased, the process is irreversible.

B. MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. Does nature run forward and backward in time
equally well?  What are reversible and irreversible
processes?

2. Do the laws of force and motion give an adequate
answer to question 1?

3. What happens to order and disorder in nature over
time?

4. What is the relationship between order and the
accessibility of energy?

5. Are there ways order can be increased?
6. Is there an energy crisis?
7. Is it easy to eliminate pollution?

C.  GLOSSARY
1. Ambient Temperature Thermal Energy: The

energy associated with random, disordered motion
of molecules at a particular temperature.

2. Disorder: For molecules, disorder is associated
with the mixing of molecules such as to destroy
separation by species or by internal energy content.
Entropy is a technical name for disorder.

3. Entropy: The name given to the technical, quanti-
tative measure of disorder.

4. Equilibrium: In the context of the Law of
Increasing Disorder, equilibrium is that state of an
isolated (from energy input or output) system when
it has achieved the maximum disorder possible.

5. Irreversible Processes: Energy-changing process-
es which occur spontaneously in one way, but never
in exactly the reverse way.  An ice cube melts in a
glass of water, but never spontaneously reappears.

6. Order: A system of molecules possesses order if the
molecules are physically separated by species or by
internal energy content.  The refining of ore to sepa-
rate molecules of lead, silver, and zinc is an order-
increasing process.  The melting of an ice cube to
remove the distinction of water molecules (some ice,
other liquid) is a disorder-increasing process.

7. Reversible Processes: An energy-changing
process which can happen spontaneously and com-
pletely either forward or backward in time.  Such a
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process does not change the amount of disorder of
the universe.  If a ball were thrown upwards in a
perfect vacuum, kinetic energy would be converted
completely to gravitational potential energy, then
back again.  

D. FOCUS QUESTIONS
1. For each of the following situations:

a. Describe what would happen to the system.
b Name and state in your own words the funda-
mental principle that could explain what would be
observed.
c. Explain what would happen to the order of the
system in terms of the fundamental principle.  Be
sure to describe the order at the beginning and how
it changes with time.

(1) A car is moving along a flat highway.  The
engine is off and the car coasts to a stop.
(2) A drop of ink is released into a large flask
of water.
(3) An ice cube is placed into a pan of warm
water.

2. State both the Law of Conservation of Energy and
the Law of Increasing Disorder.  What happens to
the energy and to the order when:
a. Fossil fuel is burned.
b. Water from behind a dam is used to make elec-
tric current and the electric current is used to oper-
ate a toaster.

3. Finding useful energy and eliminating pollution are
major social problems.  State the problems accu-
rately in terms of fundamental principles and
describe limitations these principles impose in
working toward solutions of the problems.

E.  EXERCISES
12.1. When a hot and a cold object are in contact,

heat flow always occurs so that both become warm.
Explain how there is more “order” in the beginning and
more “disorder” at the end of this process.

12.2. An object slides across a table and comes to
rest because of friction.  Explain how there is more
“order” in the beginning and more “disorder” at the end
of this process.

12.3. Why do ice cubes always melt in warm
water?  Why don’t the ice cubes get larger?  Why does-
n’t the water get warmer? Would the Law of
Conservation of Energy be violated if they did?

12.4. What is an irreversible process?  Why are
such processes not reversible?

12.5. State the Law of Increasing Disorder in your
own words.

12.6. Illustrate the Law of Increasing Disorder by
describing an irreversible process.

12.7. What is the First Law of Thermodynamics?

12.8. What is the Second Law of
Thermodynamics?

12.9.  Explain the meaning of the word “entropy.”

12.10. Is it possible to use the energy involved in
the random motion of molecules (internal energy) for
doing work?  A device for doing this would be called a
heat engine.  If your answer is yes, give an example or
two; if no, explain why not.

12.11. What conditions must be satisfied in the
design of a heat engine if it is to work?

12.12. No process can occur in which the total
effect is heat flow from one object to a hotter one.
Why?

12.13. Isn’t the kind of engine or motor described
in Exercise 12.10 forbidden by the Law of Increasing
Disorder?

12.14. What conditions must be satisfied in the
design of a refrigerator if it is to work?

12.15. Use the table of relative entropy values to
show that each step in the hydrocarbon cycle (solar
energy, sunlight, plant growth, gasoline formation,
gasoline burning, thermal energy) is associated with
increasing entropy.

12.16. Discuss the problem of mining and refining
metals (e.g., copper or iron) in terms of the Law of
Increasing Disorder.  Why must energy be used in such
processes?

12.17. Many coastal regions of the earth (Los
Angeles and New York are good examples) often expe-
rience shortages of water even though they are adjacent
to oceans.  Discuss their desalination problems in terms
of disorder.  Why must energy be used in any desalina-
tion process? 

12.18. Why has no one invented a gasoline engine
with 100 percent efficiency?

12.19. Imagine a ship in the middle of an ocean.
There is plenty of thermal energy in the water by which
it is surrounded.  Why cannot this be used to propel the
ship?  Why must the ship carry its own fuel?
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12.20. Imagine a hot stove in the middle of a room.
What is the equilibrium arrangement in this situation?
Does equilibrium in this case mean that everything is at
rest?  Does it mean that no further changes are taking
place?  Explain your answers.

12.21. Why must energy be used if we wish to con-
trol pollution?

12.22. Overall disorder is unchanged in
(a) chemical processes
(b) mechanical processes
(c) irreversible processes
(d) reversible processes
(e) nuclear power generation.
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It may be surprising to find a chapter on waves
used to introduce the study of matter.  As we shall see,
waves play a very important role in understanding mat-
ter.  By studying waves we can better understand the
nature of light.  Light that is emitted from atoms gives
us clues about the nature of atoms.  If atoms emit light
as waves, they will likely be quite different in nature
than atoms that emit streams of particles.  Thus, the
study of waves is an essential element in our study of
matter.  This chapter will establish some of the vocabu-
lary and identify some of the phenomena that are under-
stood in terms of waves.  More familiar waves, such as
on the sea or as earthquakes, are also of interest in their
own right.

Waves are an important consequence of the elastic
properties of materials, as governed by the laws of
motion and the laws of force.  You are no doubt famil-
iar with surface waves on water.  For example, a distur-
bance in the middle of an otherwise calm pond is trans-
mitted to the sides of the pond and back again.  The
traveling disturbance is a wave. 

Another familiar example is a wave on a rope.
Imagine two people holding the ends of a rope and one
person shaking one end.  The traveling disturbance, or
wave, moves from one end to the other.  

These two waves have several features in common.
Each travels through a medium, such as the water sur-
face or the rope, which supports the wave motion.  Each
medium has an equilibrium shape (level water surface
or straight rope), and the wave causes a deviation from
that shape.  Finally, the medium is either elastic or has
some other mechanism for restoring its shape.  Internal
elastic forces cause a return to equilibrium shape in
most instances, but gravity provides the restoring force
for waves on the surface of the ocean.  These restoring
forces cause the wave to be propagated. 

It is the disturbance that is propagated from one
place to another, not parts of the medium itself (Fig.
13.1).  Individual parts of the rope move back and forth
as the wave passes, but they always return to their start-
ing point.  Pieces of cork floating on the water surface
move about as a wave passes, but they remain in one
general area and periodically return to their original
position.  Individual samples of water do the same. 

Another common feature of these waves is that
each has a source, something that causes the original
disturbance. For example, waves result from a stone
thrown into the middle of the pond or a person shaking
one end of a rope. 

Finally, energy is transmitted in wave movement or
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Figure 13.1.  What travels along the rope from one person to another?



the motion of the wave.  For instance, when the water is
disturbed, samples of the water all across the pond are
moving up and down, back and forth.  These have kinet-
ic energy.  (They also experience changes in gravita-
tional potential energy.)  Energy has been transferred
from the source (the rock striking the water surface) to
remote parts of the pond.  In the other example, the rope
is originally at rest.  As the wave passes, individual parts
of the rope begin moving; again, kinetic energy travels
from the source, through the medium, to the other end
of the rope.  Features of waves may be summarized as
follows:

A wave is a disturbance, accompanied by ener-
gy, that is initiated by a source and that
advances through a medium. 

Wave motion is responsible for several important
processes in nature.  Water waves cause erosion, sound
travels as a wave in air, and light exhibits many wave
properties. 

Types of Waves

The water waves with which we are most familiar
are called surface waves.  Such waves can occur on the
surfaces of most solids and liquids.  Many waves, how-
ever, travel through the interior of materials rather than
along their surfaces.  Sound waves travel through air;
earthquake waves pass through the earth; light waves
travel through empty space, air, and some solids.

Waves traveling through materials are of two gen-
eral types:  compression waves (also called longitudi-
nal waves) and shear waves (also called transverse
waves).  Figure 13.2 shows the initiation and progress
of a compression wave.  The diagrams represent a
homogeneous sample of matter.  Imaginary vertical
lines divide the sample into units of equal mass.  The
material is in its original, undisturbed state in Figure
13.2a.  A wave begins when the small piston pushes on
the material and compresses the material adjacent to the
point of contact in Figure 13.2b.   (Compressed regions
are shaded in the figure.)   Since the material is elastic,
this compressed, higher-density region immediately
expands and compresses the material adjacent to it, as
shown in Figure 13.2c.  If left undisturbed, this region
of compression will be transmitted through the material
like a row of dominoes falling in succession. 

If the source moves back to its original position, as
often happens, the elastic material adjacent to it will
expand as in Figure 13.2d.  This region of lower densi-
ty propagates through the material in much the same
way as before, following the compressed region through
the material.  If the source—in this case, the piston—
moves back and forth, it causes alternate regions of
compression and decompression that travel consecu-

tively through the medium.  Such a wave is repeating
(or periodic), and is responsible for most wave phe-
nomena. 

Again, the material itself is not transmitted through
the medium. Only the disturbance—in this case, com-
pression and decompression—is transmitted. 

Sound in air is a compression wave of this type.
The source can be any vibrating object in contact with
air.  As the object vibrates, it causes a series of com-
pressions and decompressions to travel from the source
to the receiver.  These in turn cause a series of oscillat-
ing forces on any object they strike—for example, a
human eardrum.  As the eardrum vibrates in response to
these forces, a series of nerve impulses (themselves a
wave of sorts) are transmitted to the brain, where they
are interpreted as sound. 

The transmission of a shear wave is illustrated in
Figure 13.3.  The undisturbed material is shown in
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Figure 13.2.  Transmission of a compression wave.



Figure 13.3a, where horizontal lines divide the material
into units of equal mass.  The shear wave is initiated
when a source pushes sideways on the surface, dragging
the adjacent material with it as shown in Figure 13.3b.
If the material is elastic with respect to shear, this dis-
placed material pulls on the material next to it.  Once
this adjacent material has been displaced, it in turn pulls
on the material it touches, and so on through the mater-
ial as indicated in Figure 13.3c.  The disturbance prop-
agates through the material just as in compression,
except now the forces and the motions within the mate-
rial are sideways rather than back and forth. 

Now suppose the source of the shear returns to its
original position, as in Figure 13.3d.  A second distur-
bance, representing a return to the equilibrium position,
is initiated and propagated through the medium.  If the
source repeats its back-and-forth motion, a repeating
wave travels through the medium. 

Propagation of this kind of wave occurs only if the

material is elastic with respect to shear.  If part of the
material is displaced sideways, it must pull sideways on
the adjacent material and in turn be pulled back toward
its equilibrium position.   Chapter 10 explained that
solids are elastic with respect to shear but that fluids
(liquids, gases, and plasmas) are not.  All materials,
however, are elastic with respect to compression.  Thus,
all materials transmit compression waves, but only
solids transmit shear waves.

Properties of Waves

Four properties—speed, frequency, wavelength,
and  amplitude—are used to describe waves and to dis-
tinguish one from another.  The speed of a wave is the
rate at which the disturbance travels through the medi-
um.  The speed of elastic waves often does not depend
on the kind of disturbance, but only on the elastic prop-
erties and density of the medium.  Generally, higher
wave speeds occur with larger elastic constants.  Also,
the speed of a compression wave is always higher than
the speed of a shear wave through the same material. 

Wave speeds for different materials vary greatly.
The speed of sound in air is about 340 meters/second
(760 miles/hour) near sea level.  Shear earthquake
waves travel through solid rock about 10,000 kilome-
ters/hour, while compression waves travel about twice
as fast.  Light has the fastest speed in nature, 186,000
miles/second (300,000 kilometers/second), about one
foot every billionth of a second. 

Imagine standing at one point in a wave-transmit-
ting medium such as the ones described above, watch-
ing a repeating wave go by.  The frequency of the wave
is the number of disturbances that pass a particular point
every second.  It is also the number of oscillations of the
source that occur each second.  For example, our ears
are sensitive to the frequencies of sound waves that vary
from 20 to 20,000 oscillations per second.  Higher fre-
quencies produce higher tones.  Earthquake waves have
frequencies from 10 to 1000 oscillations per second.
Frequencies of radio waves, which are listed on the dial
of each receiver, are in the range of a few thousand to
several million oscillations per second.  The frequency
of light determines its color, higher frequency corre-
sponding to the blue end of the spectrum and lower fre-
quency to the red end.  Light frequencies are in the
range of 1015 oscillations per second.

The wavelength is the distance between succes-
sive disturbances in a repeating wave.  Wavelengths are
indicated in Figures 13.2e and 13.3e.

Frequency and wavelength for a particular type of
wave are always related.  High frequency corresponds
with short wavelengths and low frequency with long
wavelengths (Fig. 13.4).  Wave speed is also related to
these.  Imagine once again watching a repeating wave
go by.  The frequency indicates how many disturbances
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Figure 13.3.  Transmission of a shear wave.

 



go by each second; the wavelength indicates the dis-
tance between each pair of disturbances.  In one second,
the wave will have traveled a distance equal to the prod-
uct of these two.  Thus,

wave speed ! frequency " wavelength .

Suppose, for example, that a particular wave has a
wavelength of 5 meters and a frequency of 30 oscilla-
tions per second.  That means that 30 waves, each 5
meters long, will pass any point in the medium in one
second.  The wave must move a distance of 30 times 5
meters, or 150 meters, each second. 

Figure 13.4.  Low- and high-pitched sound waves have
the same speed.  Which has the longer wavelength?
Which has the higher frequency?

Wavelengths for sound vary from about 2 centimeters
for the highest tones to nearly 20 meters for the lowest
tones.  The wavelengths of light are short, about 0.00005

(5 " 10–5) centimeters; the shorter wavelengths corre-
spond to the bluer colors and longer ones to redder colors. 

The amplitude of a wave is a measure of how large
a disturbance is being transmitted.  A strong wave has a

large amplitude.  A loud sound has a large amplitude; a
softer one has a smaller amplitude.  The amplitude of an
elastic wave is the maximum distance that the medium
is displaced from equilibrium as the wave passes.
Figure 13.5 illustrates amplitude along with frequency
and wavelength.

Wave Phenomena

Several kinds of behavior characterize all waves.
These illustrate the important role of waves in nature
and provide a means of identifying a particular phe-
nomenon as a wave.  For example, light and sound
exhibit all of these behaviors, a fact that has led scien-
tists to believe that light and sound are waves.

Reflection

Waves “bounce,” or reflect, when they encounter
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Figure 13.5. Upper:  A large amplitude wave of high fre-
quency and short wavelength.  Lower:  A small ampli-
tude wave of low frequency and long wavelength.

Figure 13.6.  Much of the sound you hear in a room is from reflections off the walls and ceiling.



abrupt changes in the medium through which they are
traveling.  Water waves in a bathtub reflect whenever
they encounter the tub itself.  Reflecting sound waves
are responsible for echoes and the acoustical properties
of rooms (Fig. 13.6). 

We are all familiar with the reflection of light from
mirrors, but sometimes we do not realize that reflected
light is responsible for our ability to see most things.
For example, light from a light bulb shines on a chair.
Some of the light is reflected by the chair and reaches
our eyes.  Our brain analyzes the signals it receives and
reaches appropriate conclusions about the location and
important characteristics of the chair.  Without reflected
light we would see almost nothing.

Geologists use earthquake waves to “see” inside
the earth in much the same way (Fig. 13.7).  The earth
is not homogeneous but has a variety of nonuniform

structures.  Elastic waves initiated by explosives or
other means reflect from the boundaries between these
structures.  The reflected waves later reach the surface
where sensitive instruments may detect and measure
them.  The analysis of these signals is not always sim-
ple, but such measurements have given us a consider-
able amount of information about the earth’s interior.

Refraction

Waves often travel from one medium to another in
which the wave speed is different.  When they change
mediums, they often change direction.  This phenome-
non is called refraction. 

Light travels more slowly in glass and other trans-
parent materials than it does in air.  The changes in
direction that occur when light goes into or out of such
materials is responsible for the operation of telescopes,
microscopes, eyeglasses, and other optical instruments.
Faulty depth perception when observing submerged
objects is due to the refraction that occurs when light
leaves the water surface (Fig. 13.8).

Figure 13.9.  Refraction of sound due to cooler and
warmer layers of air.

Sound waves are refracted as they move from cool-
er air to warmer air, or from warmer air to cooler air.
Sound travels faster in warmer air than in cooler air.
The direction the sound travels is always “bent” toward
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Figure 13.7.  Geologists can “see” potential oil-bearing structures by analyzing reflected elastic waves.

Figure 13.8.  A partly submerged stick appears to be
bent.  Why?



the region of lower wave speed (Fig. 13.9).

A clear example of refraction often can be seen in
ocean waves near gently sloping beaches.  The wave
speed in such cases depends on the depth of the water.
As waves move from deeper to more shallow water,
their speed becomes slower, and in many cases their
directions change as well.

Diffraction

Diffraction refers to the ability of waves to bend
around corners and spread whenever they encounter
obstacles (Fig. 13.10).  Sound can be heard around a
corner, even when the source cannot be seen.  Water
waves spread after they pass through a narrow opening
in a breakwater, so that the wave disturbs an area behind
the opening that is much broader than the opening itself.
In fact, the spreading becomes even more pronounced
as the opening becomes smaller.

The amount of diffraction that occurs in a particu-
lar situation depends on the relationship between the
wavelength and the size of the opening (or obstacle).
Diffraction increases when the wavelength is larger than
the opening.  Diffraction is not readily apparent if the
wavelength is a great deal smaller than the hole.  For
this reason, we do not usually notice the diffraction of
light because of its short wavelength.  However, if we
cause light to pass through a small opening, perhaps by
closing our eyelids until only a tiny slit is left through
which light may pass, the diffraction of light is easily
noticed because the resulting image is blurred.

Interference

Interference occurs whenever two (or more) similar
waves travel through the same medium at the same time.
The medium responds to both waves at once, being dis-
turbed from equilibrium by an amount that represents the
sum of the disturbances caused by the interfering waves. 

As an example, imagine that two rocks drop near
each other in an otherwise smooth pond (Fig. 13.11).
Each rock initiates a set of circular waves across the sur-
face.  Both sets of waves seem to pass through each
other without changing shape or speed.  Both waves,
however, pass through some points on the surface at the
same time.  In these regions they interfere. Where both
waves are high at a particular point, the resulting distur-
bance is twice as high as for either wave alone;  where
both are low, the water is twice as low.  The interference
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Figure 13.10.  Because of diffraction, water waves
spread out as they pass through holes.  A smaller hole
causes more diffraction.

Figure 13.11.  (a) A single rock, dropped into a pond, causes circular waves.  (b) Two rocks dropped at the same time
cause waves that interfere with one another.

 



at these points, where the two waves add to each other
so that the resulting disturbance is greater than for either
wave alone, is called constructive interference.  At
other points, however, one wave would cause the water
to rise and the other would cause the water to fall.  As
both waves progress through such points, the medium
seems not to be disturbed at all because the two waves
cancel each other, resulting in destructive interfer-
ence. 

Interesting acoustical effects sometimes occur
because of the interference of sound.  Sound from a sin-
gle musical instrument sometimes varies from place to
place in a room because the various waves reflected to
the listener from different walls interfere with each
other.  Interference effects due to sounds from two dif-
ferent instruments also occur.  Musicians use such inter-
ference to tune their instruments by listening for beats
caused by alternating constructive and destructive inter-
ference between two waves whose frequencies are
close, but not identical.

Interference, particularly the possibility of destruc-
tive interference, is an important characteristic of waves.
Notice in our water wave example that either wave by
itself causes a disturbance at all points on the water sur-
face.  Every point is disturbed.  However, when both
waves travel through the medium, some places no longer
seem to experience the effects of the wave, whereas
other places oscillate more violently than for either wave
by itself.  Waves can cancel each other at certain places
in the medium.  Waves are the only phenomenon we
know for which this kind of cancellation is possible.

Summary

Waves probably provide the most important means
we have of interacting with our environment.  Imagine
how limited we would be without eyes and ears, let
alone the microscopes, telescopes, radio and TV anten-
nas, x-ray devices, and other instruments that depend on
waves to enhance our natural senses.  Waves, particu-
larly light and its related phenomena, have played a fun-
damental role in helping to reveal the structure and
behavior of all parts of the universe.

Waves are an important mechanism for transmit-
ting energy and information.  The waves of our every-
day experience are disturbances of a medium.  They
may be surface waves, compression waves, or shear
waves.

Waves are characterized by four properties:  speed,
frequency, wavelength, and amplitude.  The speed of a
wave is characterized almost exclusively by the elastic-
ity and density of the medium through which it travels.
The wave speed is equal to the product of the frequen-
cy and wavelength of the wave.

Wave behavior is characterized by four phenome-
na:  reflection, refraction, diffraction, and interference.

Of these, the latter two are most strictly characteristic of
waves.  Diffraction is the changing of a wave’s direction
of motion as it encounters objects.  Diffraction is most
pronounced when the wavelength is about the same as
(or longer than) the dimension of the diffracting object.
Interference occurs when two or more waves of the
same type move through the same medium at the same
time.  Interference may be constructive or destructive.

STUDY GUIDE
Chapter 13:  Waves

A.  FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.  Matter set in motion by waves
obeys the laws of motion, force, and conservation
described in Chapters 3–8.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What are waves?
2. What types of waves are observed and what are

their properties?
3. What is the relationship between the speed of a

wave, its frequency, and its wavelength?
4. What phenomena are characteristic of waves? 
5. Which of these phenomena cannot be explained in

any other way except by assuming they are pro-
duced by some kind of waves?

C.  GLOSSARY
1. Amplitude: A measure of the amount of displace-

ment of the medium from its normal undisturbed
position or value by the disturbance of a wave.  If
the disturbance caused the medium to move 3 inch-
es to each side of its normal rest position, the ampli-
tude of the wave is three inches.

2. Compression Wave: A wave in which the distur-
bance is a compression of the medium.  

3. Constructive Interference: The enhancing inter-
ference that occurs when two waves occupy the
same space at the same time and both disturb the
medium in the same way so that the disturbance is
larger than the disturbance of either wave separately.

4. Destructive Interference: The canceling interfer-
ence that occurs when two waves occupy the same
space at the same time and both disturb the medium
in opposite ways so that the disturbance is smaller
than the disturbance of either wave separately.

5. Diffraction: The changing of direction of waves to
bend around corners and spread as they encounter
obstacles.

6. Frequency: For a repeating disturbance, the num-
ber of identical disturbances produced per unit
time, or, equivalently, the number of disturbances
that pass a particular point in space every unit of
time.
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7. Interference: The canceling or enhancing effect
that occurs when two waves move through the
same space at the same time.

8. Reflection: The bouncing of a wave from a sur-
face, such as an echo for sound waves.

9. Refraction: The changing of direction of a wave
as it passes from one medium to another.

10. Shear Wave: A wave in which the disturbance is
an elastic deformation perpendicular to the direc-
tion of motion of the wave.

11. Surface Wave: A wave which propagates over the
surface of a medium, such as waves on the surface
of a lake.

12. Wave: A disturbance or variation that progressive-
ly transfers energy from one point to another in a
medium.  The disturbance may take the form of an
elastic deformation, a change in pressure, etc.

13. Wavelength: The distance between successive dis-
turbances in a repeating wave.

14. Wave Speed: The rate at which the disturbance
travels from point to point.

D. FOCUS QUESTIONS
1. What is meant by diffraction of waves?  Describe and

explain an example of the diffraction of water waves.
2. What is meant by interference of waves?  Describe

and explain an example of interference produced
when two closely spaced sources initiate water
waves of the same frequency.

E. EXERCISES 
13.1. What travels from one point to another as a

wave? 

13.2. How do we know that waves carry energy? 

13.3. What is a wave?

13.4. What is the difference between compression
and shear waves? 

13.5. Why are shear waves not propagated through
fluids?  Why are compression waves propagated
through all materials? 

13.6. Describe the processes by which compression
and shear waves are transmitted through materials.
What kind of elastic properties are required in each case?

13.7. Two water waves travel through the same
body of water at different times.  The crests of one are
farther apart than the crests of the other.  In which wave
would a buoy move up and down more times in one
minute?  Explain your answer. 

13.8. Explain why the frequency, wavelength, and

speed of any wave are related to each other.

13.9. Describe what is meant by the terms wave-
length, frequency, speed, and amplitude as applied to a
wave.

13.10. Red light has a longer wavelength than does
blue light.  Which has the higher frequency?  How do
you know?

13.11. Why do we say that diffraction and inter-
ference are unique properties of waves?  Can you think
of other energy transfer mechanisms that exhibit these
properties? 

13.12. Describe some experimental evidence for
the belief that sound is a wave. 

13.13. What is meant by the reflection of waves?
Describe an example.

13.14. What is meant by the refraction of waves?
Describe an example.

13.15. What is meant by the term “diffraction?”
Describe an example of the diffraction of water waves.

13.16. What is “wave interference”?  Describe an
example of the interference of water waves.

13.17. Sketch and describe the pattern observed
when two closely spaced sources initiate water waves of
the same frequency.

13.18. The direction of wave travel is observed to
change as waves move from one medium into another
medium because of the different wave speeds in the two
media.  This wave phenomenon is that of

(a) refraction
(b) diffraction
(c) reflection
(d) interference
(e) superposition.

13.19. Which of the following is (are) an example
of a compressional wave?

(a) sound in air
(b) wave going from earth’s surface through cen-
ter
(c) wave on violin string
(d) both a and c
(e) both a and b.
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With this chapter we continue to study what has
become known as the “modern synthesis,” or the “20th
century scientific revolution.”  These terms describe the
collection of important discoveries made since the last
decade of the 19th century.  The modern synthesis
includes the Special Theory of Relativity, which we
have already encountered.

The ideas of the modern synthesis represent major
transitions in our understanding of nature, and came about
as men and women continued to probe the limits of the
universe in several important directions.  One of these lim-
its is the investigation of the smallest things possible.  As
our tools become more refined, we can probe deeper into
matter and ask questions that could never be answered (or
even asked) at an earlier time.  As we shall see, the answers
reveal that this inner universe is totally unlike anything we
experience in our macroscopic surroundings. 

Another one of these limits is speed.  How do
things behave when they travel at speeds higher than
any we normally encounter?  Again, the answers are
startling because they force us to reexamine our basic
premises about time and space. 

The fastest thing in nature is light.  A careful
inspection of its properties is important for what is to
follow. Not only is light fascinating in its own right but
it also is an important tool to be used in probing and
understanding other important phenomena. 

Two important constituents of the physical universe
are matter and electromagnetic radiation. The first—
matter—has already received considerable attention.
The second—electromagnetic radiation—is a broad
class of phenomena that includes visible light.   

Electromagnetic radiation and matter interact with
each other through the electromagnetic interaction.
Because of this interaction, radiation provides many of
the important clues that have led to our present under-
standing of the structure of matter.  In fact, we have
gone about as far as we can in describing matter itself.
Therefore, to proceed further we need to understand
some of the details surrounding the nature of light. 

Light has always been a puzzle.  What is it?  What
is transmitted from place to place when light “shines”?  

The Speed of Light

Light has the highest speed of any known natural

phenomenon—about 300,000,000 meters per second
(or 186,000 miles/second).  Light can travel around the
earth in 0.13 second, from the earth to the moon and
back again in 2.6 seconds, from the sun to the earth in
8.3 minutes, and across the entire solar system in about
11 hours.  The speed of light is about 900,000 times the
speed of sound in air, about 30,000 times the speed of
the fastest rocket, and about 10,000 times the speed of
the earth in its orbit around the sun. 

The speed of light is a measuring stick for describing
and comparing the immense distances in the outer uni-
verse.  Such distances may be specified in terms of the
time required for light to traverse them.  For example, the
average earth-to-sun distance can be specified as either
93 million miles or as 8.3 light-minutes.  Using this sys-
tem, the diameter of the solar system is 11 light-hours,
and the distance to the nearest visible star, Alpha
Centauri, is 4.3 light-years (about 24 trillion miles). 

The high speed of light has not been easy to mea-
sure until recently. The first indication of its value was
suggested by Danish astronomer Olaus Roemer in 1676.
He was able to estimate the time taken for light to trav-
el across the solar system by using his observations of
the moons of Jupiter as a time reference.  However, a
more precise value was obtained by Armand Fizeau.  He
used a toothed wheel such as the one shown in Figure
14.1.  In the earliest versions of the experiment, light
passed through a gap, traveled 8.63 kilometers to a mir-
ror, was reflected back, and blocked by a tooth which
had rotated into its path.  Knowing the speed of rotation
of the wheel and the size of the gaps between the teeth,
Fizeau was able to measure the speed of light.

Figure 14.1.  A method by which the speed of light can
be measured.  The wheel advances one tooth while a
light pulse travels to the mirror and back.
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Modern electronic devices permit the measurement
of time intervals shorter than one-billionth of a second,
the time that it takes light to travel one foot.  Thus, the
speed of light can be measured with high precision and
must be taken into account in a variety of experiments.
The speed of light is believed to be one of the funda-
mental constants of nature. 

An interesting, unexpected feature of light is that its
speed seems to be independent of the motion of the
source or the observer.  The consequences that the inde-
pendence of the speed of light produced were con-
sidered in Chapter 9.  Although this independence
seems peculiar, it has been demonstrated convincingly
in recent years by measuring the speed of radiation
emitted by tiny particles accelerated to speeds within a
fraction of a percent of the speed of light by modern
high-energy accelerators.  The speed of the emitted radi-
ation is the same whether the particles are at rest or
moving near the speed of light. 

The Source of Radiation

Radiation and electric charge are intimately related.
In fact, radiation occurs whenever electric charge is
accelerated.  Radio and television signals are caused by
electrons accelerating in radio antennas.  Visible light is
caused by electrons accelerating in the hot outer layers
of the sun or in a hot filament in an electric light bulb.
X-rays are caused when fast electrons are suddenly
stopped in an x-ray tube. 

After leaving its source, radiation exerts forces on
electric charges in the matter it encounters.  Radio and
television signals exert forces on the electrons in a receiv-
ing antenna, which causes them to move in a way that can
be detected and converted into sound and picture.  Visible
light interacts with electrons in the retina of the eye or on
a piece of photographic film.  This causes reactions that
are eventually converted to visual information.  X-rays
interact with electrons in living tissue, initiating biologi-
cal changes that are responsible for their cancer-curing
properties, as well as for their detrimental effects. 

The theoretical relationship between electric charge
and radiation was discovered by James Maxwell in the
decades succeeding 1850.  He combined the known
laws governing the electromagnetic interaction into a
mathematically consistent form now known as
Maxwell’s Equations. He found that the equations pre-
dicted waves with properties similar to those already
observed for light.  For example, the speed of light was
accurately predicted by the equations.  The correspon-
dence between the theoretically predicted speed and the
actually measured speed was a striking confirmation of
the theory and of the relationship between electric
charge and light.  In addition to light, Maxwell’s theory
predicted other waves with the same speed but with dif-
ferent frequencies and wavelengths.  These, too, were
experimentally confirmed, and the new technology led
to the development of radio, television, and radar. 

All of the radiations associated with accelerating
electric charge are known as electromagnetic radiation.
All travel through empty space where they have the
same speed—the speed of light.  Therefore, although
the forms of electromagnetic radiation differ in many
important respects, they are all related.

The Electromagnetic Family

Maxwell’s Equations predicted a group of waves
associated with electromagnetic interaction.  In a vacu-

um, all of these have the same speed—3 33 108

meters/second—but they differ in wavelength and fre-
quency.  This group includes radio waves (AM, FM,
television, and microwaves), infrared radiation, visible
light, ultraviolet radiation, x-rays, and gamma rays.
These are listed in order of increasing frequency and
decreasing wavelength (Fig. 14.2 and Color Plate 4).

Notice that visible light, the frequencies to which
our eyes are sensitive, constitutes only a small part of
this list.  All the colors of the spectrum fall in this range,
red corresponding to the longer wavelengths (lower fre-
quencies) and blue and violet to the shorter wavelengths
(higher frequencies).
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Figure 14.2.  The family of electromagnetic waves.



Wave Phenomena of Light

The wave phenomena known as reflection, refrac-
tion, diffraction, and interference were described in
Chapter 13.  These phenomena also occur with all of the
electromagnetic radiations.  Reflection, for example, is
responsible not only for the properties of mirrors but
also for the transmission of long-range radio signals
bounced from layers in the upper atmosphere.
Refraction is used in the design of eyeglasses, micro-
scopes, telescopes, and other optical instruments.

Diffraction, a phenomenon uniquely associated
with waves, is the ability of a wave to travel around cor-
ners and to spread out after passing through a small
opening.  Radio waves diffract as they travel around
barriers, such as mountains and large buildings, to reach
a receiver that would otherwise be hidden from the
transmitter.

Diffraction is less obvious with waves of shorter
wavelength, such as television or visible light.  The
amount of diffraction depends on the relationship
between the size of the opening or barrier and the wave-
length of a wave passing through or around it.  For
example, if the wavelength is much smaller than the
opening, diffraction is insignificant and the wave pass-

es through without being distorted.  If the wavelength is
about the same size as the opening (or larger), however,
diffraction is significant.  Appreciable diffraction occurs
when waves pass through an opening that is nearly as
small as their own wavelength. 

Diffraction can be studied experimentally by allow-
ing light to pass through a series of small holes of dif-
ferent sizes onto photographic film, where the size of
the images is noted (Fig. 14.3).  With holes that are
much larger than the wavelength of light, the images
show the geometric shadows of the holes.  Light seems
to travel in straight lines, with no significant bending or
diffraction as it passes through the holes.  The images
become smaller as the holes are made smaller.

However, when the holes become quite small, the
nature of the images changes significantly.  Diffraction
occurs and the images become larger than the holes.  If
the holes continue to decrease in size, the images
become correspondingly larger, the largest images cor-
responding to the smallest holes.  This is what we would
expect for diffracting waves.

Interference provides even more convincing evi-
dence for the wave nature of light.  Interference happens
whenever two similar waves occur simultaneously at
the same place.  The usual way to obtain two similar
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Figure 14.3.  The diffraction of light.  Why do the images become larger when the holes are made smaller? 



light waves is to divide a single wave by partial reflec-
tion.  When the two waves are recombined, usually by
reflecting one in the same direction as the other, inter-
ference (which often can be observed) occurs.

A common example demonstrating both interfer-
ence and diffraction occurs when a distant light source,
such as a streetlamp or car light, is viewed through a
piece of thin fabric (e.g., a curtain or handkerchief).
The source of light appears to be larger than when it is
viewed directly.  Furthermore, the image is interlaced
with alternating light and dark regions.  The enlarging is
the result of diffraction.  Each wave encounters the
small space between threads, spreads out behind the
cloth, and creates a broad region in which the wave pro-
ceeds.  The alternating light and dark regions of the
image are due to interference.  Individual waves that
pass through adjacent spaces between threads overlap
(because each is spreading out by diffraction) and inter-
fere with each other—sometimes constructively and
sometimes destructively.  In some situations, it is possi-
ble to discern separate colors in the interference pattern.
These patterns occur because the locations of regions of
constructive interference depend on wavelength. 

A more careful experiment may help illustrate the
significance of interference.  Consider a long, narrow
slit through which light passes and falls on a piece of
photographic film so that the positions of its arrival can
be monitored.  The slit is narrow enough so that signif-
icant diffraction occurs, and the recorded image is sig-
nificantly broader than the slit itself (Fig. 14.4).

Suppose a second slit is opened next to the first one.
When light passes through only this second slit, the same
thing happens as before.  Further, if the slits are close
enough together, the diffraction patterns overlap.

However, a new feature emerges when light pass-
es through both slits at once.  Instead of a more intense
image representing the combination of the two single

images, the new image is a series of alternating light
and dark areas.  In some places the two waves result in
a stronger wave with a brighter image than before, but
in other adjacent places, the two waves combined can-
cel each other so that no light arrives.  The waves inter-
fere constructively to produce the bright lines and
destructively to produce the dark lines.

This two-slit interference pattern provides convinc-
ing evidence of the wave nature of light.  The demon-
stration is most dramatic at any one of the dark lines,
where light arrives from each slit.  When only one slit is
open, the spot is illuminated and bright.  However, when
light arrives from both slits, it is canceled.  Wave motion
is the only phenomenon that exhibits such behavior.

A diffraction grating is a useful application of the
same principle.  The grating is simply a piece of glass or
plastic on which are ruled a large number of linear
scratches placed as close together as possible.  The undis-
turbed glass between the scratches acts as a set of slits
through which light can pass.  Waves passing through
individual slits are diffracted so that the waves all over-
lap.  The resulting interference produces bright images in
some locations and dark ones elsewhere (Fig. 14.5).

The large number of effective slits, together with
their narrow spacing, results in narrow, bright images
that are separated by broad, dark regions.  In addition,
the location of the bright images depends on wave-
length; the images show up in one place for red light,
another for violet light, and still others for the colors in
between.  If white light were allowed to pass through
such a grating, its constituent colors would be dramati-
cally revealed to the viewer.  Such gratings can demon-
strate the wavelengths that make up the light.

The Particulate Nature of Light

One of the startling discoveries of the 20th-centu-
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Figure 14.4.  Interference of light.  How can light from two slits give a dimmer image in some places than light from
one slit?



ry scientific revolution is that light not only has wave
properties but it also has a particulate nature!  It some-
times behaves in ways that can only be explained by
assuming that light is a stream of fast particles traveling
from the source to the receiver.  (Newton was at least
partly right after all.)

The simplest experiment revealing the particulate
nature of light is to expose black and white film to
greatly reduced light using an ordinary camera (Fig.
14.6).  Pictures taken in ordinary light show smooth gra-
dations of various shades of gray.  The image seems
smooth and continuous except for the graininess of the
film emulsion.  The exposure of the film generally
occurs in a short time (0.01 second or so), during which
time enough light reaches the film to record an image.

However, let us reduce the light illuminating the
scene to be photographed so that 2 or 3 hours is required
for sufficient exposure.  What kind of image is record-
ed after 1 minute, 10 minutes, or 30 minutes?  How is
the final image built up by the incoming light?

If light were simply a wave, the photograph would
gradually appear.  It would start by being dark all over.
Then, as the light arrived, the bright areas would gradu-
ally become brighter and the dark areas would not.  The
image recorded at any time would be the same as the
final image, except it would not be as bright or well
defined.  The image would appear to consist of smooth
gradations between various shades of gray.

The actual result is quite different than this.  After
a few minutes, the recorded image appears to be a ran-
dom collection of bright dots.  As time goes on and
more light is admitted, the number of dots increases
until the entire photograph gradually is filled in.  The
difference between the bright and dark places on the
recorded image is not that the dots have different shades
of gray, but rather that more dots are in the bright areas.
All the dots seem to be about the same.  The photograph
consists of a large collection of dots that together form
a picture.

This result cannot be explained in terms of a wave
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Figure 14.5.  A diffraction grating separates light into its component colors by means of interference.

Figure 14.6.  The appearance of a photograph if the light level is increased slowly.



model of light; it can be explained only if we assume
that light is a stream of particles.  Each particle is
recorded as it reaches the film, leaving a single dot to
reveal its arrival.  The photograph assumes the image of
the photographed object only when sufficient “parti-
cles” of light have arrived. 

The existence of such particles of light has been
verified by thousands of experiments performed during
recent years.  The particles themselves are referred to as
photons.  We normally do not notice them because
there are so many in even the dimmest light that the sig-
nal seems to be continuous and smooth.  Only in light
beams that are too weak to be seen by the human eye are
there few enough photons so that their individual arrival
is revealed.

This raises some interesting questions:  How many
photons are in a particular light beam?  How could such
a number be estimated?  The early scientists working on
the problem of light naturally asked these questions.
The key to the question turned out to be energy.
Measuring the amount of energy arriving per second in
any electromagnetic radiation is fairly simple.  If the
energy carried by single photons were known, calculat-
ing the number of photons arriving each second would
be possible. 

The energy associated with each photon was
revealed by carefully reexamining an effect called the
photoelectric effect, which had been known but not
understood for many years (Fig. 14.7).

Figure 14.7.  The energy of individual photons can be
measured by studying electrons emitted from a metal
plate when light is absorbed.

Light has the ability to discharge certain negatively
charged materials, which is consistent with the general
relationship between light and electric charge described
earlier.  The impinging light simply interacts with the
electrons in the charged object, transferring enough
energy to them so that they can escape from its surface.
So far this is fairly understandable.  However, certain
disquieting features of this effect defied explanation in
terms of light waves.  For one thing, the ability of light
to discharge an object depends on the color of the light
(that is, its frequency).  Higher-frequency light dis-
charges an object more effectively.  In fact, the effect
does not occur at all if the frequency of the light is not

high enough, even if the light is intense.  The brightest
red light cannot discharge most objects, even though a
much dimmer ultraviolet light can do so readily.

The implications of these experimental results were
understood only when the effect was interpreted in
terms of a particulate model of light.  In terms of this
model, the photoelectric effect occurs when individual
photons give up their energy to individual electrons.  If
the electron gains enough energy in this process, it can
escape from the charged object, thereby partly discharg-
ing it.  If it does not gain sufficient energy to escape, its
extra energy quickly becomes thermalized and the
object remains charged.  This explanation of the effect,
together with its dependence on the color of the incident
light, also indicates something about the energy of indi-
vidual photons.  Those associated with higher frequen-
cy have more energy than those associated with lower
frequency.  “Violet” photons have enough energy to
allow electrons to escape in many situations in which
“red” photons do not.

The exact relationship between photon energy and
frequency was discovered by measuring the energy of
electrons ejected from materials that had absorbed the
energy of individual photons.  The answer is simple—
energy of a photon is exactly proportional to frequency.
In algebraic form,

energy 5 h 33 frequency ,

in which h represents a new constant in nature that has
come to be called Planck’s constant, a small number

(6.63 33 10–34 in the metric system of units).  This means
that the energy associated with individual photons is
minuscule even at the high frequencies associated with
visible light.  Billions of billions of photons arrive every
second in even the dimmest light.

Even though the energy associated with individual
photons is small, it is enough to initiate some important
sequences of events.  Photoelectric absorption of pho-
tons by electrons is the first step in the photographic
recording of images, photosynthesis, and vision, to
name a few important examples.

Wave-Particle Duality

Now, after examining some of the important exper-
imental evidence that reveals the nature of light, the
ancient question still remains:  Is light a wave or a
stream of particles?

Particles are localized lumps.  Waves are spread-
out kinds of things.  Therefore, they are of an opposite
nature.  The Principle of Noncontradiction says that of
two contrary propositions both cannot be true.  In the
discussion of light we are faced with a puzzle which
threatens to cast doubt on one of our “self-evident”
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truths that the reason of science is supposedly built on.
We started out asking whether light was a particle phe-
nomenon or whether it was a wave phenomenon
because these are the only two means we know of con-
veying energy—as light does.  Can light be both?
Perhaps it would be better to say that it is neither and try
to avoid the conflict with the Principle of
Noncontradiction.  Light is light.  It has characteristics
of waves and it has characteristics of particles, but it is
something more than either.  

This contradictory behavior probably is best exem-
plified by a simple experiment that combines the fea-
tures of the two others we have described already.
Imagine repeating the two-slit interference experiment
with low-intensity light—so low that it takes several
hours or days to complete the exposure of the film (Fig.
14.8).  This slow exposure allows us to examine how
the image of the interference pattern is built up as more
and more light reaches the film.

Figure 14.8.  The appearance of the two-slit interference
pattern as the amount of light is gradually increased.

The initial appearance of the film reveals the par-
ticulate nature of the absorbed light.  Apparently ran-
dom dots appear, all with about the same brightness.  As
the number of dots becomes larger, the alternating
bright and dark lines of the interference pattern become
clear.  These reveal the wave nature of the same light.

Anything that exhibits both wave and particulate
properties in this way is said to exhibit wave-particle dual-
ity.  Such an entity is hard to imagine, but the experimen-
tal evidence is conclusive.  To describe nature accurately,
we must admit that light has these unusual properties. 

Summary

Light is part of a group of phenomena collectively

known as electromagnetic radiation.  All members of the
group can be created by accelerating electric charges,
usually electrons, and all act on and may be absorbed by
electric charges in materials on which they impinge.

Although the details of their creation and interac-
tion with matter vary significantly, all electromagnetic
radiations exhibit several unusual properties.  They all
travel at the same high speed through empty space, and
their speed does not depend on the motion of their
source or of the receiver.  All electromagnetic radiations
exhibit wave-particle duality.  This means they show
properties of both waves and particles.  Finally, the
energy of individual photons in any electromagnetic
radiation may be calculated by multiplying the frequen-
cy of the radiation by Planck’s constant.

Historical Perspectives

“Let there be light:  and there was light.  And God
saw the light, that it was good”  (Genesis 1:3-4).

Galileo was convinced that light moved at a very
great, though not infinite, speed.  However, his own
efforts to measure its speed by coordinating signals
between himself and a colleague stationed on a nearby
hilltop were unsuccessful.  Some, like René Descartes
(1596-1650), believed that light was propagated instan-
taneously at infinite speed, but it was Olaus Roemer
who settled the issue in 1676.

Roemer must have had a sense of humor.  He
announced to the Paris Academy of Sciences that an
expected eclipse of one of the moons of Jupiter would be
delayed by 10 minutes.  On November 9, 1676, at 45 sec-
onds past 5:25 a.m., astronomers were positioned by the
telescopes to observe the eclipse.  It finally occurred at
5:35 a.m.  However, Roemer waited two weeks before
explaining to the baffled astronomers how he had known:
It was just that the light from Jupiter varies in travel time
from Jupiter to earth, depending on the relative positions
of the two in their orbits (Fig. 14.9).  His estimate of 22
minutes for light to cross a diameter of the earth’s orbit
could have given him a rough estimate of the speed of
light.  Roemer showed the speed was not infinite.

Figure 14.9.  Roemer’s method of deducing the veloci-
ty of light.
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Yet we are still left with the question:  What is light?
The answers have bounced back and forth through the
ages.  Is it a stream of particles?  Democritus of Abdera
(ca. 460-370 B.C., “inventor” of atoms), Isaac Newton
(1642-1727), and Albert Einstein (1879-1955) lined up
on the side of particles.  Is it a disturbance in a medium
(a pulse or a wave)?  Aristotle (384-322 B.C.), Leonardo
da Vinci (1452-1519), René Descartes (1596-1650),  and
Thomas Young (1773-1829) thought it was a wave phe-
nomenon.  To be a wave disturbance, there had to be
something to be disturbed, so the proponents of the
waves and pulses had to fill space with an invisible,
hard-to-detect stuff that was called “ether.”  Eventually,
Newton found a spot between the two extremes by sug-
gesting that the stream of light particles would set the
ether into vibratory motion.

Newton, for example, observed that objects placed
in a strong beam of light cast very sharp shadows.
Waves or pulses could be expected to bend around the
edges of such objects in much the same way that sound
bends around the edges of things.  If light were waves
or pulses, there would not be the sharp edges to the
shadow.  Therefore, Newton reasoned it was likely that
light consisted of a stream of particles.  Such an idea
also explained refraction reasonably well.  The particles
of light striking an interface between two media were
much like tennis balls striking and passing through a
piece of tissue paper.  The tissue paper would rupture,
but the speed of the balls would be altered slightly as
they passed through in just such a way that accounts for
the refraction.

Newton’s followers eventually dropped the idea of
the ether altogether and adopted the purely particle the-
ory of light.  Generally, Newton’s stature insured that
the particle theory of light prevailed for a hundred years
throughout the 18th century.

In 1801, Newton’s idea was challenged by a London
physician, Thomas Young, with these words:  “Much as
I venerate the name of Newton, I am not therefore oblig-
ed to believe that he was infallible.  I see . . . with regret
that he was liable to err, and that this authority has, per-
haps, sometimes even retarded the progress of science”
(Mason, A History of the Sciences, p. 468).

Young continued to think of light as vibrations of
the ether and developed the classical two-slit experi-
ment, which produces an interference pattern for light.  

Young’s case for the wave nature of light was
strengthened by the conclusions of a younger colleague,
Augustin-Jean Fresnel (1788-1827), who submitted a
paper in 1818 on the wave theory of light to a competi-
tion sponsored by the Paris Academy of Sciences.  One
of the judges, Siméon Poisson, was a strong critic of the
wave theory and proposed to test a prediction of
Fresnel’s, which he thought would destroy the theory
once and for all.  Fresnel’s mathematical description of
light waves predicted that if a circular disk were placed

in a beam of light, a point of constructive interference
would form a bright spot on a screen behind the disk.
The spot, a result of the diffraction of the waves around
the edge of the disk, would be at dead center of the
shadow.  Poisson was convinced that the spot would not
form and that this would be conclusive evidence against
the wave theory.  Fresnel arranged to conduct the exper-
iment, and to Poisson’s surprise and discomfiture the
spot appeared!

By the middle of the 19th century, the wave theory
of light was well established.  By 1849, Armand
Hippolyte Louis Fizeau (1819-1896) had made the first
terrestrial (i.e., not astronomical) measurement of the
speed of light using the toothed wheel described in this
chapter.  However, the ether was still there and as big a
problem as ever.  By now the ether had become a kind of
elastic rarefied matter through which the planets moved
without seeming difficulty.  If light were to be a distur-
bance, then something had to be disturbed, so the ether
idea held until James Clerk Maxwell entered the scene.

James Clerk Maxwell (1891-1879) was a brilliant
Scotsman from Kirkcudbrightshire who possessed a
flair for mathematics.   Maxwell drew together into four
equations everything that was known about electricity
and magnetism.  What Maxwell summarized in his
equations was an interconnectedness between electrici-
ty and magnetism.  

Maxwell’s Equations described what happens when
electric fields and magnetic fields change in time.
(“Fields” are the regions of influence which surround
electric charges and magnets.)   Light could be thought of
as a self-sustaining disturbance of the fields themselves.
This showed that waves didn’t require an ether!
Maxwell quickly worked out from his equations how fast
these waves would travel through space.  He got exactly
the speed of light, which by that time had been measured
by Fizeau.  On December 8, 1864, he delivered his results
before the Royal Society:  “The agreement of the results
seems to show that light . . . is an electromagnetic distur-
bance propagated through the field according to electro-
magnetic laws.”

Maxwell died of cancer in 1879.  Unfortunately, he
did not live to see the experiments of Heinrich Hertz in
1888, which generated electromagnetic waves in the
laboratory and which ushered in the era of radio and
television.  He also did not live to see Albert Einstein
receive the Nobel Prize in 1923 for his explanation of
the photoelectric effect, an explanation which clearly
required that light was not waves at all, but a stream of
tiny particles.
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STUDY GUIDE
Chapter 14:  The Properties of Light

A.  FUNDAMENTAL PRINCIPLES
1. Wave-Particle Duality of Electromagnetic

Radiation (Light):  Electromagnetic radiation in
its finest state is observed as particles (photons), but
when unobserved (such as moving from place to
place) is described by waves of probability. (The
concept of “waves of probability” will be intro-
duced in Chapter 16.)

2. Principle of Noncontradiction: See Chapter 1.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What is electromagnetic radiation?  What is its
source and what is its speed?

2. Is there evidence to support the view that electro-
magnetic radiation (light) has a wave nature?

3. Is there evidence to support the view that electro-
magnetic radiation (light) has a particle aspect?

4. How much energy is there in a photon of light?

C.  GLOSSARY
1. Electromagnetic Radiation: All of the radiations

produced by accelerating electric charge.
Electromagnetic radiation is light, both visible and
nonvisible.

2. Maxwell’s Equations: A set of four fundamental
laws, expressed in mathematical form, that govern
electricity and magnetism and their interrelation-
ship.  The Electrical Force Law (see Chapter 4) is
included in Maxwell’s Equations.

3. Photoelectric Effect: Experimental results where
low-frequency light does not discharge certain neg-
atively charged materials, but high-frequency light
does.  The photoelectric effect is evidence for the
particle nature of light.

4. Photons: Particles of electromagnetic radiation (light).
5. Planck’s Constant: A fundamental constant of

nature that appears in several fundamental relation-
ships associated with wave-particle duality.  For
example, the energy in a photon equals Planck’s

constant times the frequency, E = Planck’s constant

33 frequency.

D. FOCUS QUESTIONS
1. In each of the following situations:

a. Describe what would be observed.
b. Name and state in your own words the principle,
or partial principle, that can explain what would be
observed.
c. Explain what would happen in terms of the prin-
ciple.

(1) A light beam from a laser is allowed to pass

through two close, narrow slits and then fall on
a screen.
(2) Light from a regular flashlight and then
ultraviolet light is shined on a metal surface
hooked to a charged electroscope.

E.  EXERCISES 
14.1. Two rocket ships are approaching each other,

each moving at three-fourths the speed of light.  Light is
emitted by one of them.  How fast would this light
appear to be moving if its speed were measured by the
pilot of the first rocket ship and then by the pilot of the
other rocket ship? 

14.2. How fast would the light in question 14.1
appear to be moving if its speed were measured by a
third person who is standing on the ground watching
both rocket ships go by? 

14.3. Suppose a truck were traveling at a speed of
50 miles per hour when a ball was thrown forward from
the truck at a speed of 20 miles per hour.  How fast
would the ball be going as measured by a person on the
ground watching the truck and ball go by?

14.4. Why are your answers to questions 14.2 and
14.3 so different?  If you used the same reasoning in
14.2 as you did in 14.3, the light emitted by the rocket
should be seen to be going one and three-fourths the
usual speed of light.

14.5. Describe an experiment for measuring the
speed of light.

14.6. Our eyes respond differently to red and blue
light.  Compare the speed, wavelength, and frequency
of these two kinds of light. 

14.7. Describe an example of the diffraction of
light. 

14.8. Describe a situation in which interference of
light can be observed.

14.9. Describe experiments you might do to con-
vince a skeptic that light has wave properties. 

14.10. Describe how the pattern of light passing
through a hole onto a screen changes as the hole
becomes smaller.  Start with a very large hole (say sev-
eral inches in diameter) and describe what happens until
the hole becomes very, very small.

14.11. Sketch and describe the diffraction pattern
observed when light passes through a single narrow slit
and then falls on a screen.
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14.12. Describe what happens to the pattern in
Exercise 14.11 when the slit is made even narrower.

14.13. Sketch the interference pattern observed
when light passes through two close, narrow slits and
then falls on a screen.

14.14. Explain how the pattern described in
Exercise 14.13 can be explained.

14.15. Describe the appearance of a photograph
taken with low-intensity light.  What does this suggest
about the nature of light? 

14.16. Describe experiments you might do to con-
vince a skeptic that light has particulate properties. 

14.17. Is light wavelike or particlelike?  Justify
your answer by describing some experimental results.  

14.18. What is a photon?

14.19. How can the energy associated with individ-
ual photons be measured?

14.20. Describe the photoelectric effect and explain
how it demonstrates an important aspect of the nature of
light.

14.21. Which color of light, blue or red, contains
the more energetic photons?

14.22. Which of the following is false regarding red
and blue light?

(a) both travel with same speed
(b) both produce interference patterns
(c) both produce diffraction patterns
(d) both have “same energy” photons
(e) they have different wavelengths.

14.23. The particle nature of light is demonstrated
by

(a) reflection
(b) refraction
(c) interference
(d) diffraction
(e) photoelectric effect.
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It is remarkable that we can know as much as we do
about atoms.  Until just a few years ago, atoms were too
small to be seen even with the best microscopes.  Today,
the “tunneling microscope” and its close relatives give
a fairly good picture of some individual atoms.  The
“atomic force microscope” can even be used to move
individual atoms from place to place on crystal surfaces.
But, atoms are still very, very small.  How can we know
anything about something so remote as an individual
atom?

Actually, the size of an atom can be estimated in a
surprisingly simple way. Take a droplet of oil of known
volume and allow it to spread out as thinly as possible
on the surface of water. Assume that it spreads out until
the resulting film is one molecule thick (this assumption
may not be precise, but it is fairly accurate).  Now cal-
culate the volume of the oil from the observed area of
the slick and also the assumed thickness.

volume 5 area 33 thickness

Since the volume of oil was originally known and
since the area is observed, you can calculate the thick-
ness.  It gives a rough estimate of the diameter of an
atom, about 10–10 meters.

To get a better idea what this means, consider the
following fact:  There are about as many molecules of
water in a spoonful of water as there are spoonfuls of
water in all the oceans of the world combined!  Atoms
and molecules are very small.

The Charged Particles in Atoms

Our earlier experiments to deduce the form of the
law of electromagnetic force suggested that all matter is
made of elementary materials that are electrically

charged.  We might suspect, then, that atoms and mole-
cules would contain an electrical charge.  Our whole
understanding of the structure of atoms depends on this
concept, as well as our experimental proof that all mat-
ter is made of charged particles.  

The earliest experiments to understand the atom
consisted of actually tearing atoms apart and examining
the pieces that emerged.  This can be done by passing an
electric current through a gas composed of the atoms or
molecules to be studied.  A gas is used because the mol-
ecules are far enough apart that their interactions with
each other are relatively unimportant.  The gas is con-
tained within a sealed tube.  Two metal plates in the tube
may be charged by external mechanisms—one with a
positive charge, the other with a negative charge (Fig.
15.1).  

There are always a few free charges of both signs in
such a gas.  When the plates are charged, the negative
charges are attracted to the positive plate, while the pos-
itive charges are attracted to the negative plate.  Since
the charged particles are free to move about, this attrac-
tion causes them to accelerate and gain kinetic energy.
As the atoms move through the gas, they collide with
neutral atoms, sometimes with enough force to frag-
ment them.  As these fragments are charged, they are
also attracted to and accelerated toward the charged
plates.  They then collide with other atoms, causing fur-
ther fragmentation.  As the process continues, these
charged fragments of atoms constitute a significant
electric current moving through the tube.  Such tubes
are called gas discharge tubes, with the electric current
being the gas discharge.  Gas discharges are among the
most important tools used to reveal the secrets of atom-
ic structure. 

The gas between the plates of an operating gas dis-
charge tube is a plasma, containing both positive and
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Figure 15.1.  Atoms can be torn into positive and negative fragments in a gas discharge tube.  Why do the positive frag-
ments emerge past the negatively charged plate?

      



negative charges in equal amounts.  The charges are
traveling in opposite directions, each moving toward the
plate opposite its own charge.  If they actually reach the
plate, they combine with charges in the plate and are
neutralized.  It is possible to produce streams of either
positive or negative atomic fragments by arranging
small holes in the plates.  The charged fragments often
pass straight through such holes and travel into areas
behind the plates, where the fragments of only one
charge may be studied.

The general approach to the study of these moving
atomic fragments is to subject them to electromagnetic
forces, which usually can be applied from outside the
gas discharge tube.  The strength of the force that acts
on each fragment depends on its electric charge, while
its acceleration depends on its mass and the strength of
the force.  Thus, both the charges and the masses of the
particles can be studied.

When the negatively charged atomic fragments are
studied, it is found that those coming from different
kinds of atoms are identical.  It does not matter whether
the gas discharge is through hydrogen, helium, neon, or
any other gas; the negative fragments have the same
properties in every case.  The negative fragments con-
stitute one of the fundamental building blocks of all
matter and are what we have come to call electrons.

But the same is not true of the positively charged
fragments.  Positive fragments from helium gas dis-
charges have about four times the mass of positively
charged fragments from hydrogen discharges; those
from nitrogen, 14 times as much as hydrogen; etc.

A third important finding is that the negative frag-
ments all contain much less mass than the positive frag-
ments.  The lowest ratio is for hydrogen when the posi-
tive mass is 1,836 times the negative mass.  Almost all
of the mass in atoms is contained in positive charges,
rather than in the negatively charged constituents, the
electrons.

These experiments provide striking confirmation of
the Electrical Model of Matter and give the first solid
information about the structure of the atoms of which
matter is composed. 

Electrons as Particles

The gas discharge experiments provide consider-
able information about the constituents of atoms; how-
ever, they deal with large samples of matter and provide
limited information  about the particulate nature of mat-
ter.

The charge on individual electrons can be mea-
sured in the oil-drop experiment (Fig. 15.2).  Light
watch-oil sprayed through an atomizer forms a mist of
tiny droplets that can be seen individually through a
microscope with proper illumination.  Friction between
the emerging oil droplets and the atomizer orifice caus-

es each droplet to become electrically charged, similar
to the effect created by hard rubber being rubbed by
cat’s fur.  Because of the smallness of each oil droplet,
its net charge is due to an excess or decrease of only a
few electrons.  The purpose of the experiment is to mea-
sure that charge.

Figure 15.2.  The electric charge of individual electrons
can be measured in the oil-drop experiment.

The charged oil droplets are sprayed into an area
between two metal plates on which known charges can
be placed.  The resulting accelerations of the droplets are
measured.  The mass of each droplet can be calculated
from its size, and the electrical force causing its acceler-
ation can be determined.  In turn, this electrical force
depends on the net charge on the droplet and the known
charges on the metal plates.  With all of this information,
the charge of each droplet can be calculated.

Such experiments reveal the discrete nature of elec-
trical charge. Each measured charge is an exact multiple
of a basic, smallest charge.  This smallest charge has
been identified as the charge of a single electron.  Other
charges can then be understood as an excess or defi-
ciency of two, three, four, or more electrons.
Furthermore, the exact value of this basic charge unit
can be determined in this way.  For the first time, its
small magnitude is apparent.  This is one of the impor-
tant keys to unlocking the secrets of atomic and molec-
ular structure.

Mass Spectrometer

The masses of atoms have been estimated by a vari-
ety of methods.  A modern method uses a device called
a mass spectrometer.  We will describe how one type of
mass spectrometer works because it illustrates how a
scientific law or relationship is used to design an instru-
ment or device.  

The spectrometer functions by giving an atom a
certain amount of kinetic energy and then observing
how fast the particle travels.  The resulting speed is
related to the mass by the equation
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kinetic energy 5 }
1
2

} 33 mass 33 speed 2 .

You should recognize that this is just the definition of
kinetic energy introduced in Chapter 7.  Electrical
attraction can be used to give energy to an atom if the
atom is charged.  We make the atom into a charged
object by bumping it in such a way that one or more
electrons are removed.  This leaves the atom with a pos-
itive charge; it is now technically called an ion.  The
atoms whose mass we wish to measure with this device
must be in the form of a gas.  We then bombard the gas
with electrons from a device like an electron gun to cre-
ate the ionization.  In Figure 15.3 electrons are boiled
from a hot filament of wire and are accelerated toward
a screen that has been given a positive charge.  Most
pass through the screen into the chamber where they
bump into the atoms and ionize them. 

The ionized atoms are now attracted toward a
charged screen (Fig. 15.3b).  The device is designed to
impart the same kinetic energy to each ion regardless of
its mass.  For clarity, only one size ion is shown in
Figure 15.3.  But with the same kinetic energy, massive
ions will have low speeds and light ions will be moving
very rapidly.

To measure the speed, ions are allowed to pass

through the grid into a meter-long drift tube in which
there are no electrical forces to change their speeds (Fig.
15.3c).  One can time their travel to the end of the tube.
The ions register their arrival at the end of the tube by
knocking electrons out of a specially prepared detector
material.  The arrival signal is passed electronically to a
modified television set.  When the ions first entered the
drift tube, a spot of light on the television screen was set
in motion moving from left to right on the bottom of the
screen (Fig. 15.3d).  When an electrical signal from ions
arriving at the far end of the drift tube is sent to the set,
the spot of light is moved upward by an amount pro-
portional to the number of ions arriving at that time.  If
there were atoms of two different masses, the lighter of
the two would cause a signal pattern on the screen
toward the left.  The spot of light would return to the
bottom of the screen and continue to move toward the
right until the slower (and more massive) ions arrive to
cause a second deflection of the spot of light.  From
measurements of this type, the masses of atoms can be
measured quite precisely.

Admittedly, the device has measured the mass of an
ion rather than the mass of the atom.  In fact, are the
electrons that have been removed identical regardless of
the type of atom from which they come?  If they are,
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Figure 15.3.  Operation of time-of-flight mass spectrometer.  (a) Pulse of electrons ionizes a few gas atoms.  (b)
Negative charge applied to ion screens attracts ions, bringing all ions of the same mass to the same speed.  (c) Ions drift
for approximately 1 meter in a field-free-drift tube.  (d) Ions dislodge electrons that travel to a television screen to ele-
vate a traveling dot showing the number of ions and their time of arrival.



what is the mass of an electron?  The spectrometer can
be used to resolve these questions as well.  If the screen
in Figure 15.3c is made positive rather than negative, it
will attract the electrons rather than the positive ions,
and the electron masses can be measured instead of the
ion masses.  The results of measurements of this type
show the electron to have a very small mass relative to
the mass of an ion.  Every electron has exactly the same
mass and exactly the same electric charge.  Why should
the values for the charge and mass be as they are and not
some other?  No one knows.

Many types of atoms have been measured in mass
spectrometers.  Hydrogen atoms are the least massive at

1.66 33 10–24 grams.  We refer to this mass as one atomic
mass unit (amu).  When pure helium is put in the mass
spectrometer, its time of flight indicates that its mass is 4
amu.  At the same time, experiments show that the helium
atom never loses more than two electrons when it is ion-
ized.  Thus, since the helium atom is electrically neutral,
we can conclude that somewhere lurking in the atom are
two positive charges needed to “neutralize” two electrons.

The Rutherford Experiment

Unraveling the structure of the atom is more diffi-
cult.  Indeed, there is really only one known method:
shoot something into the atom and study the pattern of
the rebounding particles.  Ernest Rutherford used this
method with great success in the years just preceding
the discovery of the nucleus in 1912.

Rutherford had begun studying x-rays after their
discovery in 1895, but had moved on to discover two
new and different radiations emitted by certain elements
(uranium, radium, thorium), which he labeled “alpha”
and “beta” radiation.  Over a period of ten years, he and
his coworkers worked on an understanding of the way
atoms transmute from one species to another and how,
in the process, they emit very energetic and fast-moving
particles.  Because of the long period he had spent
studying these new radiations, Rutherford was uniquely
poised to use the alpha particles as probes of the struc-
ture of the atom.

The prevailing theory of the atom was due to J. J.
Thomson, who had been Rutherford’s mentor at
Cambridge in the early years; later Rutherford succeed-
ed Thomson as head of the Cavendish Laboratory.  The
Thomson Model of the atom, which was developed to
explain the results of the gas discharge experiments,
consisted of a fluid of positive electricity in which were
embedded enough pointlike electrons to give electrical
neutrality to the overall structure.  This seemed a plau-
sible enough idea because the known massive positive
charge would be thought to occupy most of the atom.
The electrons were to be thought of like plums in a pud-
ding (hence the nickname, Plum Pudding Model) or

like raisins in bread.  But Rutherford’s experiments and
greatest contribution to physics showed that his men-
tor’s model of the atom was wrong.

In Rutherford’s own words:

One day Geiger came to me and said, “Don’t
you think that young Marsden, whom I am
training in radioactive methods, ought to begin
a small research?”  Now I had thought that too,
so I said, “Why not let him see if any alpha par-
ticles can be scattered through a large angle?”  I
may tell you in confidence that I did not believe
that they would be since we know that the
alpha particle was a very fast, massive particle
with a great deal of energy.

It was a simple but tedious experiment.  A beam of
alpha particles was collimated and focused on a very
thin sheet of gold.  Directly behind, or to the side, was
a small screen coated with a substance which emitted a
tiny spot of light when struck by an alpha particle.
Basically, the idea was to observe how an encounter of
an alpha particle and a gold atom made the alpha parti-
cle bounce.  But the spots of light on the screen were
very faint, and a physicist had to sit in a completely dark
room for half an hour to allow his eye to adjust to the
needed sensitivity.  Then followed hours of observation.
Rutherford is said to have given up after a few minutes,
but Marsden and Geiger stuck it out  (see Fig. 15.4).

Then I remember two or three days later Geiger
coming to me in great excitement and saying
“We have been able to get some of the alpha
particles coming backwards!”

It was quite the most incredible event that has
happened to me in my life.  It was almost as
incredible as if you fired a 15-inch shell at a
piece of tissue paper and it came back and hit
you.  (From the 1936 essay, “The Development
of the Theory of Atomic Structure,” by Lord
Rutherford, in Background to Modern Science,
New York: Macmillan, 1940.)

Down inside the atom was matter like no one had
ever imagined before.  The incredibly dense and small
nucleus of the atom had been discovered.  Shortly there-
after, World War I began.  Marsden fought for Britain,
Geiger for Germany.

The alpha particles used by Rutherford were even-
tually shown to be the nuclei of helium.  As the posi-
tively charged alpha particle approaches the nucleus of
a gold atom in the foil, it is repelled and deflected by the
positive charge of the protons in the gold nucleus.  Most
of the alpha particles passed through the gold foil with,
at most, a minimal deflection.  About one in 10,000
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makes a “direct hit” and is repelled back in the direction
from which it came.  From this small ratio of reflected
particles and the patterns of the reflected particles,
Rutherford deduced not only that the target nucleus was
very small compared to the size of the atom but also that
most of the mass of the atom was concentrated in it.

Estimates of the diameter of the nucleus from such
experiments are about 10–15 meters.  Thus, if the diame-

ter of the atom is 10–10 meters, we have a ratio of about
1:100,000 for the ratio of the diameters of the nucleus
and the atom.  This is the ratio of 1 millimeter to 100
meters!  Indeed, much of the volume of the atom is
empty.

The density of the nucleus can be estimated from
the mass of an atom (concentrated in the nucleus) divid-
ed by the volume of the nucleus,

density 5
mass

volume   
.

The result is about 1014 grams per cubic centimeter.
This is to be compared to the density of water, 1 gram
per cubic centimeter.  This is why we say that
Rutherford had discovered matter unlike anything any-
one had ever imagined before.  A cubic centimeter of
nuclear matter would be more than a trillion times heav-
ier than a cubic centimeter of water!

The Bohr Model

Rutherford’s discovery of the nucleus quickly led

to the view of an atom that many of us  learned as chil-
dren:  a tiny “solar system” with the electrons, like plan-
ets, circling the nucleus.  The Rutherford Model (also
called the Solar System Model) is a very attractive and
appealing picture because it unifies our view of the
world.  The world becomes solar system within solar
system and, therefore, neat and tidy.

However, it can’t be completely correct.
Accelerated, charged particles moving in tight orbits are
known to emit electromagnetic radiation.  In
Rutherford’s time, theory clearly showed that the accel-
erating electrons in an atom would emit their energy as
a flash of light and fall into the nucleus; the atom (and
all things made of atoms) would collapse in a wink.
And yet, if the electrons were not moving, they would
quickly be pulled into the nucleus by its positive charge.
How could the electrons in the atom be neither station-
ary nor moving?

Niels Bohr (1885-1962) was interested in the insta-
bility problem of the “solar system” atom.   In 1912 he
returned to Denmark from a visit to Rutherford’s labo-
ratory and began to try to solve the riddle of the atom.
It was always on his mind.  He even dreamed about the
problem.  But, at first, he lacked the key.

The key to the puzzle was the discrete spectrum of
light.  When we observe the emission spectrum of
gaseous elements, we see certain distinct colors charact-
eristic of each element.  Hydrogen has such a spectrum,
as do the other elements (Color Plate 4). These spectra
had all been cataloged years before Niels Bohr arrived
on the scene.  No one had any notion how to account for
the colors in the spectra, and few ever connected the
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Figure 15.4.  The Rutherford Experiment.  Alpha particles from the radioactive source encounter atoms in the gold
foil and then pass through to be observed striking the scintillating screens.



mass of data to any model of the atom.  How were they
to know they were observing one of the most profound
puzzles of nature—the key to the atom—by looking at
a spectrum of red, blue, and violet?

Bohr continued to imagine a solar system, which
would eventually have to be scrapped.  But he now
began to think in terms of “quanta”—packages of ener-
gy satisfying the relationship

quantum of energy 5 Planck’s constant 33 frequency .

In the Bohr Model (or Modified Solar System Model)
the energy of an electron depends on its distance from
the nucleus—the radius of its orbit.  Bohr’s key was to
imagine that in the atom only certain “allowed” orbits
were possible.  To make the orbit stable, he assumed
that an electron would not radiate electromagnetic ener-
gy so long as it stayed in the same orbit—in spite of its
acceleration.  The energy of the electron remained con-
stant in each orbit, but different orbits had different
energies. Sometimes, according to laws of probability,
an electron in an orbit of higher energy, E2, could jump
to a vacancy in an orbit of lower energy, E1 (if a vacan-
cy existed).  To conserve energy the electron would get
rid of the energy difference by creating a photon (light
quantum) and emitting it from the atom.  The photon
would contain precisely the difference in energy 

E2 2 E1 5 Planck’s constant 33 frequency ,

and this would create a photon of a precise frequency
(and, hence, color).  

Bohr’s model (Fig. 15.5) that allowed only discrete
electron orbits and their corresponding energies was a
triumph.  Bohr received the Nobel Prize in 1922.  The
model worked for hydrogen, but it was flawed.  It still
didn’t explain why the electrons didn’t radiate while in
the special orbits.  Additional conceptual steps had to be
taken, and these were made in large part by the students
and colleagues who flocked to Copenhagen to work
with Niels Bohr in his institute.  

Discrete Spectra 

Imagine a Bohr atom.  For simplicity, let us con-
sider the hydrogen atom, which has just one electron.
Surrounding the nucleus are many possible orbits, but
the possibilities are discrete.  While certain orbits are
allowed, the in-between possibilities are strictly forbid-
den.  An electron in the innermost orbit has an energy
E1.  When the atom is undisturbed, the electron will find
its way to the innermost orbit.  In such an atom with just
one electron, the innermost orbit is occupied and the
other orbits are just empty possibilities.  Let us now
imagine a gas of hydrogen atoms contained in a tube.
The atoms are all undisturbed so that in each atom its
electron is in the innermost orbit.

Now imagine attaching electrodes to the tube and
forcing a current of electrons to flow through the gas,
bumping the orbiting electrons in the atoms as they go.
In some of the collisions just enough energy will be
given to one of the orbiting electrons to boost it to one
of the higher orbits.  The atom is then said to be “excit-
ed.”  Because the bumping in the tube is rather random
and chaotic, excited electrons in different atoms will be
in different orbits.  In these orbits the electrons have
energies E2, or E3, or E4, and so forth, depending on the
orbit.  Each orbit has a different energy and all are
greater than E1.  Figure 15.6 shows energy levels corre-
sponding to a one-electron atom that is bumped so that
the electron jumps to a higher-energy orbit.

Figure 15.6. (a) An unexcited, one-electron atom.
(b) An excited, one-electron atom.  The electron could
be excited by a collision with another electron, or could
be  excited by absorbing a photon of just the right ener-
gy (“color”).
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Figure 15.5.  The Bohr Model of the atom.  An electron
circles the nucleus in orbits of precise energy.  As the
electron jumps from orbit to orbit, the discrete spectrum
of the atom is produced.



The electrons continue in their excited orbits.
However, sometimes an electron will jump into a vacant
orbit of lower energy; but to do so it must get rid of the
energy difference.  The electron loses energy by creating
a photon of exactly the right energy and emitting it from
the atom.  When you look at a tube containing many

hydrogen atoms that have been excited in different ways,
you see many different colors of photons emerging from
the tube in a discrete emission spectrum.  Figure 15.7
and Color Plate 4 show a discrete emission spectrum for
hydrogen; Figure 15.8 shows energy levels for hydro-
gen.  The energy levels just represent the different ener-
gies of electrons in the different orbits.

The process can be reversed.  Imagine a gas of
undisturbed atoms.  Imagine that a continuous spectrum
of photons of every color is projected onto the gas.  Just
as an electron can get rid of energy by creating a photon
and emitting it from the atom, electrons can absorb pho-
tons that enter the atom.  However, in this instance, only
those photons which have exactly the energy necessary
to boost an electron to a vacant, higher-energy orbit can
be absorbed.  Many of the colors of photons in the con-
tinuous spectrum do not have the right energy to match
an allowed electron jump.  These pass through the gas
and emerge on the other side.  But a few with just the
right colors to match available electron jumps are ab-
sorbed and disappear.  These do not emerge from the
other side.

The atoms which have absorbed photons are now
excited, just as they were excited by being bumped in
the earlier example.  They will eventually emit photons
with the same colors as the ones that have been
absorbed, but the photons will be emitted in all direc-
tions; the few that rejoin the mainstream are so reduced
in numbers as to be virtually undetectable.  The result is
that when one observes the spectrum of white light
(with a continuous spectrum) that has passed through
the gas, some of the colors will be missing.  The
observed spectrum is said to be an absorption spec-
trum because certain colors have been absorbed.
Figure 15.9 and Color Plate 4 show absorption spectra.

For example, gases which surround the sun create
an absorption spectrum of the light emitted by the sun
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Figure 15.7.  Emission spectrum.  The labeled white lines represent the different colors of light emitted by a gas after
it has been excited.

Figure 15.8.  Energy levels of a hydrogen atom (not to
scale) and the colors produced by electrons dropping
from one level to another.  The levels are labeled with
A, B, C, D, E, and F, from lowest to highest energy.

Figure 15.9.  Absorption spectrum.  The black lines indicate colors of light which are missing from the otherwise con-
tinuous spectrum (the labeled white areas.)



as it passes through on its way to earth.  In 1868 such a
spectrum provided the first evidence for an element,
helium, which had not yet been observed on earth.  In
fact, helium’s name is derived from “helios,” the Greek
word for sun.

Continuous Spectra 

If an atom had exactly two levels only, there is only
one possible color that could appear in its discrete spec-
trum.  If there are three levels only, labeled A, B, C, three
colors would appear in the spectrum corresponding to
transitions BA, CA, and CB.  If there are four levels—
A, B, C, D—six colors appear: BA, CA, DA, CB, DB,
DC.  Hence, the number of combinations gets larger and
larger.  Figure 15.8 shows the 15 combinations for six
levels.

Bohr’s atom contained an infinite number of possi-
ble orbits.  The lower energy ones were widely spaced
in energy and radius, but the higher energy ones were
more numerous and much closer together in energy.
Figure 15.8 shows the trend where the higher energy
levels are drawn closer together.  Imagine ever higher
levels that are more numerous and closer together.
Electrons that get bumped into these energy levels have
so many possibilities for working their way back to the
unexcited level that almost any color is possible, and the
spectrum from an excited gas takes on the character of
a continuous one.  In the limit that the electron is actu-
ally bumped free of the atom or moves free of the atom,
the spectrum of an excited gas becomes continuous.

Summary

It is remarkable how we can know anything about
something as small as an atom.  Nevertheless, we can get
a rough estimate of its size by allowing an oil drop to
spread out thinly over the surface of water and calculat-
ing the thickness of the film.  We know that atoms con-
tain charged pieces (electrons and nuclei) from gas dis-
charge experiments that break the atoms into their con-
stituent pieces.  Also, we can make precise measurements
of the mass of the atom using the mass spectrometer.
Rutherford’s experiment showed us that the atom con-
tains a nucleus, which is positively charged.  The nucle-
us is very small in relation to the size of the atom and
contains virtually all of the mass of the atom.  The result-
ing nuclear matter is incredibly dense and unlike any-
thing that had even been imagined prior to its discovery.

Using Rutherford’s experimental evidence, Niels
Bohr created a nuclear model of the atom that was unex-
pectedly successful in explaining the discrete spectra of
atoms.   However, the model still contained conceptual
difficulties, and we will address those in the next two
chapters.

Historical Perspectives

At the beginning of the 20th century there were
estimated to be about 400 physicists worldwide, most of
them at universities in the British Isles or in Europe
(Barbara Lovett Cline, Men Who Discovered the New
Physics, p. 19).  Among these was Ernest Rutherford
(1871-1937).  He was a large man who possessed an
intensely competitive nature and a passion to discover
something new.  “Old” physics didn’t interest him;  he
was interested only in the unsolved problems and the
mysteries.  He had a talent for making an apparatus
work and an instinct for designing straightforward
(although sometimes crude) experiments that got direct-
ly to the point.  He was a confident organizer who drove
his people hard.  When new discoveries were made in
his laboratory, by himself or his associates—and these
happened frequently in the early decades of the centu-
ry—he would march through the laboratory roaring the
song “Onward Christian Soldiers” (Cline, p. 13).
However, one of his weaknesses was mathematics,
which he avoided largely by doing experiments that
avoided intricate analysis.  He was a New Zealander
who came to the Cavendish Laboratory at Cambridge in
1895, moved for a time to McGill University in Canada
(1898), then returned to the University of Manchester in
England in 1907.  By the time he discovered the nucle-
us of the atom in 1912, he had already received the
Nobel Prize (in 1908) for his work in radioactivity. 

Niels Bohr (1885-1962) visited the Manchester lab-
oratory of Ernest Rutherford for six months in 1912 in
order to “get some experience.”  He had just finished his
doctorate at the University of Copenhagen in his home-
land of Denmark.  He did not speak English well, and
throughout his career was a halting conversationalist
who often couldn’t express himself clearly.
Nevertheless, he is remembered for his arguments with
colleagues and students in which his inquiring mind and
probing questions stimulated the solutions to the prob-
lems posed by the atom and a revolution in our under-
standing of nature that was as profound as Newton’s
revolution.

He was the son of a Danish physiology professor.
His father’s home was a place for faculty members to
come and discuss nature and philosophy in the presence
of Niels and his brother Harald (who achieved fame as
a mathematician).  Bohr was fascinated by opposites.
Free will and determinism are opposites; so are waves
and particles.  But Bohr saw the opposites as comple-
mentary faces of the same nature and struggled to
resolve their coexistence in the same phenomena.  He
was in the right place at the right time because elect-
rons, light, and the atom were beginning to show them-
selves to be plagued with “opposites.”
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STUDY GUIDE
Chapter 15:  The Nuclear Atom

A.  FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What evidence is there for believing there are
charged parts within atoms?

2. Thomson Model of the Atom (also Plum
Pudding Model):  That model of the atom contain-
ing positively and negatively charged parts in
which the positive charge was distributed through-
out a larger mass (like a pudding) and the electrons
were imbedded in the mass of positive charge like
plums in the pudding.

3. What evidence is there for believing the atom has a
dense, positively charged nucleus?

4. The Rutherford Model of the Atom (also Solar
System Model): That model of the atom which
succeeded the Thomson Model when the
Rutherford experiment showed that the positive
charge was concentrated in a very small nucleus
near the center of the atom.  The electrons then
became satellites like the planets moving around
the sun.

5. What evidence is there that the atoms of each ele-
ment emit unique, discrete spectra?

6. The Bohr Model of the Atom (also Modified
Solar System Model): That model of the atom
which succeeded the Rutherford Model of the
Atom when it was unable to account for the dis-
crete spectrum of light emitted by atoms.  The Bohr
Model was a planetary model, but allowed only
certain discrete possible orbits.

7. How do atoms know what colors of light to emit?
8. Why don’t electrons collapse into the nucleus? 
9. What do you learn about the way “science works”

as you study this series of models?

C.  GLOSSARY
1. Absorption Spectra: A spectrum of color in

which certain colors have been removed (absorbed)
as the light passes through a medium of atoms or
molecules.  Absorption spectra can be used to iden-
tify the atoms or molecules in the medium.

2. Atomic Mass Unit (amu): A unit of mass used
primarily for atoms.  The mass of a carbon atom
with 6 protons and 6 neutrons is exactly 12 amu in
these units, and the mass of a hydrogen atom with
a single proton is very close to 1 amu.

3. Discrete Spectra: See Chapter 10.
4. Emission Spectra: Spectra of color created by

light that is emitted from atoms or molecules.
Emission spectra can be used to identify the atoms

or molecules that emit the light.
5. Ion: An atom that has either gained or lost one or

more electrons so that it has become a charged
object.

6. Mass Spectrometer: An instrument used to mea-
sure the masses of atoms, molecules, and molecu-
lar fragments.

7. Oil-Drop Experiment: The name given to an
experiment originally performed by Robert
Millikan and Harvey Fletcher that measured the
charge on a single electron by levitating charged oil
drops so that known electric forces balanced the
weight of the oil drop.

8. Orbit: The path that a moving particle follows,
particularly as it moves around an attracting center,
such as a planet moving in an orbit around the sun.

9. Rutherford Experiment: The name given to a
series of experiments that demonstrated that the
nucleus had a very small, dense nucleus.  In the
experiments, a gold foil was bombarded with so-
called alpha particles (two protons and two neu-
trons bound together) in a way that the recoil of the
alpha particles as they struck the nucleus of gold
could be observed.

D. FOCUS QUESTIONS
1. Consider the experiment where strong electrical

forces were applied to gas in discharge tubes. 
a. Describe the experiment and the results.
b. Name and outline the model that was dis-
proved by the experiment or was inadequate to
explain the experiment.
c. Name and outline the model that was devel-
oped to account for the new information and show
how the new experimental results were explained
in the new model.

Repeat the above question for:
(1) Rutherford experiment where positively
charged particles were fired at a thin gold foil.
(2) Emission of discrete spectra from ener-
gized atoms.

E.  EXERCISES
15.1. Explain why two ions with the same kinetic

energy but different masses will have different speeds in
the mass spectrometer.

15.2. If both N and O are given the same kinetic
energy, which will have the higher speed?

15.3. In the mass spectrometer, which will have the
higher speed, C minus one electron or C minus two
electrons?

15.4. How much heavier is an alpha particle than an
electron?  If a speeding alpha particle scores a direct hit
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on an electron in gold foil, which of the following is
more likely to occur?

(a) The electron will not be moved very much, but
the alpha particle will bounce off at an entirely new
angle.
(b) The alpha particle will not change course very
much, but the electron will be knocked off in a new
direction.

15.5. How much heavier is a gold nucleus than an
alpha particle?  The mass of the gold nucleus is given in
the atomic mass column of Appendix B.  If a speeding
alpha particle scores a direct hit on a gold nucleus,
which of the following is more likely to occur:

(a) The nucleus will not be moved very much, but
the alpha particle will bounce off at an entirely new
angle.
(b) The alpha particle will not change course very
much, but the gold nucleus will be knocked out of
the foil.

15.6. Describe some experimental evidence for our
belief that matter and the atoms of which it is composed
is made of charged particles.

15.7. Give two experimental observations that
show that the positively charged particles in atoms have
much more mass than the negatively charged ones.

15.8. Suppose the photon in Figure 15.10 came
from green light (medium frequency).  What color of
light would be required to lift an electron from the low-
est level to the highest?  (Remember that violet light has
a high frequency and therefore energetic photons and
that the opposite is true of red light.)

Figure 15.10.  (a) “Green” (energy) photon being
absorbed and (b) raising an electron to a higher level
vacancy.

15.9. What color would you expect to be best for
lifting an electron from the lowest level to the middle
level in Figure 15.10?

15.10. If you knew the color of light absorbed, what
equation would you use to find the energy difference
between the levels involved in absorption?

15.11. If it is possible to differentiate neon signs
from helium signs by their color, would it be possible,
in principle, to distinguish between glowing neon and
glowing helium on the surface of the sun?
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When Louis-Victor-Pierre-Raymond de Broglie
(1892-1987) wrote his doctoral thesis in 1923, he pro-
posed a radical new idea with implications he, himself,
did not fully appreciate.  De Broglie, a graduate student
of noble French background, was guided by personal
intuition and mathematical analogies rather than by any
experimental evidence when he posed what turned out
to be a very crucial question:  Is it possible that parti-
cles, such as electrons, exhibit wave characteristics?

De Broglie’s arguments led to the conclusion that
electrons had a wavelength given by

wavelength ! Planck’s constant              
(mass of an electron)(speed of an electron)

.

Indeed, Planck’s constant is a very small number and,
for reasonable speeds of an electron, the equation
always results in a very short wavelength (of the order
of atomic dimensions).  In order for a wave to exhibit
the characteristic behavior of interference and diffrac-
tion, it must pass through openings of about the same
dimension as the wavelength, i.e., in the case of elec-
trons, through openings about as wide as an atom or the
spacing between atoms.

If one were to calculate from de Broglie’s relation-
ship the wavelength associated with a baseball, one
would find a prediction of the order of 10–34 meters.
This small number follows from de Broglie’s relation-
ship because it has the mass of the object in the denom-
inator (very large for a baseball) and Planck’s constant
in the numerator (a very small number).  Waves so short
would exhibit diffraction and interference only if they
went through very narrow openings (about 10–34meters).
Since the present limit of measurability is about 10–15

meters, we can conclude that for macroscopic objects
like baseballs, the waves might just as well not exist.

The next step was to somehow bring together Bohr’s
atom (with its success at predicting the atomic spectra) and
de Broglie’s matter waves.  The success of Bohr’s atom
hinged on the idea that there were certain discrete orbits
with associated discrete energies.  But what determines
which orbits are allowed and which are not?  Perhaps,
someone thought, it is de Broglie’s wave.  Perhaps the only
orbits allowed are those that an integral number of de
Broglie electron wavelengths would fit into!  (See Fig.

16.1)

Figure 16.1.  De Broglie’s matter waves “explain” why
only certain orbits are possible in Bohr’s atom.  The
waves must just fit the orbit.

This idea was a great success.  It predicted just the
right orbits and just the right energy levels to explain the
light spectrum for hydrogen (though it was less suc-
cessful for helium, lithium, etc.).  Certainly it was
mathematically equivalent to the idea that Bohr had
originally used (which did not use waves), but it was
also radically different because it introduced a powerful
new idea:  the electrons surrounding the nucleus of the
atom are some kind of wave whose wavelength depends
on the mass and speed of the electron.

But waves of what?  When we think of the waves
of our everyday experience, we think of disturbances
propagating in a medium as, for example, waves on the
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ocean moving through the water.  We have introduced
waves, wavelengths, and frequencies without ever
addressing the fundamental question:  waves of what?

The Two-Slit Experiment

There is probably no stronger evidence for the
wave nature of light and electrons than the so-called
two-slit experiment in which electrons (or photons) pass
through a double slit arrangement to produce an “inter-
ference” pattern on the screen behind.  The experiment
is simple and straightforward and, if we can understand
that, then we ought to be able to understand wave-parti-
cle duality (if it can be understood at all).    

One of the most enlightening explanations of
“quantum mechanics” (the name given to the general
area of atomic modeling that we are discussing) was
given in a series of lectures by Nobel laureate Richard
Feynman and reproduced in his book, The Character of
Physical Law.  He discusses the two-slit experiment by
contrasting the experiment using indisputable particles,
then using indisputable waves, and finally using elec-
trons.

To better understand the two-slit experiment, imag-
ine a shaky machine gun that fires bullets at a two-slit
arrangement fashioned out of battleship steel (Fig.
16.2).  Bullets are clearly “particles.”  They are small,
localized structures that can be modeled as tiny points.
In our experiment we shall assume that the bullets do
not break up.  The machine gun is a little shaky, so the
bullets sometimes go through one slit, sometimes the
other.  They can ricochet from the edges of the slits, so
they can arrive at various positions behind them.

Positioned behind the slits is a bucket of sand to catch
the bullets.  It is placed first in one position and the
number of bullets arriving in a given amount of time is
counted.  The bucket is then moved to an adjacent posi-
tion, and the process is repeated until all the possible
arrival positions behind the slits have been covered.
Then a piece of paper is used to make a graph of the
number of bullets which arrive as a function of the posi-
tion of the bucket.  The result is a double-peaked curve
that reflects the probability of catching bullets at vari-
ous positions behind the slits.

The two peaks correspond to the two regions of
high probability that lie directly behind the open slits.
When the experiment is repeated with one of the slits
closed, the curve has only one peak.  We will refer to the
plotted curves as “probability” curves.

Now imagine an analogous experiment performed
with waves (Fig. 16.3).  Visualize long straight waves
moving along the length of a pan of water.  Into the path
of the waves we will place an obstacle with two slits.  In
doing so we set up the classical demonstration of wave
interference.  Behind the slits and along a straight line
paralleling the barrier but some distance behind, we will
observe the waves.  Yet waves are not particles; it does-
n’t make any sense to measure the probability of arrival
of a wave at some particular point.  In fact, the wave
arrives spread out over many points along the backdrop.
So rather than even trying to measure a probability
curve, we will observe the amplitude of the wave at var-
ious positions along the backdrop by placing a cork in
the water and observing the extent of the vertical motion
of the cork.  Squaring the amplitude gives the “intensi-
ty” of the wave.  The result is a multipeaked curve.  The
peaks mark the regions of constructive interference; the
valleys mark the regions of destructive interference.  If
one slit is closed, the interference largely disappears and
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Figure 16.2.  A two-slit experiment using particles (bul-
lets) fired by a rickety machine gun.  The probability of
arrival of the bullets at the backdrop is described by a
double-peaked curve.  Each peak is roughly behind one
of the open slits.

Figure 16.3.  A two-slit experiment using waves.  The
graph with the peaks represents the intensity of the
waves along the backdrop as might be observed by
watching a cork at various positions.  The peaks in the
curve are points of constructive interference; the valleys
are points of destructive interference.



a single peaked curve reminiscent of the single-peaked
curve for the bullets is observed.  We refer to these
curves as “interference” curves.

Now we can try the experiment with electrons (Fig.
16.4).  But which experiment? If the electrons are parti-
cles, then we try to measure the arrival of little lumps at
spots behind the screen and try to plot a probability
curve.  If the electrons are waves, we try to measure the
amplitude of some disturbance and plot an interference
curve.  What, then, is the electron?  

Some experiments do indicate that electrons
behave like little particles.  So we proceed to set up a
two-slit experiment for electrons and design a detector
to place behind the slits to play the role the bucket of
sand played for bullets.  Note, however, that the wave-
lengths of electrons (according to de Broglie’s formula)
are very short and the slits will have to be similar to the
spacing between layers of atoms in a crystal.  As
Richard Feynman expressed, this is where nature pro-
vides us with a very strange and unexpected result:

That is the phenomenon of nature, that she pro-
duces the curve which is the same as you would
get for the interference of waves.  She produces
this curve for what?  Not for the energy in a
wave but for the probability of arrival of one of
these lumps  (Richard Feynman, The Character
of Physical Law, p. 137).

Figure 16.4.  A two-slit experiment using electrons.  The
probability of arrival of the particles (electrons) takes
the form of the graph that describes the intensity of
waves.

As Feynman wrote, this is very strange indeed.
Look at one of the valleys in the probability curve, a
point where—with both slits open—there are no detect-
ed electrons (see point A in Fig. 16.4).  Then imagine
slowly closing one of the slits so that the valley of prob-
ability goes away and the detector begins to count the

arrival of electrons that must be coming through the
remaining open slit.  Now open the closed slit.  The
detector stops counting.  How do electrons going
through one slit know whether the other slit is open or
closed?  If the electrons are little lumps, how do the
lumps get “canceled” so that nothing arrives at the
detector?  You can slow down the rate of the electrons
so that only one electron at a time is fired—and they
still “know.”  The “interference” curve, in fact, becomes
a composite of all the arrivals of the individual elec-
trons.  It is very puzzling.

Waves of Probability

The presently accepted explanation is that the
waves associated with electrons are waves of probabili-
ty.  They are not real disturbances in a medium.  The
waves themselves are nothing more than mathematical
descriptions of probability of occurrence.  And perhaps
we wouldn’t take them too seriously if Erwin
Schrödinger (1887-1961) hadn’t devised the equation
that bears his name.

Without some mathematical sophistication,
Schrödinger’s equation doesn’t mean much.  But it is an
equation that describes how waves move through space
and time.  The waves it describes may have peaks and
valleys that correspond to the high or low probability of
finding an electron at a particular place at a given time.
The peaks and valleys move and the equation describes
their movements.  When we imagine firing an electron
at the two slits, we visualize such a wave being pro-
duced, and we imagine it propagating toward and
through the two slits and approaching the screen behind.
All of this motion of the probability wave is described
by Schrödinger’s equation.  The motion of the wave of
probability is deterministic.

Now imagine the wave of probability positioned
just in front of the detecting screen with its peaks and
valleys spread out like an interference curve.  At this
point something almost mystical happens that no one
can predict.  Out of all the possibilities represented by
the spread-out probability curve, one of them becomes
reality and the electron is seen to strike the screen at a
particular, small spot.  No one knows how this choice is
made.  Theories that have tried to incorporate some way
of deciding how the probabilities become realities have
always failed to agree with experiments.  It is as if some
giant dice-roller in the sky casts the dice and reality
rests on the outcome.

Electron Microscope

Yet the diffraction and interference patterns dis-
played by electrons seem to be real enough.  If they are
real in at least some sense, they offer the potential to
solve a very important problem.  Microscopes are limit-
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ed in what they can see by the effects of diffraction.
Typical microscopes use visible light.  When the wave-
length of the light being used is about the same measure
as the size of the objects being viewed, the diffraction of
the light around the edges of the objects becomes sub-
stantial and the images get fuzzy.  The microscope can-
not resolve the detail and has reached its fundamental
limit (see Fig. 16.5).  The only way the problem can be
solved is to use shorter wavelengths of viewing light.
Short-wavelength x-rays would work, but nothing is able
to bend or focus short-wavelength x-rays in the way that
a glass lens bends and focuses rays of visible light.

Figure 16.5.  Upper: Two small objects that are to be
viewed by a microscope.  Lower: When the wavelength
of the viewing light is the same size as the objects, dif-
fraction causes a loss of resolution.

This is where electron waves come to the rescue.
According to de Broglie’s equation, electrons have very
short wavelengths.  Indeed, they can be made even
shorter by increasing the speed of the electrons.  If the

electrons could be accelerated to shorten the wave-
length, and if they could be focused, we would have the
makings of a very high-resolution microscope—an
electron microscope.

The electron accelerator (or electron gun) is made
of two parts: an electrically heated wire and a grid,
which is basically a small piece of window screen.
When the grid is positively charged, it attracts electrons
from the hot wire.  The electrons are accelerated toward
the grid, and most of them pass through its holes, as dia-
gramed in Figure 16.6.  The electrons achieve more
speed (shorter wavelengths) as the grid is given more
positive charge.

In the microscope itself, the electron beam is
focused and its diameter is magnified by magnets, as
shown in Figure 16.7.  The image is made visible when
the electrons strike a glass plate (the screen) that is coat-
ed with a material that glows when struck by energetic
particles.  Because the wavelengths of the electrons can
be made very short, the resolution of the electron micro-
scope is much better than the resolution that can be
achieved by visible light microscopes.  (See Fig. 16.8;
see also Fig. 5.7 and Color Plates 1 and 2.)

Figure 16.7.  Diagram of an electron microscope.
Actual height is about 2 meters.

The (Heisenberg) Uncertainty Principle

The wave nature of matter raises another interest-
ing problem.  To what extent is it possible to determine
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Figure 16.6.  Electron source.  Most electrons pass
through the grid.



the position of a particle?  The probability of locating a
particle at a particular point is high where the wave
function is large and low where the wave function is
small.  Imagine such a wave as depicted in Figure 16.9.
This kind of wave might be called a “wave packet.”  If

we were to look, we would expect to find the particle
within the space occupied by the packet, but we don’t
know where with certainty.  The uncertainty of the posi-
tion, which we will designate as ∆x, is roughly the
length of the region in which there are large peaks and
valleys.  If the region is broad (∆x is large), then the
position is quite uncertain; if the region is narrow (∆x is
small), then the position is less uncertain.  In other
words, the position of particles is specified more pre-
cisely by narrow waves than by broad waves.  This lim-
iting precision is decreed by nature.  Since the packet
can be no shorter than the wavelength, the wavelength
itself sets the limit of precision. 

The speeds of particles have probabilities and
uncertainties in just the same way that positions have
probabilities and uncertainties.  For technical reasons
we will multiply the uncertainty in speed by the mass of
the electron and call the resulting quantity ∆p.  The two
uncertainties are related through the Schrödinger equa-
tion in a relationship called the (Heisenberg)
Uncertainty Principle:

(∆x) " (∆p) is greater than Planck’s constant  .
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Figure 16.8.  Scanning electron micrograph of a human whisker at "500 magnification.  (Courtesy of W. M. Hess)

Figure 16.9.  A moving electron might be represented as
a localized wave or wave packet.  In each case, the elec-
tron can only be specified as being somewhere inside
the region bounded by the dashed lines.



What the relationship means is that experiments
designed to reduce the uncertainty in the position of a
particle always result in loss of certainty about the speed
of the particle.  The opposite is also true:  Experiments
designed to reduce the uncertainty in the speed of a par-
ticle always result in a loss of certainty about the posi-
tion of the particle.  Because Planck’s constant is small,
these two uncertainties can still be small by everyday
standards; but when we get down to observations of the
atomic world, the Uncertainty Principle becomes an
important factor.

Consider, for example, the electrons passing
through a single slit as in Figure 16.10.  The arrival pat-
tern of the many electrons passing through the slit is
broad.  Just as for light, the narrower the slit, the broad-
er the pattern.  When we make the slit narrow, we also
make the uncertainty in the horizontal position of the
electron small, as it passes through the slit.  We know the
position of the electron to within the width of the slit as
it passes through.  But making the slit narrower means
that the uncertainty in the horizontal speed of the elec-
tron must get larger so that the Uncertainty Principle is
satisfied.  We no longer know precisely where it is head-
ed or how much horizontal motion it has acquired by
interacting with the slit.  It is this large uncertainty in the
horizontal speed that makes it impossible to predict pre-
cisely where the electron will land.  This causes the pat-
tern to spread.  We can think of the spreading as a con-
sequence of the Uncertainty Principle.

What is Reality?

The Newtonian clockwork was a distressingly
deterministic machine.  The Second Law of
Thermodynamics said the clock was running down.
Quantum mechanics threatens to make the world more
a slot machine than a clock.

The Uncertainty Principle prevents us from predict-
ing with certainty the future of an individual particle.  In
the Newtonian view the future was exactly predictable.
If the position, speed and direction of motion of a parti-

cle were known, the Newtonian laws of motion would
predict the future.  Indeed, by following Newtonian ideas
and using computer programs, scientists can predict the
motions of planets for thousands of years into the future.
But to make Newtonian physics work for electrons, we
have to know exactly where the electron is and, simulta-
neously, its speed and direction of motion.  This is pre-
cisely what the Uncertainty Principle says we fundamen-
tally cannot know.  We can know one or the other, but not
both together.  Thus, we cannot predict the future of the
electron.  Therefore, when an electron is fired at the two
slits, we cannot predict exactly where it will land on the
screen behind.  The best we can do is to know the proba-
bilities associated with the wave function.

Bohr saw the position and the speed as comple-
mentary descriptors of the electron.  But no one could
know both with precision at the same time.  He, there-
fore, denied reality to a description that specifies both at
the same time.   

Recall the two-slit experiment.  Imagine again a
wave function that describes an electron fired by a gun
toward the slits and a screen behind.  Imagine the wave
function with its hills and valleys undulating through
space.  The wave function (probability curve) contains
all the information about the possibilities of where the
electron might land for any electron fired through the
slits to a screen behind.  Not only does the wave function
contain the possibilities about where the electron should
finally land on the screen, but it also contains a descrip-
tion of the probabilities to assign to those possibilities.

Now imagine that the wave function reaches the
screen.  What we would see is a tiny spot where the
electron strikes the screen.  The spot is much smaller
than the space over which the wave was actually
extended.  The wave is spread over the entire pattern of
spots that eventually becomes the “interference pat-
tern.”  When the electron is revealed as it strikes the
screen, the pattern of probabilities changes drastically
and immediately.  Suddenly the probability becomes 1.0
at the spot of observation and 0.0 everywhere else.  Of
all the possibilities, only one has become reality.  For
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Figure 16.10.  A beam of electrons diffracts as it passes through a narrow slit.  How would the pattern change if the slit
were even narrower?



the next electron through the slits, a different possibili-
ty will become reality.  This sudden change is called the
“collapse of the wave function.”

The collapse of the wave function is a great mys-
tery.  One interpretation (by Max Born in 1920) is that
the collapse is not a physical change but, rather, “our
knowledge of the system suddenly changes.” Humans,
in their capacity as observers, become an essential fea-
ture of physics.  In science, reality is what we see or
detect with the help of instruments.  As long as the wave
function moves unobserved through space with all of its
possibilities and probabilities, we cannot attribute reali-
ty to the electron’s position, its speed, or even its exis-
tence.  Is it the seeing and observing itself which turns
the possibilities into a single reality?  If this view is cor-
rect (and it is surely debatable), then reality is literally
created by the act of conscious observation!  Without
the observation, the world remains unrealized possibili-
ty and probability. 

In a sense, we can say that the electron moves from
place to place as a wave of probability.  Yet it is always
observed as a particle.  When we don’t observe it, we
cannot say what its nature is.  We cannot ascribe reality
to any of the usual descriptions of position, speed, ener-
gy, and so forth.

Niels Bohr defended and enlarged the above view-
point into what has come to be called the Copenhagen
Interpretation of quantum mechanics.  To Einstein, who
believed in a world that existed completely indepen-
dently of man’s consciousness, the interpretation was
anathema; he argued and fought against it with tenacity
in what came to be a losing battle.  The whole idea is in
violent contradiction to the rigidly deterministic
Newtonian view we discussed earlier.

The Role of the Newtonian Laws

The Newtonian view has merit even though we
now know it is incomplete.  Its amazing success when
applied to a wide variety of phenomena should indicate
that it is at least close to being an accurate description
of nature.  How can we reconcile the quantum mechan-
ical view of change in the universe with the older, but
successful, exact determinism of Newtonian physics?

Quantum mechanics and Newtonian laws give
exactly the same results in the domain in which the
Newtonian laws have been successful.  Suppose we
were to use the usual laws of motion and gravitation to
predict the position of the earth in its motion about the
sun.  We would assign a specific location and motion for
the earth at the present time, and then predict exact loca-
tions and motions for later times.  Now suppose we
were to use quantum mechanics and the modern view to
describe the same motion.  We could then predict prob-
abilities for the arrival of the earth at certain locations at
particular times.  The result would be a high probabili-

ty, essentially 100 percent, of finding the earth at the
locations predicted by the Newtonian laws.  We would
find low probability, nearly zero percent, of finding it
anywhere else.  The two views predict exactly the same
future locations.

However, the situation is quite different if we try to
predict the motion of an electron inside an atom.  Here
we cannot even begin by using the Newtonian laws.  We
cannot assign an exact position to the electron because
of its wave nature.  Since its position is not known, there
is no way to calculate accurately the force acting on it
and thus no way to predict its acceleration or its future
position.  In this domain, quantum mechanics provides
the only way to predict the motion and future course of
the electron wave.  

Consider Figure 16.11.  The sizes of things are listed
along a horizontal axis; their speeds are listed along the
vertical axis.  The things we normally encounter would
occur near the middle of the range of possible sizes and
near the low end of possible speeds.  Such objects and
such motions form the basis of our intuitive feelings about
nature.  The Newtonian laws accurately describe the
motions of such objects that seem reasonable and proper.

Since we rarely deal directly with small things,
such as atoms and their constituent particles, we should
not be surprised that their rules of behavior are different
from those to which we are accustomed.

The laws governing atoms represent refinements of
the Newtonian laws.  We could use any or all of the laws
of quantum mechanics to calculate and predict the
motions of objects we normally encounter and find the
same answer as if we had used Newton’s laws.  The
additional sophistication is simply not necessary for an
accurate description of the things with which we ordi-
narily deal.  Only when we wish to understand the
behavior of things exceedingly small or fast do we need
the additional insights of the extended laws.  In this
sense, the Newtonian laws are approximations of the
more complete laws; however, as approximations, they
are totally adequate when limited to objects with appro-
priate size and speed.

Summary

Matter has a dual nature—particle and wave.  Its
particulate nature dominates the behavior of large-scale
objects; the wave nature dominates small-scale (submi-
croscopic) behavior.  The wave properties of submicro-
scopic matter limit the motion of particles in such a way
that the particles cannot have unique values for both
position and speed simultaneously.  This limitation is
formalized by the Uncertainty Principle.  The wave
nature of matter also implies that changes in any part of
the universe are statistical processes, and the laws we
have discovered allow us to predict the probability that
certain kinds of changes will occur.  Newton’s laws of
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motion are ways to calculate with high probability the
kinds of motion that large objects will undergo.

Electrons in atoms behave almost entirely as
waves.  These wave properties determine the structure
of atoms and the ways that each atom interacts with its
neighbors.  Electron wave interactions thus regulate the
kinds of collections of atoms that can occur, and also
determine the properties of bulk matter.

Historical Perspectives

Some scoffed at de Broglie’s thesis, labeled it a
“French comedy,” and expressed reservations about
accepting it.  But by chance de Broglie’s thesis came to
the attention of Albert Einstein, who in 1905 had pro-
posed the revolutionary idea of the dual nature of light
in order to explain the photoelectric effect.  Therefore,
it was natural for Einstein to be drawn to de Broglie’s
proposal for a dual nature of matter.  By 1923 Einstein
was quite famous, and the scientific world hung on his
every word.  Einstein drew attention to de Broglie’s the-

sis in one of his own papers, restated the argument in a
forceful way, and bolstered the conjecture with addi-
tional arguments.  Thus, the idea came to the attention
of Erwin Schrödinger, who developed a wave model of
the atom based on the wave equation that bears his
name and is synonymous with “quantum mechanics.”
Yet de Broglie still had not one shred of solid experi-
mental evidence that electrons behaved like waves.

By 1925 the crucial experiments had already been
done by an American, Clinton Davisson, and, indepen-
dently, by George Thomson. (Ironically, George
Thomson’s father, J. J. Thomson, received a Nobel
Prize [1906] for crucial experiments in demonstrating
the particle nature of the electron, and his son, George,
later received a Nobel Prize [1937] for showing the
entirely opposite wave nature of the electron.)  But in
1925, Davisson had not heard of de Broglie’s idea and
was struggling to explain puzzling results that he had
acquired quite by accident.

In his experiments he was observing the scattering
of electrons as they encountered a piece of nickel.
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Figure 16.11.  The Newtonian laws are adequate for describing the motions of objects whose size and speed are with-
in our range of experience. More precise laws must be used outside that range.



However, quite by accident, the surface of his piece of
nickel became oxidized, and he was forced to interrupt
the experiment to heat the piece of metal to restore its
condition.  In doing so, and without knowing, some
areas of the nickel on the surface crystallized, forming
the regular layered structure of a crystal.  The spaces
between the layers became perfect “slits” of just the right
dimension for electron waves to diffract and interfere;
this demonstrated their wave nature.  But for Davisson
the interference pattern that appeared was a puzzle, “an
irritating failure” as he put it.  Nevertheless, he was alert
to a possible discovery and tried with theory after theo-
ry to explain the results, until he was led by discussions
with European physicists to de Broglie’s work.

De Broglie won the Nobel Prize for his “French
comedy” in 1929 and Davisson for elaborations and
refinements of his “irritating failure” in 1937.  (Adapt-
ed from Barbara Lovett Cline,  Men Who Made A New
Physics, pp. 152-156.)

STUDY GUIDE
Chapter 16: Duality of Matter

A.  FUNDAMENTAL PRINCIPLES
1. Wave-Particle Duality of Matter: Matter in its

finest state is observed as particles (electrons, pro-
tons, quarks), but when unobserved (such as mov-
ing from place to place) is described by waves of
probability.

2. Wave-Particle Duality of Electromagnetic
Radiation: See Chapter 14.

3. The (Heisenberg) Uncertainty Principle: The
product of the uncertainty in the position of an
object and the uncertainty in its momentum is
always larger than Planck’s constant.  (The momen-
tum of an object is its mass times its speed; thus,
uncertainty in momentum of an object of fixed
mass is an uncertainty in speed.)

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What was the de Broglie hypothesis?
2. What pattern would be observed if a rickety

machine gun fired bullets through two closely
spaced slits in a metal sheet?

3. What pattern would be observed if water waves
were allowed to pass through two openings in a
dike?

4. What pattern would be observed if electrons were
allowed to pass through two very closely spaced
slits?  What would the pattern be like if the elec-
trons were sent through the device one at a time?  If
one of the holes were closed, what pattern would
develop?

5. Is there evidence to support the position that matter
has a particle aspect?

6. Is there evidence to support the position that matter
has a wave aspect?       

7. What is uncertain in the Uncertainty Principle, and
can the uncertainty be eliminated with more careful
experiments?

C.  GLOSSARY
1. Interference Curve: In the context of this chapter,

we mean a mathematical graph which is a measure
of the squared amplitude of waves in a region
where wave interference is taking place. 

2. Planck’s Constant: See Chapter 14.
3. Probability Curve: In the context of this chapter,

we mean a mathematical graph (like the famed
bell-shaped curve that describes the probability of
having a particular IQ) which describes the proba-
bility of finding an electron (or other particle) at
various positions in space. 

4. Probability Wave: A probability curve which is
changing in time and space in a manner that is like
the movement of a wave in space and time.

5. Quantum Mechanics: The set of laws and princi-
ples that govern wave-particle duality.

6. Uncertainty: For a quantity that is not known pre-
cisely, the uncertainty is a measure of the bounds
within which the quantity is known with high prob-
ability.  If you knew that your friend was on the
freeway somewhere between Provo and Orem, the
uncertainty in your knowledge of exactly where
he/she was on the freeway might be about 10 miles
since the two towns are about 10 miles apart.

D. FOCUS QUESTIONS
1. A single electron is sent toward a pair of very close-

ly spaced slits.  The electron is later detected by a
screen placed on the opposite side.  Then, a great
many electrons are sent one at a time through the
same device.
a. Describe the pattern produced on the screen by
the single electron and later the total pattern of the
many electrons.
b. Name and state a fundamental principle that
can account for all of these observations.
c. Explain the observations in terms of the funda-
mental principle.

2. A single photon is sent toward a pair of closely
spaced slits.  The photon is later detected by a
screen placed on the opposite side.  Then, a great
many photons are sent one at a time through the
same device.
a. Describe the pattern produced on the screen by
the single photon, and later the total pattern of the
many photons.
b. Name and state in your own words the funda-
mental principle that can account for the observa-
tions.
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c. Explain the observations in terms of the funda-
mental principle.

3. A single electron is sent through a tiny slit.  Later it
is detected by a screen placed on the opposite side.
It is possible to change the width of the slit.
a. What is observed on the screen?
b. Is it possible to predict exactly where the elec-
tron will be seen when it arrives at the screen?
c. State the Heisenberg Uncertainty Principle.
d. If the slit is made narrower in an attempt to
know exactly where the electron is when it passes
through the slit, what else will happen?  Will we
now be able to predict where the electron will be
seen on the screen?  Explain in terms of the
Heisenberg Uncertainty Principle.

4. How does the Newtonian Model of motion of
things in the world differ from the Uncertainty
Principle?  To what extent is the future determined
by the present according to the Newtonian Model?
To what extent is the future determined according
to a model that includes wave-particle duality?

E.  EXERCISES
16.1. Why do we think of matter as particles?

Carefully describe some experimental evidence that
supports this view.

16.2. Why do we think of matter as waves?
Carefully describe some experimental evidence that
supports this view.

16.3. Is matter wavelike or particlelike?  Carefully
describe some experimental evidence that supports your
conclusion.

16.4. What is meant by the term “wave-particle
duality?”  Does it apply to matter, or to electromagnet-
ic radiation, or to both?

16.5. One possible explanation of the interference
effects of electrons is to presume that the wavelike
behavior is due to the cooperative effect of groups of
electrons acting together.  What experimental evidence
is there for believing the opposing view that electron
waves are associated with individual particles?

16.6. Consider an experiment to test the diffraction of
electrons as illustrated in Figure 16.10.  Why would it be
important to place a charged rod or a magnet near the
beam between the diffracting hole and photographic film?

16.7. How does one describe the motion of elec-
trons when their wave properties must be taken into
account?

16.8. What is the meaning of the term “quantum

mechanics”?

16.9. Why are electron microscopes used for view-
ing atoms instead of regular light microscopes?

16.10. Why must a particle have a high speed if it
is to be confined within a very small region of space?

16.11. What does the Uncertainty Principle say
about simultaneous measurements of position and
speed?

16.12. How does the Newtonian model differ from
the Uncertainty Principle?

16.13. Explain the meaning of the Uncertainty
Principle.

16.14. Why is it that the Uncertainty Principle is
important in dealing with small particles such as elec-
trons, but unimportant when dealing with ordinary-
sized objects such as billiard balls and automobiles?

16.15 Explain why the Uncertainty Principle does
not permit objects to be completely at rest, even when
at the temperature of absolute zero.

16.16. To what extent is the future determined by
the present according to (a) Newtonian physics and (b)
quantum physics?

16.17. Illustrate the statistical nature of physical
processes by describing the motion of individual parti-
cles in the one- or two-slit experiments.

16.18. How does the Uncertainty Principle modify
our view that the universe is “deterministic?”

16.19. Why should we not be surprised when the
rules governing very small or very fast objects do not
seem “reasonable?”

16.20. In what situations would you expect both the
Newtonian laws and wave mechanics to accurately pre-
dict the motions of objects?  In what situations would
the two predictions be significantly different?

16.21. Which of the following would form an inter-
ference pattern?

(a) electrons
(b) blue light
(c) radio waves
(d) sound waves
(e) all of the above
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16.22. The Uncertainty Principle
(a) is an outcome of Newtonian mechanics
(b) applies mainly to subatomic particles
(c) conflicts with wave-particle duality
(d) supports strict determinism
(e) all of the above
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Rutherford discovered the nucleus and Bohr con-
ceived an atom which resembled a tiny solar system, but
with the important difference that only certain orbits
were allowed.  Within these orbits, the electrons seemed
to violate the known phenomenon that accelerated
charged particles should radiate away their energy very
quickly as electromagnetic radiation.  De Broglie soon
introduced the idea of matter waves and demonstrated
that Bohr’s orbits for the hydrogen atom were only those
for which the wavelength of the electron fit exactly.

We now conclude our development of the model of
the atom.  But first we describe a phenomenon called
“standing waves.”  This represents the missing piece
that will complete our model of the atom as we current-
ly understand it.  In later chapters we will begin to study
matter as the chemist works with it.  We will discover
certain puzzling patterns in the behavior of the chemical
elements and see that these are explained by the model
of the atom that we are now developing.

Standing Waves

When waves of the same wavelength coming from
different directions move through a common medium, a
phenomenon we call interference occurs.  Imagine a
string being shaken with the same frequency at both
ends so that waves meet in the middle as in Figure 17.1.
If done correctly, we get stationary points (called
nodes) of destructive interference as well as large-
amplitude oscillating points (called antinodes) of con-
structive interference.  We can get the same effect by
shaking only one end and reflecting the wave back on
itself from a stationary end.  When the wavelength is
just right, allowed patterns called “standing waves”
occur on a string with stationary ends (Fig. 17.2).
Patterns associated with “incorrect” wavelengths are
not allowed.  From the way we have described their ori-
gin, one realizes that the standing waves are dynamic
phenomena, but the pattern of nodes and antinodes
remains stationary.

Standing waves can also occur in two-dimensional
media such as a drumhead that is fixed around the
periphery.  In such instances the nodes are lines rather
than points, but the idea is the same (Fig. 17.3).
Although it is harder to imagine, such standing waves

can also be set up in three-dimensional media.  In fact,
about a hundred years ago Hermann von Helmholtz
(1821-1894) made detailed studies of the vibrations of
air enclosed in rigid metal spheres.

The probability waves described by Schrödinger’s
equation can set up standing waves, too.  A place where
the proper conditions occur is in the atom.  In the atom
these standing waves of probability are called orbitals.
The al ending shows that an orbital is not an orbit (i.e.,
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Figure 17.1.  Standing waves created when waves of the
same wavelength move through a string from opposite
ends.  The solid and dashed curves show the string at
two different times.

Figure 17.2.  To get standing waves between two sta-
tionary points at the ends of a string, the wavelengths
must just fit the space between the points.  The upper
and middle waves are allowed; the lower wave is not
allowed.



not a path of movement), but rather a description of the
probability of the position of the electron.  

The orbitals are the final pieces in our puzzle of the
atom.  Whenever we “look” at an electron (including
looking with instruments), the electron reveals itself as
a particle.  When we don’t look, the only knowledge we
have about the electron is what is contained in its
probability wave (or, to be more precise, “wave func-
tion”).  Thus, when the electron exists in the unobserved
atom, we cannot think of it as a charged particle moving
in a well-defined orbit.  All that exists is the orbital, i.e.,
a standing wave of probability satisfying the
Schrödinger equation.  We are then freed from the prob-
lem that plagued the nuclear atom from its inception:
Why doesn’t the electron radiate its energy as we expect
a charged particle to do when it accelerates in an orbit?
The answer:  There are no orbits; hence, there is no
problem.  The idea of an orbit has no reality in an unob-
served atom.

Standing waves in a string are the result of vibra-
tions of the pieces of the string relative to their equilib-
rium points.  The standing waves of the Schrödinger
equation do not result from vibrations in the positions of
the electron or of any medium.  The waves simply
denote the probability that the electron described by the
orbital could be found at a particular point in space.

One way of thinking of an orbital is to think of a
cloud surrounding the nucleus.  In basic terms think of
a spherical cloud in the volume of space around a nucle-
us where an atomic electron could be expected.  This
electron cloud is a mental constraint, not a physical real-
ity.  The cloud is dense in some places and not so dense
in others, particularly as we recede from the nucleus.
The density of the cloud near a point in space around the
nucleus can be thought of as being proportional to the
probability of finding the electron there.  At large dis-
tances from the nucleus, the probability gets very low,
so the cloud gets very thin, but it never quite fades into
nothing.  The solution of the Schrödinger equation
yields the numbers that represent the density of this
cloud for all points in space.  For most atoms other than

the simplest, computers are required to solve the equa-
tion which yields the probability densities.

Orbitals

There are a few technical details to discuss at this
point.  There are various kinds of standing wave pat-
terns that are allowed within the atom.  A few are shown
in Figure 17.4.  For historical reasons they are labeled
“s,” “p,” “d,” “f,” and so forth.  In fact there are three
variations of the p orbitals and five variations of the d
orbitals.  In these drawings the nucleus is a tiny point
near the center of the pattern.  The shaded regions of the
orbital patterns are regions of probability where the
electron is likely to be found if we were to look.  We do
not think of the electron moving in these patterns; they
simply describe probabilities.  The drawings of the
orbitals do not display the fact that they do not have
sharp boundaries.  The diagrams in Figure 17.4 show
the three types of orbitals by indicating the “skin” that
encloses the volume inside which the electron will be
found 90 percent of the time.  Within the spherical s-
orbital, the electron is far more likely to be found near
the center than near the skin.  Electron probability is not
evenly distributed in the other two orbitals either.
Discussing the size of an atom becomes difficult
because there is really no outer boundary beyond which
the electron can never be found.

Figure 17.4.  Shapes of three orbitals:  s-orbital (spher-
ical), p-orbital (three-dimensional dumbbell), d-orbital
(rounded cloverleaf).

There is also a technicality, called the Exclusion
Principle, that does not allow more than two electrons
to exist in orbitals which occupy exactly the same space
at the same time.  In those cases where two electrons
existing as orbitals try to occupy the same space at the
same time, the electrons must differ in a characteristic
called “spin,” a characteristic that is similar to the spin-
ning of a ball on its axis.  The spinning of electrons can
be referred to in two ways, either as “spin up” or “spin
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Figure 17.3.  Standing waves in a two-dimensional
medium.



down.”  These are analogous to a ball spinning either
clockwise or counterclockwise about an axis.

When an electron exists in one of these orbitals, it
possesses a unique amount of energy, called the orbital
energy.  Different orbitals correspond to different elec-
tron energies.  In this way the model retains the essen-
tial feature of the Bohr atom which explained the dis-
crete spectrum of hydrogen.  The discrete colors are
formed as an electron that has been bumped to a higher
energy orbital makes a jump from a higher energy
orbital to an unoccupied lower energy orbital.  In order
to rid itself of the energy difference, the atom creates
and emits a photon of frequency (and, hence, color) that
just corresponds to the energy difference according to
the equation which proved to be so important in
explaining the photoelectric effect:

E2 ! E1 " Planck’s constant # frequency .

Energy Wells

Now, imagine a lecture demonstration table
that contains a sink.  Visualize a ball on the table poised
at the edge of the sink.  Gently nudge the ball so that it
falls into the sink and comes to rest at the bottom.  Does
the ball now have more or less energy than it had before
falling into the sink?  The essential change has been in
the gravitational potential energy, which is less at the
bottom of the sink than at the elevated position on the
table top.  Therefore, the ball has less energy inside the
sink.  Once this energy difference has been lost, the ball
is stuck in the sink and will remain there until someone
or something comes along to replace the missing gravi-
tational potential energy by lifting it out of the sink.

Now imagine another sink located below the
first, so that occasionally the ball will fall through the
drain of the first to land below in the second.  Now the
ball has less energy than it had in the first sink.  Imagine
a series of sinks which are gradually lower.  In this ar-
rangement we could label each sink with the energy the
ball has at that particular level, a sequence that is
decreasing as the ball falls to lower and lower levels.

Orbital Energies

In many ways an electron in an atom is like the ball
dropping into a sink or a well.  The electron has more
energy when it is free than when it has become a part of
the atom.  The force pulling the electron into the atom
is electrical rather than gravitational as it is in the sink
analogy.  And in the atom there are no sinks, just orbi-
tals.  But depending on the particular orbital, the elec-
tron has a certain, specific energy called an “energy
level.”  Thus, we often represent an atom by an energy-
level or energy well diagram (see Fig. 17.5).  Each level

is identified with a unique label.  Once the electron has
fallen into the atom and lost energy by emitting pho-
tons, it is stuck like the ball in the sink, until energy is
added.

The energies associated with the levels are predict-
ed by the Schrödinger equation.  Some of these levels
cluster together and are said to belong to the same
“shell.”  Within each shell the electron can exist in an
orbital.  The pattern is that in Shell 1 there is one s-
orbital; in Shell 2 there are one s-orbital and three p-
orbitals; in Shell 3 there are one s-orbital, three p-
orbitals, and five d-orbitals; and so on.  Generally, the
orbitals get larger as the shell number increases.
Although s-orbitals belonging to Shell 1 and to Shell 2
are both spherical, they are not of the same size and do
not occupy exactly the same space.  Thus, the Exclusion
Principle does not apply to orbitals that belong to dif-
ferent shells.

Figure 17.5 shows an energy level diagram for
hydrogen with some of the possible energy levels.  Only
one energy state is actually occupied by an electron.
Electrons in these diagrams are represented with either
a “spin up” symbol (arrow pointing up) or a “spin
down” symbol (arrow pointing down).  The occupied
energy state in Figure 17.5 is in Shell 1, s-orbital, and is
designated “1s.”

Figure 17.5.  A schematic energy level or energy well
diagram for a one-electron atom.  Each horizontal line
(level) represents a possible energy of an electron in the
atom.  Different electron energies correspond to differ-
ent electron orbitals.

The same labeling scheme can be applied to atoms
of other elements (helium, lithium, and so forth), but the
energies associated with each level differ from element
to element.  In Figure 17.6 the energy level diagrams for
hydrogen (one electron), helium (two electrons), lithi-
um (three electrons), and beryllium (four electrons) ar
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side by side for comparison.  Figure 17.7 is an extension
of Figure 17.6. 

The p-orbitals always come as triplets; the basic
three-dimensional dumbbell comes in three spatial ori-
entations.   Each orientation of orbital can contain two
electrons if one is spin up and one is spin down.  The
orientations of p-orbitals in a given shell have the same
energy.  So we can have up to six electrons in an atom
in a triplet of p-orbitals with essentially the same ener-
gy.  The d-orbitals come in a quintuplet of shape-orien-
tation combinations.  We can have up to ten electrons in
an atom in a quintuplet of d-orbitals with basically the
same energy.

Let us summarize what has been said about the
orbitals of a single atom such as magnesium (see Fig.
17.8).  The s-orbitals are spherical; 1s is always the low-
est energy orbital, and 2s is the next lowest energy
orbital.  The p-orbitals are shaped like dumbbells and
the lowest energy of these is the 2p; it has energy just
greater than that of the 2s orbital.  The 3s orbital has the
next highest energy after the 2p orbital, and so on.

Figure 17.8. Energies of the s and p orbitals for a mag-
nesium atom.

An electrically neutral magnesium atom will have
just as many electrons as protons (both given by the
atomic number).  The electrons will be found in the low-
est-energy orbitals available and will pair up in sets of
two (spin up, spin down) if necessary.  Many vacant
orbitals of higher energy will remain.  Absorbed light or
collisions with other atoms or particles can cause low-
lying electrons to be excited to the higher energy vacant
orbitals, or even to leave the atom entirely (ionization).
In each unit of time there is some probability that the
electron will spontaneously return to any vacancy avail-
able at lower levels.  When the quantum mechanical
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Figure 17.7.  Energies of occupied orbitals of light elements.

Figure 17.6.  Energy level diagrams for hydrogen, heli-
um, lithium, and beryllium.



dice-thrower of Chapter 16 rolls the magic combination,
one of the possibilities becomes reality and the electron
jumps.  In doing so it emits light, and this accounts for
observed emission line spectra.

Chemical Elements

Historically, the development of a model of atoms
came quite late.  Long before the physicists had worked
out the details of atomic structure, chemists were work-
ing with things they too called “atoms.”   However, the
definition of “atoms” was not clear.  For example, if
there were things called “atoms” it was quite possible
that all substances (gold, hydrogen, carbon, and others)
were made of identical atoms that somehow combined
in different ways to create the different chemical char-
acteristics of the substances.  If there were different
atoms for different substances, then it was quite feasible
that the atoms of a given substance were nevertheless
different in size.  If each substance had atoms of con-
sistent size, there was still no way to tell whether that
size was large or small.  It was possible that the atoms
were fluffy things like tufts of wool, which were in
physical contact.  It was also possible that they were
much smaller things that moved about in chaotic motion
and only came in contact by collision. These theories
had to be resolved by clever people throughout the cen-
turies.  

Robert Boyle is credited with giving us the modern
idea of an element in the year 1661.  He said an element
is any substance that cannot be separated into different
components by any known methods.  John Dalton made
the connection much later (ca. 1803) between elements
and atoms.  He took the atoms of a particular substance
to be identical and defined an element to be a substance
composed of only one kind of atom.  

Today, the atoms are modeled with Schrödinger’s
equation.  Each time an additional positive charge (pro-
ton) is added to the nucleus, the equation predicts
orbitals with new energy levels that are unique to the
number of protons used in the nucleus.  Thus, today we
define an element to be: a group of atoms all having the
same number of protons.  

It is also important to note what has been left out of
this definition.  Electrons were left out because one (or
a few) can be removed easily and just as easily replaced
from moment to moment.  Mass was left out because it
depends on the number of nucleons in the nucleus
(including neutrons), and the number of neutrons may
vary from nucleus to nucleus of an element despite the
fact that the number of protons does not.

You are no doubt familiar with some of the more
than 100 known chemical elements.  Most of the com-
mon metals are elements: copper, tin, aluminum, and
nickel. Steel is nearly pure elemental iron, but it contains
small amounts of other metals and carbon.  Alloys are

mixtures of a least two metallic elements: brass (copper
and zinc); solder (lead and tin); and the gold in jewelry,
which has had silver or copper added to harden it.

Some common nonmetallic elements are carbon in
the form of charcoal, graphite, or diamond; nitrogen and
oxygen (gases comprising over 90 percent of the air we
breathe); and sulfur, a yellow substance.

The names of the elements are listed in Appendix
B.  Notice that each element has its own symbol, which
is usually an abbreviation of its name.  For example,
hydrogen is H, helium is He, and so forth.  Some ele-
ments have symbols that are based on their Latin names:
sodium (natrium) is Na and potassium (kalium) is K.

People working with the symbols of the chemical
elements sometimes add to an element’s symbol with
numerical subscripts and superscripts indicating how
many of the atomic building blocks are present in a par-
ticular atom.  The atomic number is the number of pro-
tons in the atom and is usually written low and in front
of the symbol: 1H, 2He, 6C.  The mass number is the
number of nucleons (neutrons + protons) in the nucleus.
It is approximately equal to the atomic mass expressed
in atomic mass units (amu) (see Appendix B).  The mass
number is usually (but not always) written higher up
and in front of the symbol: 1H, 4He, 3He.  Notice that
two atoms of the same element (helium in this case)
may have different mass numbers because, within lim-
its, they may have different numbers of neutrons.

A superscript following the symbol is often used to
designate the excess or deficiency of electrons com-
pared to the neutral atom.  A neutral helium atom could
be written He0, but the 0 is usually left off neutral atoms.
If the atom has an extra electron it will have a negative
charge, and the resulting ion will be designated He1–.
On the other hand, if helium loses an electron, it will
have a positive charge and be represented by He1+.
Helium could lose both its electrons and be He2+.  It
would then be an alpha particle, the particle Rutherford
used to probe the atom and discover the nucleus.  When
it is required, the symbol can be given numbers in all
three positions: 4

2He2+.

Summary

Orbitals are standing waves of electron probability
established in the atom in a way specified by
Schrödinger’s equation.  Each orbital corresponds to a
specific energy that the electron has when it occupies
the orbital.  The orbital patterns are discrete and so are
the energies associated with them.

Electrons in an atom can be thought of as being in
a kind of energy well.  They have less energy while in
an atom than they have when they are free of the atom.
To free an electron from an atom (ionization), we must
supply enough energy to remove it from its well.

A chemical element is a group of atoms all having
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the same number of protons.  Schrödinger’s equation
predicts different energy levels for atoms with different
numbers of protons in the nucleus.  This happens
because differing amounts of charge on the nucleus
exert differing strengths of electromagnetic interaction
with the electrons of the atom.  Thus, for each chemical
element there is a unique atom with its own characteris-
tic energy levels. 

STUDY GUIDE
Chapter 17: The Wave Model of the Atom

A. FUNDAMENTAL PRINCIPLES
1. The Wave-Particle Duality of Matter and

Electromagnetic Radiation: See Chapters 14 and
16.

2. The Exclusion Principle: No more than two elec-
trons may occupy orbitals that occupy the same
space at the same time.  Two electrons which do
occupy the same orbital must differ in their spin.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. The Wave Model of the Atom: That model of the
atom in which the electrons are described by
orbitals, i.e., standing probability waves.  In the
Wave Model of the Atom, the electrons in the atom
have discrete energies and obey the Exclusion
Principle.

2. What are standing waves?
3. What are standing waves of probability?
4. Why are only certain “orbitals” allowed?
5. What is an “unwatched” electron doing?
6. How many electrons can be associated with a sin-

gle orbital?
7. How is an electron in an atom classified or given an

“address?”
8. What is an energy well?

C.  GLOSSARY
1. Antinode: The positions of constructive interfer-

ence in a standing wave.  On a violin string, the
antinodes are the positions of maximum vibration
of the string.

2. Atomic Number: The number of protons in an
atom.

3. Chemical Element: A substance consisting of
atoms, all of which have the same number of pro-
tons.

4. Energy Well: A conceptual model for visualizing
the discrete energies of electrons in an atom.
Electrons within an atom have less energy than
they have when free of the atom, much like a ball
which has fallen into a well.

5. Mass Number: The combined number of protons
and neutrons in the nucleus of an atom.

6. Node: The positions of destructive interference in
a standing wave.  For waves in a one-dimensional
medium, such as a violin string, the nodes are
points on the string that are not vibrating.

7. Orbit: See Chapter 15.
8. Orbital: A standing wave pattern of the probabili-

ty waves which describe electrons in an atom.
9. Orbital Energy: The discrete energy that an elec-

tron has when it is described by a particular orbital.
10. Probability Wave: See Chapter 16.
11. Shell: A grouping of energy levels within an atom.

Electrons having orbital energies within this group-
ing are said to belong to the same shell.

12. Spin: A characteristic of electrons which has some
similarity to the spinning of a ball on an axis
through its center.  For an electron, however, there
are only two possible ways of “spinning.”  One is
called “spin-up” and the other “spin-down.” 

13. Standing Wave: A pattern of constructive and
destructive interference of waves for which the
positions of constructive and destructive interfer-
ence do not move.

D. FOCUS QUESTIONS
1. What is a standing wave? What is an orbital? (What

is the connection between a standing wave and an
orbital?)  Why are only certain orbitals available in
an atom? Describe the energy changes that occur
when an electron associated with one orbital goes
to a different orbital.

2. Carefully outline the main elements of the Wave
Model of the Atom.  Draw a simple energy well
representing an atom.  What do the horizontal lines
in the energy well figure represent? Describe what
happens to the energy of an electron when it moves
and is then associated with an orbital higher in the
energy well.

E. EXERCISES
17.1. Does Figure 17.4 depict surfaces on which the

electron in an atom travels?  If not, what do the surfaces
represent?

17.2. What scientific principle suggests that it is
impossible to know simultaneously both the position
and velocity of an electron in an atom?

17.3. Which of the letters—s, p, d, or f—designates
an orbital shaped like a rounded, four-lobed cloverleaf? 

17.4. Why can’t an electron remain at a fixed posi-
tion outside the nucleus?

17.5. Why can’t an electron revolve indefinitely
around the nucleus in orbit?
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17.6. If an electron is in a spherically shaped orbital
(e.g., Fig. 17.4), is it possible for the electron sometimes
to be outside the spherical skin?

17.7. Is there any possibility that an electron from
an atom in this paper could be on Mars for a moment
today?

17.8. Draw a diagram like Figure 17.5 showing
only 1s, 2s, 2p, and 3s orbitals (all unfilled).  Put in
enough electrons to represent Li.  Note the single elec-
tron in the 2s orbital.  A similar element should have the
orbitals filled until there is one electron in the 3s orbital.
How many more electrons are required to fill orbitals
until there is one electron in 3s?  What neutral element
has this many electrons?

17.9. A neon sign is simply a glass tube filled with
neon gas.  When electricity is passed through, it
becomes a discharge tube.  The electrons in the neon
atoms are raised to higher levels.  Explain why the tube
then glows red and why, if the tube is filled with xenon
gas, different colors are emitted.

17.10. Which atoms in Figure 17.7 have filled
shells?  Which have unfilled shells?  Would more ener-
gy be required to remove the highest energy electron in
a filled shell or an unfilled shell?  

17.11. Which atom in Figure 17.7 has the lowest
energy vacancy (the deepest unfilled well)?

17.12. Which two atoms in Figure 17.7 have no
vacant orbitals of low energy and no electrons in high
energy orbitals?  Would you expect these atoms to par-
ticipate readily in chemical reactions?  

17.13. Which element has the same number of elec-
trons in an s-orbital as beryllium, Be?  

17.14. Which element has the same number of elec-
trons in a p-orbital as boron, B?

17.15. The atomic number of nitrogen is 7.  How
many electrons does one of its atoms have?  How many
protons?  How many neutrons?  State the pattern or rela-
tionship among these numbers and check to see if all of
the other atoms in Table 17.1 follow this pattern.

17.16. If you know how many protons an atom has,
what else must you know to calculate its mass number?

17.17. Use Table 17.1 or Appendix B when neces-
sary to complete Table 17.2.

17.18. Use Appendix B to decide which of the fol-
lowing are elements:

(a) lead
(b) arsenic
(c) bronze
(d) radon
(e) potash
(f) platinum
(g) mercury
(h) freon

17.19. Which of the following is the most complete
model of the atom?

(a) solar system
(b) nuclear model
(c) Bohr model
(d) wave model
(e) all of the above are equally complete.
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Table 17.1.  Components and masses of atoms.  To be used in Exercise 17.15.

1 Hydrogen 1 1 0 1
2 Helium 2 2 2 4
3 Lithium 3 3 4 7
4 Beryllium 4 4 5 9
5 Boron 5 5 6 11
6 Carbon 6 6 6 12
7 Nitrogen 7 7 7 14
8 Oxygen 8 8 8 16
9 Fluorine 9 9 10 19
10 Neon 10 10 10 20
11 Sodium 11 11 12 23

ATOMIC
NUMBER

NUMBER OF
ELCTRONS

NUMBER OF
PROTONS

NUMBER OF
NEUTRONS

MASS
NUMBERNAME
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Table 17.2.  To be completed with Exercise 17.17.

6C 6 6

Oxygen 8 8

20
10Ne 10

He2+ Helium ion 2

Nitrogen 7 8

9F1– 9 10

27
13Al3+

ATOMIC
SYMBOL

NUMBER OF
ELCTRONS

NUMBER OF
PROTONS

NUMBER OF
NEUTRONS

MASS
NUMBERNAME



There are over 100 elements, each characterized by
a different number of protons and a corresponding num-
ber of electrons in orbitals centered on the nucleus.
Chemistry would be overwhelmingly complex if all ele-
ments were completely different from each other.  But
they are not.  There are patterns in their behavior, some
of which were recognized long before Rutherford, Bohr,
and Schrödinger developed models for the atom.

Dmitri Ivanovitch Mendeleev (1834-1907) puzzled
over patterns in the properties of the elements in 1871,
the year of Rutherford’s birth.  Mendeleev was born in
Siberia.  He studied science at St. Petersburg, where he
graduated in chemistry in 1856.  He became a professor
of chemistry at St. Petersburg in 1863, and in 1870 he
published his influential book, The Principles of
Chemistry.

By Mendeleev’s time it was well-known that some
elements could be grouped into “families” that shared
common characteristics such as ability to combine with
other materials.  The so-called alkali metals (lithium,
sodium, potassium, rubidium, and cesium) are all met-
als that react with water—violently under some condi-
tions.  The halogens (fluorine, chlorine, bromine, and
iodine) are all active salt-forming elements.  In contrast,
the noble gases (helium, neon, argon, and krypton) are
inert and do not react spontaneously with other sub-
stances.  In 1869 when Mendeleev began to publish his
work, such families were well recognized, although a
few of the member elements had not yet been discov-
ered.

Mendeleev knew nothing of nuclei, protons, neu-
trons, or electrons—all yet to be discovered—but he did
know the relative mass of the elements.  He set out to
see if there were some patterns in characteristics that
could be connected to increasing atomic mass of the
atoms.  Today we use atomic number (the number of
protons) rather than atomic masses to put elements in
their proper order, but Mendeleev could not do so
because it was still an unknown concept in his time.

What is meant by “atomic mass?”  Each atom of an
element has a mass that is primarily determined by the
combined number of neutrons and protons in the nucle-
us (the rather light electrons make only a small contri-
bution).  The number of nucleons (protons plus neu-
trons) is the mass number.  We often express the mass-

es of atoms relative to the mass of carbon-12 (taken to
weigh exactly 12 atomic mass units).  When compared
to carbon-12 the mass of the element is said to be
expressed in atomic mass units.

What Mendeleev discovered was that by arranging
the lighter elements in order of increasing atomic mass,
the elements of families were always separated by about
seven  intervening elements.  An analogy may help you
to understand.  Consider a heap of books, a mixture of
art, science, philosophy, history, and so forth.  Weigh
each book and arrange the books in order of increasing
weight.  Take the eight lightest books and place them on
the top shelf in order of increasing weight.  Place the
eight next lightest on the second shelf in like manner,
and continue this process with all the books.  Imagine
your surprise if you then discover that the first book on
each shelf is a science book, the second on each shelf an
art book, the third on each shelf a philosophy book, and
so on.  You would have discovered a puzzling periodic
law analogous to what Mendeleev discovered for the
elements.  In Mendeleev’s day he had no greater under-
standing why this should occur for elements than you
would have for the books.

Periodic Patterns

You can see periodic patterns yourself if you look
at some characteristics of the elements.  Since the atom-
ic masses were known, and since densities for solid ele-
ments were known, one could calculate atomic vol-
umes:  

density ! atomic weight 
atomic volume   

.

Solving for atomic volume,

atomic volume ! atomic weight 
density        

.

When the atomic volumes are plotted against atomic
masses as in Figure 18.1, recurring peaks emerge.  By
counting the elements between the peaks at lithium (Li),
at sodium (Na), and at potassium (K), you can see the
periodic pattern with seven intervening atoms between
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the peaks.  Figure 18.2 shows modern data for the sizes
of atoms, illustrating the trends in atomic diameters.  In
general, the atoms get larger moving down a column
and they get smaller moving from left to right.

We can also see the periodic pattern in data that
were unknown to Mendeleev.  When an electron

becomes a part of an atom, it falls into a kind of “ener-
gy well.”  In other words, the electron loses energy by
emitting a photon and sets up an orbital pattern around
the nucleus.  The electron now has less energy than it
had when it was free.  To become free again, the elec-
tron must regain its lost energy.  We can, for example,
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Figure 18.1.  Atomic volumes ordered according to increasing atomic mass.  Observe the repeating pattern of peaks.  

Figure 18.2.  Relative atomic diameters as indicated by circle diameters.



put the atom in an environment where its electrons can
be bumped by other atoms or by free electrons.  The
energy required to remove the highest energy electron
of an atom is called the “first ionization energy.”  The
first ionization energies for the light elements are plot-
ted in Figure 18.3, but this time as a function of atomic
number.  The periodic pattern, eight elements wide, is
quite striking.  Ionization energies for the lighter ele-
ments are tabulated in Table 18.1.  The second ioniza-
tion energy is the energy required to free a second elec-
tron after the first one has already been removed.

Certain properties of elements correlate well with
ionization energy.  For example, all of the elements
whose ionization energies are below 8 electron volts are
metals (shiny, electrically conducting, and malleable).
Each element whose ionization energy is above 10 elec-
tron volts lacks these characteristics and is called a non-
metal.  Examples are carbon (charcoal); nitrogen and
oxygen (the major gases in air); and helium, neon, and
argon (transparent gases used in colored “neon” signs).
Apparently there is a correlation between the periodic
pattern and the appearance, natural state, and chemical
aggressiveness of elements.

Mendeleev observed that even within families there
were gradual changes as well.  But the periodic pattern
was still most striking, and he was so convinced of its
validity that he made a bold and daring assertion to
explain a gap in his table. “An element is wanting,” he
said.  But knowing the other members of its proposed
family and knowing the trends of the Periodic Law, he
could say in 1871:

The following are the properties which this ele-
ment should have on the basis of the known
properties of silicon, tin, zinc and arsenic. . . .
the density of [the element] will be about 5.5 .
. . it forms a higher oxide . . . and [the oxide]
will have a density of about 4.7.

He went on to predict some of the compounds it would
form: it would form volatile organometallic compounds
that boil at about 160 °C; it would form a volatile liquid
chloride which would boil at about 90°C and have a
density of about 1.9; it would form compounds with sul-
fur that would be soluble in ammonium sulfide.  And on
and on he went.  In 1887, C. Winckler of Freiburg dis-
covered germanium, an element with almost exactly
Mendeleev’s predicted properties. 

Mendeleev went on to do a similar thing for the
then-unknown elements gallium and scandium.
Students thronged to his lectures, although many of
them could not fully understand him.  

Without knowing why the periodic patterns existed
and with many of the elements yet undiscovered,
Mendeleev and others were still able to arrange the ele-
ments into a table so that members of families appear as
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Figure 18.3.  First ionization energies for several light
elements.  Note the low ionization energies (easy ion-
ization) of the metals lithium, sodium, and potassium.
The noble gases—helium, neon, and argon—have high
ionization energies.  (The ionization energies are
expressed in the energy unit of the electron volt, which
is the energy an electron acquires in accelerating from
rest to a potential of 1 volt.)

IONIZATION ENERGIES

ELEMENT First Second Third

H 13.6
He 24.6 54.4
Li 5.4 75.6 122.5
Be 9.3 18.2 153.9
B 8.3 25.2 37.9
C  11.3 24.4 47.9
N 14.5 29.6 47.4
O  13.6 35.1 54.9
F 17.4 35.0 62.7
Ne 21.6 41.0 63.4
Na 5.1 47.3 71.6
Mg 7.6 15.0 80.1

Table 18.1. Ionization energies in electron volts.



the vertical columns of the table.  The modern version
of the Periodic Table can be seen in Appendix C.  The
elements in column IA are the family of alkali metals.
The noble gases all appear in the far right column.  The
halogens are in the column labeled VIIA.  Each small
box contains the symbol of a different element (H for
hydrogen, He for helium, etc.), its atomic number (in
the upper left-hand corner), and the atomic mass (at bot-
tom center).  The elements are arranged according to
atomic number rather than mass, but in only a few
instances do they differ from Mendeleev’s ordering.

The grand accomplishment of science in the latter
half of the 19th century was for Mendeleev and others
to create the Periodic Table.  In honor of Mendeleev’s
accomplishment,  element number 101, Md, is named
mendelevium.  It would be the grand accomplishment
of Rutherford, Bohr, and others in the opening decades
of the 20th century to explain why the mysterious peri-
odic patterns exist.

How then does the Wave Model explain
Mendeleev’s puzzling patterns?  Figure 17.7 shows that
the noble gases (helium, neon, argon) are just those
atoms for which the uppermost occupied shell (or s and
p subshells) is exactly filled.  Helium with its two elec-
trons just fills Shell 1.  Neon adds 8 electrons (2 in s-
orbitals, 6 in p-orbitals) to just fill Shell 2.  Argon adds
eight more to fill the s and p subshells of Shell 3.  Each
time a noble gas is encountered, which fills a shell or
fills combined s and p subshells, the Periodic Table
moves to a new row or “period” (see Fig. 18.4).

Figure 18.4.  The shells of the atom.  The element 2He
just fills Shell 1, the element 10Ne just fills Shell 2, and
the element 18Ar just fills the combined s and p sub-
shells of Shell 3.  

Shell 3, however, should properly have electrons in
the d-orbitals before it is completely filled.  Nature’s
pattern  breaks at this point in building the atoms.
Rather than completing Shell 3, nature begins to fill the

fourth shell.  The s-orbital of the fourth shell is lower in
energy than the d-orbitals of the third shell, so potassi-
um and calcium are formed before the pattern is
resumed to fill the ten vacancies of the d-orbitals in the
third shell.  This break in the pattern emphasizes an
important point:  the patterns of the Periodic Table are
striking, but they are not perfectly simple.

In the Periodic Table of Figure 18.2, the two
columns on the left labeled IA and IIA (Li-Be, Na-Mg,
K-Ca, etc.) contain elements in which the highest ener-
gy electrons are in s-orbitals.  The block of six columns
on the right (B-C-N-O-F-Ne;  Al-Si-P-S-Cl-Ar, etc.) are
elements in which the highest energy electrons are in p-
orbitals.  The block of ten in roughly the center of the
chart (Sc-Ti-V-Cr-Mn-Fe-Co-Ni-Cu-Zn, etc.) contains
elements in which the next consecutive electrons are in
d-orbitals.  

Another periodic pattern of the elements is their
chemical behavior, which for most atoms depends only
on those electrons in the outermost shell.  The electrons
in the outermost shell are called valence electrons.
Elements in the same column of the Periodic Table have
the same number of valence electrons and belong to a
family with common chemical properties.  All the ele-
ments in column IA are elements that have one electron
more than the number required to fill a shell or com-
bined s and p subshells.  These elements are said to have
one valence electron.  The elements in column IIA have
two valence electrons.  The elements in column IIIA
have three valence electrons, and so on.  

Mendeleev’s patterns are simply the result of the
filling of the shells.  The existence of the shells and their
numbers of available energy states are dictated by
Schrödinger’s wave equation.  

Historical Perspectives

Thales of Miletus (ca. 624-546 B.C.) thought that
water was the elemental substance from which all else
was made.  Others believed it to be air and fire.
Empedocles the Sicilian (ca. 492-425 B.C.) compromised
with a pluralistic basis of elements:  earth, water, air, and
fire.  Aristotle added quintessence to account for the stuff
of the celestial objects.  Some of these ideas were carried
to Egypt with the conquering army of Alexander the Great
where they were mixed with the practical Egyptian art of
metallurgy.  From there the Muslims nursed the ideas into
the 7th century and eventually carried them back to
Europe in the 13th century as “alchemy.”

Alchemy was a curious mix of science, religion,
and mysticism.  Legend traced its origins alternately to
the Egyptian god Hermes; to the fallen angels spoken of
in the Book of Enoch who revealed to men the knowl-
edge of gold and silver and the power of herbs; or to
Moses and Aaron, who were to have received it direct-
ly from God.  
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Inorganic material was thought of as living beings,
with a body of matter and a spirit that determined its
characteristics and properties.  Metals could be ennobled
by undergoing a process of death and resurrection.  The
spirit could be separated from the matter by vaporization
(heating) and some vapors could be liquefied by cooling
them (distillation).  For example, alcohol was the spirit
of wine and beer and is often referred to as “spirits” to
the present day.   Liquids obtained by distillation (the
spirit) were highly potent and active agents containing
the concentrated essence of a material.  Thus, the spirit
of noble metals could be transferred to other materials
(such as base metals) and give them new life and the
properties of the new spirit within them.  Since mercury
was the only metal that could be distilled, it was consid-
ered the progenitor of the metals and the origin of all
things.  For example, mercury could be rubbed on base
metal to give it the appearance of silver;  therefore, mer-
cury contained something of the spirit of silver.  Metals
were generally taken to be a product of the female prin-
ciple of mercury and the male principle of sulfur.

Paracelsus (1493-1541) continued the alchemist tra-
dition, but added salt to sulfur and mercury to complete
a triad of elemental substances.  He added salt out of the
religious conviction that the world followed the Trinity
in being organized in triads.  Paracelsus, however,
applied his theories to human health by treating illness as
an imbalance in the three principles within the human
body.  He regarded his system as a revelation that would
restore the purity of medicine in much the same way the
religious reformers of his time regarded their theologies
as revelations to restore primitive Christianity.
Paracelsus, with the alchemists, largely rejected reason
and sensory perception as ways of knowing and there-
fore made virtually no scientific progress.

Robert Boyle (1627-1691), an alchemist, began to
break with tradition and to usher in a science of chem-
istry in place of alchemy.  He published his ideas in his
book, The Skeptical Chemist, in 1661.  Boyle rejected
the earlier metaphysical notions of elements and
replaced them with an operational definition:  An ele-
ment is any substance that cannot be separated into dif-
ferent components by any known methods.  By this def-
inition, over the next century some of the old substances
(gold, silver, mercury, copper) were recognized as ele-
ments.  To these were added hydrogen (Henry
Cavendish, ca. 1750), oxygen (Joseph Priestley, 1774),
nitrogen (Daniel Rutherford, K. W. Scheele, ca. 1772),
and others in a fairly constant stream, until the last of
the 88 natural elements (rhenium) was identified in
1925.  The highest atomic number among the naturally
occurring elements is 92 (uranium), but four elements
(43, 61, 85, 87) are so rare as to be considered “miss-
ing.”  Hence, we speak of 88 natural elements.

Following the definition of an element, Antoine-
Laurent Lavoisier (1743-1794) produced the next

important insight.  Lavoisier was a brilliant aristocrat
who was beheaded in the French Revolution for having
“added water to the people’s tobacco.”  Despite his trou-
bles with the Revolution, he was a multifaceted genius
who demonstrated the advantages of scientific agricul-
ture and planned the improvement of social and eco-
nomic conditions by means of savings banks, insurance
societies, canals, and so forth.  Still, he became involved
with some activities that made him an object of suspi-
cion.  Joseph-Louis Lagrange observed following his
death:  “It required only a moment to sever that head,
and perhaps a century will not be sufficient to produce
another like it.”

Before his execution Lavoisier came to grips with a
puzzle:  Why was it that some substances (wood, for
example) lost weight when burned, while others (phos-
phorus) actually gained weight?  He studied combustion
with carefully measured quantities of gases in closed
containers and discovered what came to be known as
the Law of Conservation of Mass:  The total quantity
of matter within the system remains constant (ca. 1789).
Wood appears to lose weight when burned because the
gases from the combustion (carbon monoxide, carbon
dioxide, and steam) escape and are not accounted for.
Phosphorus appears to gain weight because oxygen
from the surrounding atmosphere combines with phos-
phorus to form a solid oxide.  When all gases are prop-
erly accounted for, no change in mass is detected.

Next came Joseph-Louis Proust (1755-1826) and
Proust’s Law:  Elements always combine to form com-
pounds in certain definite proportions by weight (ca.
1800).  For example, in forming water exactly 8 grams
of oxygen combine with each gram of hydrogen.  

Proust’s Law allowed John Dalton (1766-1844) to
associate the idea of an atom with the concept of an ele-
ment:  An element is a substance composed of only one
kind of atom:  atoms of a given substance are identical
(ca. 1803).  Dalton also assumed that when two or more
atoms combine to form a molecule, they do so with the
smallest possible number of atoms.  Thus, he assumed
one hydrogen atom combines with one oxygen atom to
form water.  Using Proust’s Law, Dalton was forced to
conclude that oxygen atoms weigh eight times as much
as hydrogen atoms.  He drew up a table of relative atom-
ic masses for the known elements that was largely
wrong, but the idea of an atom was firmly established.

While Dalton was finding great significance in the
ratios of combining weights,  Frenchman Joseph-Louis
Gay-Lussac (1778-1850) was concentrating on combin-
ing volumes of gases (taken at the same temperature and
pressure).  Dalton, supposing water to form from one
atom of hydrogen and one atom of oxygen, predicted
that the two atoms would bind closely together.  When
a volume of each element was combined, he thought
one volume of water vapor would result (see Fig. 18.5).
But in 1808 Gay-Lussac found that it wasn’t so at all.
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Instead, 2 volumes of hydrogen gas added to 1 volume
of oxygen gas resulted in 2 volumes of water vapor.
Dalton was flabbergasted.  He rejected Gay-Lussac’s
results with some vehemence.  He accused the
Frenchman of carelessness and performed his own
crude experiments and found they disagreed.

Figure 18.5.  Dalton’s incorrect model for the formation
of water.  Dalton assumed, in the absence of evidence to
the contrary, that one atom of hydrogen combines with
one atom of oxygen to form water.  

The missing piece to the puzzle was supplied by
Lorenzo Romano Amedeo Carlo Avogadro di Quaregna
e di Ceretto (1776-1856).  Amedeo Avogadro made a
conceptual leap that was ahead of its time.  He said that
perhaps even the “atoms” of gases are not necessarily
single atoms, but rather groups of atoms stuck together
(1811).  Such a group is called a molecule.  He specu-
lated that oxygen is made of two atoms stuck together.
The problem with this assumption—and one reason that
others hadn’t proposed it earlier—was that if two atoms
of an element coalesced, why not three or four or five?
Why, in fact, would not all of the atoms of the contain-
er of gas stick together into one horrendous molecule?
Avogadro had no answer, but made the leap anyway.
His second conjecture is known as Avogadro’s
Hypothesis:  Equal volumes of all gases (at the same
temperature and pressure), whether elements, com-
pounds, or mixtures, contain equal numbers of mole-
cules (1811) (see Fig. 18.6.).  (Each molecule in a com-
pound contains atoms of at least two different elements.
Any two or more substances can be loosely combined
into a mixture that can be mechanically “unmixed”.)

Avogadro’s brilliant breakthrough was largely
ignored for another 50 years until Stanislao Cannizzaro
revived it in 1860 at the First International Chemical
Congress at Karlsruhe, Germany.  Professor Lothar
Meyer later remarked of Cannizzaro’s presentation:  “It
was as though scales fell from my eyes, doubt vanished,
and was replaced by a feeling of peaceful certainty.”
Chemists, too, have their moments of revelation.

STUDY GUIDE
Chapter 18: The Periodic Table

A.  FUNDAMENTAL PRINCIPLES
1.  Law of Conservation of Mass (as expressed by

Lavoisier [ca. 1789] for chemical reactions):  The
total quantity of matter within the system remains
constant.  See also Chapters 7 and 9.

2.  The Wave-Particle Duality of Matter: See
Chapter 16.

3.  The Exclusion Principle: See Chapter 17.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. When studying the elements, what is observed
about their volumes, ionization energies, and chem-
ical properties when they are organized according
to atomic number?

2. What happened in the early part of this century that
brought greater unity to science?

3. How does the Wave Model of the atom explain the
“periodicity” that led to the Periodic Table?

C.  GLOSSARY
1. Avogadro’s Hypothesis:  Equal volumes of all

gases (at the same temperature and pressure),
whether elements, compounds, or mixtures, contain
equal numbers of molecules.

2. Atomic Mass: Although sometimes referred to as
Atomic Weight, what is meant is the mass per unit
atom of a sample of substance.  Ordinarily the
atomic masses are expressed in units in which the
mass of carbon is exactly 12.0.

3. Atomic Number: See Chapter 17.
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Figure 18.6.  Avogadro’s model for the formation of
water.  Each container contains gas at the same volume,
temperature and pressure as the others.  Avogadro rea-
soned that each contained the same number of mole-
cules.



4. Atomic Volume: The volume of an atom.  
5. Element: A substance made up of atoms all having

the same number of protons.
6. Families (Groups): Families (or Groups) are ele-

ments in the Periodic Table which are placed in the
same vertical column.  Elements in a given family
have similar chemical behavior and properties.

7. Ionization Energy: The amount of energy which
an electron must acquire to be removed from an
atom.

8. Mass Number: See Chapter 17.
9. Metals: The class of elements occurring to the left

of the Periodic Table and usually characterized as
shiny or whitish, malleable, solid, good conductors
of electricity and heat, and  chemically active.

10. Nonmetals: The class of elements occurring to the
upper right of the Periodic Table  and lacking at
least one of the characteristics of metals.

11. Periods: Elements that occur in the same row of
the Periodic Table are said to belong to the same
period.  Elements in a period exhibit systematical-
ly changing chemical behavior which is best seen
in the formulas of the compounds the elements in
the period form with a given other element.

12. Proust’s Law: Elements always combine to form
compounds in certain definite proportions by
weight.

13. Valence Electrons: The name given to the elec-
trons occupying the highest unfilled shell in an
atom.  

D. FOCUS QUESTIONS
1. Describe three important patterns of the properties

of the chemical elements that correlate to their
placement on the Periodic Table.  What are the
main elements of the Wave Model of the Atom
(including a statement of two fundamental princi-
ples upon which it is built)?  How does the Wave
Model of the Atom explain the patterns?

E. EXERCISES
18.1. Which would you expect to be the larger

atom, 37Rb or 17Cl?

18.2. Which two of the following atoms are most
nearly the same size:  9F, 30Zn, 47Ag, or 56Ba?

18.3. Which would be more dense, 12Mg (magne-
sium used in the original mag wheels) or 79Au (gold)?

18.4. Which is the smaller neutral atom, 38Sr or 16S?
(You should be able to answer this question on the basis
of position in the Periodic Table.)

18.5. Which is more dense, 22Ti or 79Au?

18.6. Observe the distance from the highest energy
electron to the top of the well (0 electron volts) in
Figure 17.6.  This would be a measure of ionization
energy.  Which of the four atoms shown in Figure 17.6
has the lowest ionization energy (shortest distance to the
top of the well)?  Check your answers in Table 18.1.

18.7. Using Table 18.1 and the rule that metals have
ionization energies of less than 8 electron volts and non-
metals of more than 10 electron volts, mark each of the
following as metal, nonmetal, or cannot tell:

(a) H, hydrogen
(b) Li, lithium
(c) B, boron
(d) Ne, neon
(e) Mg, magnesium

18.8. From Figure 17.6 state which electron Li is
likely to lose to become Li1+.  Do the same for the two
electrons Be loses to become Be2+. 

18.9. Why is the second ionization energy of Li so
much higher than the first?  (See Table 18.1 for ioniza-
tion energies, and see Figure 17.6 for a hint about the
explanation.)

18.10. Which of the following pairs of elements
will be most like 15P?  (a)  46Pd and 82Pb, (b) 14Si and 16S,
(c) 7N and 33As.

18.11. Which element is most similar to 9F?

18.12. Technetium, 43Tc, does not exist naturally on
the earth and is prepared by nuclear bombardment.  If
you were looking for it, would you expect to find it as a
solid, liquid, gas, metal, or nonmetal?  (This element
inhibits the corrosion of steel remarkably well.  At one
time it cost $2,800 per gram, but is now below $100 per
gram.)

18.13. Which gaseous element has the largest num-
ber of protons in each atom?

18.14. On the basis of its neighbors, describe the
characteristics of 46Pd.

18.15. Which two elements are most like 35Br?

18.16. Compared to chromium, 24Cr, what can you
say about molybdenum, 42Mo?  Compare density and
metallic nature.
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18.17. Draw lines between atoms which belong to
the same family:

20Ca 18Ar

3Li 12Mg

35Br 33As

10Ne 11Na

7N 9F

18.18. Which of the following are nonmetals?
16S,  55Cs,  48Cd,  15P, 23V

18.19. Which gaseous element has the smallest
number of electrons per atom?

18.20. List Fe, Rh, and Pt in order of increasing
density.  (They all have about the same diameter.)

(a) Pt Rh Fe
(b) Pt Fe Rh
(c) Rh Fe Pt
(d) Rh Pt Fe
(e) Fe Rh Pt

18.21. List the following atoms in order of increas-
ing diameter:  nitrogen, oxygen, phosphorus:

(a) N O P
(b) N P O
(c) P N O
(d) P O N
(e) O N P

18.22. The atomic mass of a potassium atom is
about 39.  The atom has

(a) 39 protons
(b) 39 neutrons
(c) 39 electrons
(d) 19 neutrons
(e) 19 protons

18.23. How many valence electrons (and in what
orbitals) does oxygen have?  

(a) 8 in p orbitals
(b) 6 in p orbitals
(c) 4 in p orbitals
(d) 4 in s orbitals
(e) 2 in s orbitals

18.24. Which atom has the lowest ionization ener-
gy?

(a) hydrogen
(b) helium
(c) lithium
(d) beryllium
(e) aluminum

18.25. Which of the following statements is false?
(a) Elements in a row progress from metal to non-
metal.
(b) Elements in a column are chemically similar.
(c) Li, Na, and K are chemically similar.
(d) Ne, Ar, and Kr are chemically active solids.
(e) F, Cl, and Br are chemically active gasses.

18.26. Which of the following are most chemically
similar to Cl?

(a) F and Br
(b) Cu and Au
(c) Na and K
(d) P and S
(e) Br and Kr
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Elements, which are limited in number, combine to
form an almost limitless number of compounds.
Sometimes elements will combine in surprising ways.
For example, the element sodium (Na) is a metal.
Chlorine (Cl) is a deadly, greenish gas.  But table salt
(NaCl) (a compound of these two elements) is not a
metal, not deadly, and not a gas.  Clearly there is more
to the creation of sodium chloride than just mixing
atoms of sodium and chlorine together. Something else
has occurred.  On the other hand, some elements can be
mixed together without any change taking place.  In
these cases the properties of the mixture are the expect-
ed combination of the properties of the elements.

To begin to understand how compound substances
come to be, consider two hydrogen atoms.  Each atom
has one electron in an s-orbital as depicted in Figure
19.1(a).  The electrons are captured by the electrical
attraction of the nucleus.  The electrons are in an ener-
gy well from which they cannot escape without ioniza-
tion energy being supplied.  

Figure 19.1.  (a) Two hydrogen atoms with electrons in
s-orbitals.  (b) When the atoms collide a new molecular
orbital is formed which binds the two atoms together as
a hydrogen molecule.

Imagine our two hydrogen atoms bumping togeth-
er so that each electron feels the pull from both nuclei.
Now imagine, as a result, that new orbital patterns set
up in such a way as to surround both nuclei (Fig. 19.1b).
The new patterns will not be the atomic orbitals s, p, or

d, but will be new orbitals that will be referred to as
molecular orbitals. If the electrons in the new orbitals
have less energy than they had in the atomic orbitals
(the energy difference is radiated away as photons), the
electrons will be deeper in an energy well than before
and the new structure will be stable.  It will remain as a
structure until the missing energy is restored by some
mechanism. In fact, in our example the new structure
does form and is called a hydrogen molecule—symbol-
ized as H2. The subscripted 2 refers to the two atoms
that combined to form the new molecule.  The hydrogen
molecule is a new structure and it has its own charac-
teristic energy levels and its own characteristic discrete
emission spectrum.  

The example of the hydrogen molecule illustrates
one of several ways atoms can combine to form mole-
cules or other compound structures.  In each case the
new orbitals formed have less electron energy.  Figure
17.7 diagrams the electron configurations of a number
of elements.  The noble gases are elements where no
electrons are high in the energy well.  On the other
hand, when an atom exists with one more electron than
needed to just fill a shell, the extra electron must go into
the next higher shell.  Invariably, the electron has rela-
tively high energy.  The valence electron in sodium,
next after neon in the Periodic Table, is such an exam-
ple.  This electron is easy to remove; that is, sodium has
a small ionization energy.

In contrast, fluorine is an example of an element
that lacks just one electron to fill the first shell.  The
electrons have low energies (are deep in the well), but
not so low as those of neon.

If sodium and fluorine are brought together they
“react.” In other words, the valence electrons form new
orbitals.  In this instance the single valence electron of
sodium forms an orbital around fluorine, and the elec-
tron has essentially been transferred from sodium to flu-
orine.  But in doing so the electron falls deeper into the
energy well and the new structure, NaF, is stable.  The
sodium atom has become a sodium ion (Na+) and the
fluorine atom has become a fluorine ion (F–).  The + and
– in the symbols refer to the net electrical charge of each
ion resulting from either the loss or gain of an electron.

Atoms have more disorder (entropy) when they are
free from one another than when they are bonded
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together so that they must move collectively; their dis-
order decreases during bonding.  However, total disor-
der never decreases, so something else must happen
during bonding to increase the disorder somewhere else.
As the electron jumps to a lower energy state, the atom
radiates to the surroundings energy that is equivalent to
the difference in orbital energies.  Because of this
release of energy, the entropy increases in the surround-
ings more than it decreases in the system.  The total
entropy increases, as it always does in a spontaneous
process.  We sometimes say that bonds form because the
system has found a way to reduce the energy of its elec-
trons.  We could also say that bonds form because ener-
gy is given off to raise the entropy of the universe.

Molecular Structure

When pure hydrogen is placed in the mass spec-
trometer (see Chapter 15), many of the particles reach-
ing the detector are so slow that they appear twice as
heavy as normal hydrogen.  A small percentage of these
heavy particles is hydrogen atoms, each having an extra
neutron, but most of them appear to be two joined
hydrogen atoms with one electron missing.  There is
much evidence for this interpretation.  If the electron
energy in the ionization stage of the spectrometer is
increased, these so-called molecular ions nearly disap-
pear.  Apparently, the energetic electrons separate the

atoms from one another.  However, the ionizing elec-
trons in a spectrometer are never energetic enough to
disturb or break up the nucleus or even to remove the
most tightly bound electrons of atoms with high atomic
numbers.

More evidence for the structure of the hydrogen
molecule comes from Avogadro’s Hypothesis, which
says equal volumes of different gases contain equal
numbers of molecules if the temperatures and pressures
are the same.  A certain volume of helium has a mass of
4 grams, and the same volume of hydrogen has a mass
of 2 grams, indicating hydrogen molecules are half as
massive as helium molecules.  On the other hand, atom-
ic masses show that hydrogen atoms are only one-fourth
as massive as helium atoms.  Therefore, hydrogen mol-
ecules must be made of two atoms of hydrogen.

What happens to hydrogen in the mass spectrome-
ter can be represented by the events shown in Figure
19.2.  Careful measurements show this to be the only
acceptable explanation of the structure of hydrogen and
of its analysis in  the mass spectrometer.  Note that even
though hydrogen exists as molecules, it is still an ele-
ment just as surely as is helium which exists as individ-
ual atoms. 

A number of other elements exist as molecules
composed of two atoms: nitrogen, oxygen, fluorine,
chlorine, and bromine.  In contrast, some molecules are
composed of atoms of two or more types.  For example,
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Figure 19.2.  Behavior of hydrogen in the mass spectrometer.  (a) The ionizing electron beam removes an electron from
some molecules and splits other molecules in half.  (b) Atomic ions are accelerated to higher speeds than molecular
ions.  (c) Computer display of the times of arrival (masses) of ions.



an atom of nitrogen attached to an atom of oxygen
forms a molecule of nitric oxide.  A sample of such mol-
ecules would be as invisible as air, but would smell hor-
rible.  In fact, nitric oxide is one of the most obnoxious
components of smog.  Its behavior in the mass spec-
trometer is indicated in Figure 19.3.  Notice the differ-
ent pattern of peaks compared with that of hydrogen.

Each type of molecule forms its own distinctive
pattern in the mass spectrometer.  This is very useful to
people in their efforts to identify molecules.  For exam-

ple, Figure 19.4 shows the mass spectrum of a white
powder confiscated from a person accused of possess-
ing illegal drugs.  The defendant claimed it was merely
a painkiller containing aspirin and phenacetin (a non-
prescription painkiller).  The mass spectrum, however,
shows a molecular ion with a mass of 315 amu, much
larger than can be found in the materials claimed.  This
mass and the pattern of the other fragments identify the
material as Percodan, a prescription narcotic painkiller
that the defendant possessed illegally.  This particular
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Figure 19.4.  Mass spectrum of Percodan.

Figure 19.3.  (a) Fragments of nitric oxide molecules in the drift tube of a mass spectrometer showing low-mass ions
getting ahead of high-mass ions.  (b) Computer display of the masses of various fragments.



mass spectrum was used as evidence in court and helped
lead to a conviction. 

A mass spectrograph can sometimes give very
detailed information.  For example, even though sugar
molecules are composed of the same types of atoms
regardless of the source, the relative heights of the
peaks similar to the 316-amu peak in Figure 19.4 allow
scientists to determine subtle difference which indicate
whether the sugar was made from sugarcane or sugar
beets.  The peak heights also indicate approximately
how many miles from the seacoast the sugar-bearing
plant was grown. 

The mass spectrometer clarifies the relationships
among the types of particles that are the building blocks
of pure materials.  An element is composed of only one
type of atom.  The atoms can exist as individuals or
bonded together as molecules.  In contrast to an ele-
ment, a compound is composed of molecules, each of
which is made of at least two types of atoms.  Examples
of each type are shown in Figure 19.5.  In addition to
these configurations, the atoms of a pure metal are
joined to a number of neighboring metal atoms in solid
metallic elements.  It is not entirely correct to speak of
a lump of metal as a single molecule, even though all of
the atoms are connected.  

Figure 19.5.  Drawings of elements and compounds.
Why can’t compounds be atoms?

Chemical Reactions

Just how are molecules made from atoms or from
other molecules?  They are formed during chemical
reactions.  Some reactions are vigorous and showy, like
the reaction of sodium and chlorine or the exploding of
fireworks.  Other reactions are quiet and slow, such as
the chemical reactions that occur in green plants to pro-
duce the sugar described in the previous section. 

Charcoal burning in air is a good example of a chem-
ical reaction. The black charcoal briquettes for barbecu-
ing are nearly pure carbon.  Once they get hot enough,
they combine with oxygen from the air and apparently
disappear.  (The small amount of ash that remains is an
impurity and does not appear when pure charcoal burns.)
Actually, the carbon does not  vanish—it becomes carbon
dioxide, a transparent gas that goes up with the smoke.  

To initiate the reaction that burns the carbon, we are
required to light a match and provide some extra ener-
gy.  Often, the starting materials for a chemical reaction
are stable molecules or substances for which the elec-
trons are in orbitals that already minimize the electron
energy. The additional energy provided by the match
gives kinetic energy to the molecules of carbon and
oxygen so that they bump into one another and excite
the electrons, even to the point of breaking the mole-
cules into ions or atoms.  These ions or atoms can now
rearrange into new combinations with new electron
orbitals that will again lower the electron energy.  These
new combinations of atoms (CO2 in this case) will be
the new molecules that are the products of the chemical
reaction.  The minimum amount of kinetic energy that
molecules must have to initiate the reaction is called the
activation energy. Once the reaction begins, it may
release enough energy of its own to maintain the activa-
tion energy to keep the reaction going.

This example shows some common  characteristics
of chemical reactions:

1. One or more substances are changed to specif-
ic amounts of other substances that have dif-
ferent characteristics.

2. Some kinetic energy may be required to initi-
ate the reaction (activation energy).

3. Energy is released by the reaction.  (In some
chemical reactions, energy is absorbed.)

Some similar examples of reactions with oxygen
are the burning of hydrogen, iron, and magnesium.
Hydrogen is a colorless gas, light enough to make bal-
loons rise, but it is unsafe because it burns.  When it
burns in oxygen, it produces one of the hottest flames
known.  The product of the reaction is water (a gas
when hot, but a liquid when cooled).  
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Iron, in the form of steel wool, burns well in air;
however, it appears as glowing coals rather than an open
flame.  The product of complete burning is similar to
rust.  At normal temperatures, this reaction proceeds so
slowly that it is almost unnoticeable.  Water speeds the
rusting reaction enough so that changes can be seen
from day to day, as you can discover by leaving steel
tools exposed to moisture.  

Magnesium is a gray metal that is prized for its low
density.  It helped the original “mag wheels” be light-
weight and therefore easy to accelerate.  Pure magne-
sium (not modern mag wheels) burns vigorously in air
and produces not only heat but also large amounts of
white light.  Roadside emergency flares use this reac-
tion, usually with an additive to make the color red as
well as bright.  The white ash remaining when the reac-
tion is completed is magnesium oxide.  

Let us summarize these chemical reactions by writ-
ing an equation in words for each: 

carbon 1 oxygen → carbon dioxide 

hydrogen 1 oxygen → water 

iron 1 oxygen → iron oxide (rust)

magnesium 1 oxygen → magnesium oxide

The arrow is read yields. The starting materials, termed
reactants, appear to the left of the arrows.  The result-
ing materials, or products, are on the right. 

Although it may appear to deserve no comment,
these burning processes never use all of the oxygen in
the atmosphere.  There seems to be a quota of oxygen
for each reaction, and the quota is never exceeded.
When one reactant is used up, the unused portion of the
other reactant is left over at the end of the reaction.
These four reactions comprise a good beginning for our
collection of chemical reactions.  

Two more reactions of a different type tear one sub-
stance apart and form two new materials with entirely
different characteristics.  Such reactions are called elec-
trolyses. They occur when a source of direct electrical
current (e.g., an automobile battery) is connected to two
bars of metal (e.g., platinum).  The bars—or electrodes,
as they are called—are then dipped in the liquid that is
to be electrolyzed.  The reaction proceeds at a rate deter-
mined by the amount of electrical current.  

Figure 19.6 shows a simple electrolysis cell.
Figure 19.7 shows a more complex cell that traps any
gas that might bubble up from the electrodes, as hap-
pens when water is electrolyzed.  As the water is con-
sumed, oxygen comes from one electrode and twice its
volume of hydrogen comes from the other.  This is an
example of the Law of Definite Composition and
reflects the fact that each water molecule contains twice
as many hydrogen atoms as oxygen atoms.  Remember
that according to Avogadro’s Hypothesis equal volumes

of gas contain equal numbers of molecules at the same
temperature and pressure.  This provides a basis for stat-
ing that there are twice as many hydrogen atoms as oxy-
gen atoms in each water molecule. 

Figure 19.6.  Simple electrolysis cell with electrodes
wired to a battery.

Another example of electrolysis is that of common
table salt.  The reaction proceeds at a reasonable rate
only if the salt is melted.  The required temperature, 801
°C, is easily attained in the laboratory but is far too hot
for kitchen ovens.  As the electrolysis proceeds, a pale
green gas bubbles from one electrode, and a molten sil-
ver metal collects at the other. The gas is chlorine, one
of the first poisonous gases used for warfare.
Nowadays, many tons of chlorine are produced and
used in the manufacture of several familiar products,

such as bleaching and cleaning chemicals. 
The metal produced in the electrolysis of table salt

is sodium, which is just as reactive as chlorine but in
different ways.  A small lump of sodium dropped into
water will react violently, releasing hydrogen from the
water at such a rate that the lump turns itself into a
miniature jet-propelled boat.  The heat released often is
often to ignite or explode the hydrogen which has mixed
with the oxygen of the air. This is why students in
chemistry laboratories should not throw scrap sodium
down the drains. 
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Figure 19.7.  Water being electrolyzed in a slightly more
elaborate electrolysis cell.



The Law of Definite Composition is obeyed in the
sodium chloride electrolysis reaction, but comparison is
complicated by the fact that one product is a solid rather
than a gas.  Nevertheless, for every 35.5 grams of chlo-
rine produced at one electrode, 23 grams of sodium is
produced at the other. The proportions of the amounts
of the products of a reaction are small whole numbers
only when measured in gas volumes or atoms.  The
numbers are more complex when measured in masses,
because the mass of one type of atom is not simply
related to the masses of other types of atoms.

Chemical Formulas

Atomic symbols such as H and He are used to
denote elements or atoms.  Similarly, symbols called
chemical formulas can represent compounds or mole-
cules that are composed of these atoms.  Numerical sub-
scripts show how many of each type of atom are
involved.  For example, two atoms of nitrogen combin-
ing to form a molecule is represented by N2. Water is
constructed of two atoms of hydrogen and one of oxy-
gen, so its formula is H2O.  

It is possible to write the formulas so that they indi-
cate something about the way the atoms are linked.
Water’s formula could correctly be written HOH to
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Figure 19.8.  Formulas and drawings of molecules.

Figure 19.9.  Drawings of groups of molecules and their representations with chemical formulas. 



show that both hydrogens are connected to the central
oxygen.  Some examples of molecules and their formu-
las are drawn in Figure 19.8.  You are not expected to
know which atom is central or precisely how they are
linked, only that chemical formulas written in certain
ways can indicate the relative positions of the atoms in
a molecule. 

Suppose we wished to write the symbol for three
hydrogen molecules.  To avoid confusion we must write
3H2. The symbol 3H would indicate three individual
hydrogen atoms, but there are a total of six atoms in
three hydrogen molecules.  The symbol H6 would indi-
cate that all six were strung together in a single mole-
cule, which is incorrect.  By convention, the first num-
ber indicates the number of molecules, and the remain-
der of the formula shows the composition of each mol-
ecule.  Some examples are diagramed in Figure 19.9. 

With a knowledge of molecular formulas, it is pos-
sible to write equations for the reactions in formulas
rather than words:

C 1 O2 → CO2

2H2 1 O2 → 2H2O

4Fe 1 3O2 → 2Fe2O3

2Mg 1 O2 → 2MgO

2H2O → 2H2 1 O2

2NaCl → 2Na 1 Cl2

These equations obey the Law of Conservation of Mass.
That is, there are as many atoms of each element among
the reactants as among the products, indicating that a

chemical reaction does not create or destroy atoms; it
simply rearranges them into new molecules.  This is
diagramed for the reaction of hydrogen and oxygen in
Figure 19.10, in which the right amount of oxygen was
present to complete the reaction.  In Figure 19.11, too
much oxygen is shown, and some oxygen molecules are
left over. Virtually all reactions occurring in nature stop
with some reactant left over. 

Chemical equations do not show excess reactants
any more than a recipe shows the number of eggs
remaining after one has cooked an omelet.  The chemi-
cal equation shows the minimum amount of each mate-
rial needed without arbitrarily splitting molecules.  As
an example of improper splitting, consider the equation

H2 1 O → H2O .

This equation implies that oxygen exists as single atoms
when it is really composed of molecules, O2. To reflect
this fact, we must write

2H2 1 O2 → 2H2O .

This equation shows the proper number of atoms and
molecules on each side of the equation.  The equation is
said to be balanced when, for each kind of atom, there
are the same number of atoms on the left of the arrow as
on the right.  Once again, this represents the Law of
Conservation of Mass.  It also shows that an atom of
one type cannot be transformed to another type of atom
by a chemical reaction.  

Unfortunately, there is no simple, foolproof recipe
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Figure 19.10.  Reaction of hydrogen with the proper amount of oxygen.

Figure 19.11.  Reaction of hydrogen with excess oxygen.



for finding the numbers to put in front of each molecu-
lar symbol to balance a chemical reaction equation.
One simply proceeds by trial and error.  With a little
practice, one observes that certain patterns begin to
repeat themselves.

Some chemical formulas can give you a false
impression if you are not forewarned.  The formula H2O
is a symbol for a molecule containing two hydrogen
atoms and a single oxygen atom.  Likewise, H2 and O2

are molecular formulas, i.e., they represent individual
molecules.  The equation

2H2 1 O2 → 2H2O

says that two hydrogen molecules react with one oxy-
gen molecule to form two molecules of water..
Examples of molecular formulas are N2, F2, Cl2, Br2, I2,
CO2, and SF6 . The noble gases contain monatomic
molecules (single atoms) and have molecular formulas
He, Ne, Ar, Kr, Xe, and Rn.

The symbol for table salt, NaCl, is not a molecular
formula in the above sense because table salt is a crys-
talline solid substance.  The smallest piece of salt that is
still recognizable as salt contains trillions of sodium
ions and trillions of chloride ions stacked together in a
three-dimensional checkerboard pattern.  The smallest
subunit of this pattern contains one sodium ion and one
chloride ion.  This subunit is not, strictly speaking, a
molecule.  Molecules have strong chemical bonds
among the atoms within each molecule, but only weak
(at best) bonds between different molecules, so each
molecule is recognized as a separate unit.  Yet in solid
table salt, each subunit NaCl has a strong chemical bond
to its adjacent subunits.  Hence, we say that NaCl is a
simplest formula rather than a molecular formula.  To
indicate two of these subunits, we would write 2NaCl.

The symbol Na (sodium) as it applies to a piece of
metal is also a simplest formula.  It symbolizes the sim-
plest subunit of a piece of sodium metal, the sodium
atom, even though the sodium atoms are bonded togeth-
er to form the piece of metal.  Examples of the simplest
formulas are Mg, Fe, and MgCl2.

The chemical reaction

2Na 1 Cl2 → 2NaCl

means that if metallic sodium is burned in chlorine gas,
two atoms of sodium metal combine with a molecule of
chlorine to form two subunits of the structure we know
as table salt.

There are three rules of thumb to use in deciding
whether a formula is a molecular formula or a simplest
formula:

1. If the formula represents a gas it is a molecular
formula.  Examples are H2 and O2. (We some-
times convey physical state information by
adding (g) for gas, (l) for liquid, and (s) for solid.
Examples are H2 (g), H2O (l), and NaCl (s).)

2. If the formula contains only nonmetal ele-
ments, it probably is a molecular formula.
Examples are CO2 and SF6.

3. If the formula contains a metal element, it is
probably a simplest formula, unless it is a gas.
Examples are Na and NaCl.

Summary

In a chemical reaction, atoms rearrange to form
new structures.  If the new structures are stable, the
valence electrons form new orbitals in which they have
less energy than they had in their respective structures
before the reaction.  The new orbitals bind the new
structures together: new chemical bonds are said to
have formed. 

The Law of Definite Proportions is obeyed in
chemical reactions:  The amounts of products and reac-
tants in a particular chemical reaction always occur in
the same definite proportions by volume of gases or by
numbers of molecules.  

In a chemical reaction chemical bonds are made or
broken.  The structures of molecules formed in chemi-
cal reactions can be analyzed by the mass spectrometer.

Spontaneous chemical reactions may form more
ordered structures, but the energy released will increase
the disorder of the surroundings in such a way that the
total disorder of the universe is increased.

Chemical equations show the arrangement of atoms
and molecules at the beginning and the end of chemical
reactions.  Balanced chemical equations emphasize that
atoms are neither created nor destroyed in chemical
reactions.  Thus, the Law of Conversation of Mass is
obeyed.

STUDY GUIDE
Chapter 19: Molecules and Compounds

A.  FUNDAMENTAL PRINCIPLES
1.  The Law of Definite Proportions is obeyed in

chemical reactions:  the amounts of products and
reactants in a particular chemical reaction always
occur in the same definite proportions.  The pro-
portions of the amounts of the reaction products are
small whole numbers when measured in gas vol-
umes or numbers of molecules.

2.  The Law of Conservation of Mass: See Chapter
18.
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B. MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What are chemical bonds?
2. What happens to the energy of a system when

atoms bond together?
3. What happens to the disorder of a system when

atoms bond together?
4. What is a chemical reaction?
5. How are chemical formulas written and balanced?

C.  GLOSSARY
1. Activation Energy: The minimum energy that

reactants must have to form products. In some
chemical reactions, additional evergy must be
added from an external source (such as a lighted
match) to reach the activation energy.

2. Avogadro’s Hypothesis: See Chapter 18.
3. Chemical Bond: The attachment that results from

a binding together of molecules or atoms in definite
proportions into new structures with an accompa-
nying release (or, rarely, absorption) of energy.

4. Chemical Reaction: The energy releasing or
absorbing process which makes or breaks a chemi-
cal bond.

5. Compound: A substance consisting of molecules
formed from atoms of at least two different kinds.
Water is a compound of hydrogen and oxygen.

6. Electrolysis: A chemical reaction in which the
necessary driving energy is provided in the form of
an electrical current passing through the reactants.
Water may be separated into hydrogen and oxygen
by electrolysis.

7. Element: See Chapter 18.
8. Mixture: A physical combination without chemi-

cal bonding of compounds and/or elements in
indefinite proportions.  A mixture of oxygen and
hydrogen might have a large number of oxygen
molecules and a small number of hydrogen mole-
cules or vice versa.

9. Molecular Formula: Chemical formulas (sym-
bols) representing individual molecules.

10. Molecular Orbital: An electron orbital, different
in shape and energy from the atomic electron
orbitals (s, p, d, etc.) of atoms, that forms between
atoms to form the “glue” that bonds atoms together
to form molecules.

11. Molecule: The simplest independent structural unit
of a particular element or compound.  A molecule
of helium is the helium atom.  A molecule of water
is the structure H2O.

12. Products: The name given to the substances that
result from a chemical reaction.

13. Reactants: The name given to the substances
before they are combined or separated by a chemi-
cal reaction.

14. Simplest Formula: In repeating structures such as

a crystal or a piece of metal, the simplest formula is
the chemical formula of the basic subunit of the
structure.  In a crystal of salt, the simplest formula
is NaCl even though NaCl does not exist as sepa-
rate molecules.

D. FOCUS QUESTIONS
1. In a demonstration, hydrogen is burned in oxygen

to form water.  For this chemical reaction:
a. Write and balance the chemical equation rep-
resenting the reaction.
b. Explain why a match is needed to start the
reaction.
c. Describe what happens to the energy within
the system as the products are formed.  What
changes in the forms of energy occur?
d. Describe what happens to the disorder of the
universe as the products are formed.

2. In a demonstration, magnesium is burned in oxy-
gen forming magnesium oxide.  For this chemical
reaction:
a. Write and balance the chemical equation rep-
resenting the reaction.
b. Explain why a match is needed to start the
reaction.
c. Describe what happens to the energy within
the system as the products are formed.  What
changes in the forms of energy occur?
d. Describe what happens to the disorder of the
universe as the products are formed.

E. EXERCISES 
19.1. Notice the peak at 1 amu in Figure 19.2c.

What ion caused this peak?  What ion caused the peak
at 2 amu in Figure 19.2c? 

19.2.  In Figure 19.3b which peak corresponds to
the O1+ ion?  (Use Table 17.1 to find the mass of an oxy-
gen atom.)  What ions caused the other peaks?

19.3.  What molecule was put in the mass spec-
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Figure 19.12. Masses of fragments of an unknown mol-
ecule.



trometer to cause the peaks shown in Figure 19.12?

19.4.  What fragments would the mass spectrome-
ter make from water molecules that are composed of
two hydrogen atoms attached to an oxygen atom? 

19.5.  Listed below are some chemical reactions
with which we hope you are familiar.  Classify each as
explosive, fast, slow, or nonoccurring (under natural
conditions).  Where you can, describe the characteristics
of the products.  Remember burning yields carbon diox-
ide from materials that contain carbon and water from
things that contain hydrogen. 

(a) Rusting of cans along the highway .
(b) Burning of gasoline vapor in air when ignited
(gasoline is made of carbon and hydrogen).
(c) Burning of diamonds in air when ignited (dia-
mond is pure carbon and behaves similarly to char-
coal in chemical reactions).
(d) Burning of diamonds without ignition (will
diamonds “rust”?).
(e) Burning large amounts of gunpowder.
(f) Tarnishing of silver.
(g) Fading of clothes dyes in sunlight.
(h) Decay of the insecticide DDT in the environ-
ment.

19.6.  Label each of the following formulas as rep-
resenting an element or a compound:

F2 Ar 
CO2 BeO 
Cu CH4

19.7. Label the groups of molecules in Figure 19.13
the way they are labeled in Figure 19.9.

19.8. How many atoms of hydrogen are there in
each molecule of propane that has the formula
H3CCH2CH3? Use this formula to draw a diagram of
the molecule of propane similar to the diagrams in
Figure 19.8. 

19.9. How many atoms of nitrogen are there in
three molecules of laughing gas, N2O?  (Notice that we
could have written 3N2O to represent the three mole-
cules.)  How many atoms of oxygen are there in
5Al2O3?

19.10. Which of the following equations are bal-
anced? 

(a) 2C + O2 → 2CO 
(b) H2 + F2 → HF 
(c) Mg + F2 → MgF2

(d) 2H2O2 → H2O + O2

19.11. Suppose someone asked you to finance a
promising silver extraction process based on the equa-
tion

2Ag2O → 8Ag + O2

Would you consider him a competent person or a
crackpot?

19.12. What are the important differences between
a chemical reaction, such as the electrolysis of molten
salt, and a physical process, such as the crushing of salt
crystals?

19.13. Classify each of the following as pure ele-
ment, pure compound, or mixture as best you can from
your experience and the information in this unit:

7-Up orange juice
nickel air
CCl4, carbon tetrachloride tin
vitamin A diamond
tungsten metal chlorine

19.14. What compound would (in analogy to Fig.
19.3) give mass spectrometer peaks at 1, 12, 14, 26, and
27 amu?

19.15. How many atoms of fluorine are in 3SF6?

19.16. Which of the following equations are bal-
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Figure 19.13.  Groups of molecules to be labeled in
Exercise 19.7.



anced?
(a) Ca + O2 → CaO
(b) NaOH + HCl → H2O + NaCl
(c) 4Al + 3O2 → 2Al2O3

(d) NO2 + H2O → HNO3

19.17. Which of the following is not a compound?
(a)  sulfur dioxide
(b) nitrous oxide
(c) water molecule
(d) oxygen molecule
(e) rust

19.18. Which equation is balanced correctly?
(a) H2 + O2 → 2H2O
(b) H2 + O2 → H2O
(c) Ca + Cl2 → CaCl2

(d) S + O2 → SO4

(e) N2 + O2 → NO
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The two categories of elements, metals and non-
metals, are so different that most elements can be easi-
ly distinguished as either a metal or a nonmetal.
Compounds can also be classified, although there are
three categories rather than two:  combinations of metal
with metal, metal with nonmetal, and nonmetal with
nonmetal.  Each class has a distinctive set of character-
istics.  The combination of two metals produces an alloy
that is difficult to distinguish from a pure metal because
its characteristics are also metallic.  A metal combined
with a nonmetal yields a salt.  The majority of such
combinations are difficult to distinguish visually from
table salt, but some are colored and nearly all are toxic.
The combination of two nonmetals produces a materi-
al—usually a transparent gas—that is difficult to distin-
guish from a pure nonmetallic element. 

These categories show regularities yet to be
explained:  Why are salts so different from pure ele-
ments?  Why can most metals be melted together in any
proportion and then be solidified into a homogeneous
alloy such that none of either starting metal is left as
excess?  Why does a compound composed of a metal
and a nonmetal or of a nonmetal and another nonmetal
nearly always leave some of one reactant in excess,
unchanged at the end of the reaction?  This chapter will
begin to answer these questions.

Pure Metals and Alloys

A metal atom has at least one loosely held electron
in a large outer orbital.  The atom also has room for
another electron.  These facts account for the properties
of metals in the following way.  In a solid metal the
atoms are close enough together that the orbitals of the
loosely held valence electrons try to spread out into the
whole piece of metal and overlap significantly (Fig.
20.1).  To some degree the orbitals of the valence elec-
trons of the large number of atoms in the piece of metal
are trying to occupy the same space inside the piece of
metal at the same time.  If they could do so completely,
the valence electrons would be in identical orbitals and
have identical energies.  However, the Exclusion
Principle forbids more than two electrons occupying
identical orbitals at the same time.  Hence, the orbitals
find a compromise and the energy levels of the electrons
split into very many levels that are very close together
(Fig. 20.2).

The orbitals of these valence electrons spread sig-
nificantly beyond the locale of a particular atom so that
a given electron does not “belong” to a particular atom.
The valence electrons can be thought of as a very
mobile kind of “glue” that exists between the atoms to
hold them together.  The valence electrons can easily

20. Metals and Their Compounds

Figure 20.1.  Lithium metal orbitals that overlap permit electrons to move freely throughout the entire lump of metal.
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drift from one orbital to another through the overlap-
ping regions to any part of the lump of metal. 

The drifting electrons give metals their unique
properties, the most common of which are discussed
below. 

1. Electrical conductivity.  If electrons are
forced into one end of a piece of metal, they
push other mobile electrons out the other end.
This is the mechanism by which wires carry
electricity and is called electrical conductivity.

2. Metallic luster.  The closely spaced energy
levels shown in Figure 20.2 permit metals to
absorb virtually every visible wavelength of
light and many invisible wavelengths.  A pho-
ton of almost any energy can find an energy
gap that just fits.  However, the atoms do not
keep the photons, but immediately radiate
them back (reflection).  If all of the visible
light is reflected, the metal appears silver, or if
it is roughened, it appears white.  If some of
the violet and blue light is permanently
absorbed, the metal appears gold or copper
colored.  High reflectivity in at least a part of
the visible spectrum confers metallic luster.

3.  Malleability.  Things like glass shatter when

hit with a hammer, but most metals simply
bend or flatten, particularly if they are hot.  For
example, gold can be pounded thinner than
paper (to about a millionth of a centimeter
thickness).  This characteristic response to
force is termed malleability.  On the micro-
scopic level, the metal nuclei must slide past
each other into new positions without ever
substantially weakening the metallic bond.
The sea of mobile electrons flows wherever it
is needed to keep the bonds strong during
bending and flattening operations (Fig. 20.3).

4. Thermal conductivity.  If thermal energy is
added to a piece of metal, the kinetic energy of
the electrons is increased.  The electrons move
rapidly through the metal distributing this
kinetic energy throughout by collisions.  Thus,
the whole piece of metal becomes hot much
sooner than an equivalent piece of nonmetal.
This transport of thermal energy is termed
thermal conductivity.

5. Chemical reactivity.  The mobile electrons
are easy prey for electron-hungry atoms such
as oxygen, so most metals react easily to form
oxides or other compounds with nonmetals.  In
fact, only a few metals (such as gold, silver,

Figure 20.2.  Lithium orbital energies split and form many energy levels that are very close together as more and more
atoms are added.

Figure 20.3.  Malleability of a metal.  (a) Forces applied to a group of metal atoms. (b) The solid deforms, but will
spring back to its original shape if the force is removed.  (c) The solid is deformed permanently by layers sliding to new
positions. 
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and copper) are found uncombined in nature.
The others have reacted with oxygen or other
nonmetals and are found as ores.

6. Alloy formation.  In metals, the sea of elec-
trons accommodates one type of metal atom
about as well as another, particularly if their
sizes and orbital energy levels are similar.  This
means that metals near one another (especially
vertically) in the Periodic Table should be able
to substitute for one another in solid metals.
Many pairs of metals permit substitution for
one another in all proportions to form alloys
simply by melting the two together.  Some
properties of the resulting alloy, such as densi-
ty, are intermediate between those of the two
components.  Other properties can turn out
quite different than one might expect from the
original components.  Some metals, that are far
apart in the Periodic Table, will permit only
limited substitution.  

Science attempts to explain these characteristics
with one simple concept:  Mobile electrons are the basis
of a metal’s electrical conductivity, metallic luster, mal-
leability, thermal conductivity, and chemical reactivity.  

Oxidation States

According to Figure 17.7, metals have one or more
electrons that are easily removed because they are near
the top of the energy well.  These elements are general-
ly to the left in the Periodic Table.  In contrast, non-
metals have vacancies for electrons deep in the well.
Metals often give one or more electrons to a nonmetal,
thus forming a positive metal ion and a negative non-
metal ion.  In forming the ions, the orbitals of the
valence electrons transfer from the metal atom to center
on the nonmetal atom.  These oppositely charged ions
are then electrically attracted and become attached to
one another through what is known as an ionic bond.

The oxidation state of an atom in a compound is a
quantitative indication of the number of electrons that
the atom has lost or gained in forming the ion or chem-
ical bond.  An atom that has lost an electron is said to be
in the +1 oxidation state; an example is Li1+.  An atom
that has lost two electrons is in the +2 oxidation state;
an example is Be2+.  Similarly, there can be negative
oxidation states for atoms that acquire extra electrons;
examples are –1 for Cl1– and –2 for O2–.  

The important thing to note is that stable chemical
bonds will form if doing so lowers the overall energies

Figure 20.4.  Common oxidation states of the elements.
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of the valence electrons by putting them lower in ener-
gy wells.  The filled shells of the noble gases (helium,
neon, argon, etc.) are particularly low energy arrange-
ments of the electrons.  These elements do not react
with other elements because the reaction does not pro-
vide a means to an overall lowering of the electron ener-
gies.  The effective oxidation state of the noble gases is
identically zero.  Many ions achieve this “noble gas
electron configuration,” but of course no change has
been made to the nucleus.

In general, metallic elements near the left of the
Periodic Table assume positive oxidation states in
chemical reactions.  Nonmetallic elements near the right
side of the Periodic Table assume negative oxidation
states.  Near the middle of the Periodic Table things are
somewhat ambiguous.  Will an element like carbon
(which has four valence electrons) lose its four valence
electrons (like a metal), or gain four to fill its shell (like
a nonmetal)?  The answer depends on the specific com-
pound that is being formed.  An element in the middle,
such as carbon, will do whichever best lowers its elec-
tron energy.  Thus, for elements near the middle of the
chart there is a tendency for atoms to assume different
oxidation states in different chemical reactions, depend-
ing on the particular compound which is being formed.

Although many elements can have more than one
oxidation state (depending on the compound), the prim-
ary (likely) oxidation state is related to the atom’s posi-
tion in the Periodic Table.  All of the elements in column
1 (labeled IA in the Periodic Table) will have an oxida-
tion state of +1 in ionic compounds.  Elements in IIA
have +2 oxidation states.  What would you predict for
column IIIA?  Check your answer in Figure 20.4.

Elements in columns VIA and VIIA of the Periodic
Table tend to gain electrons to fill their valence shells
and can be predicted with confidence to have primary
oxidation states of –2 and –1, respectively.  Elements in
these columns sometimes have additional possible oxi-
dation states in compounds.  See sulfur and chlorine in
Figure 20.4, for example.

Elements in the B columns of the Periodic Table are
also prone to having more than one possible oxidation
state.  However, we can use the additional information
that these elements are all metals (and, therefore, tend to
be electron donors) to predict that at least in some com-
pounds these elements will have positive oxidation
states that correspond directly to the number of valence
electrons indicated by their column number.  For exam-
ple, chromium (24Cr) in column VIB will in at least
some cases have an oxidation state of +6.  The rule is
even less precise for the elements in the centermost
columns of the Periodic Table (labeled VIII [neither A
nor B]).  Here we can only predict that, as metals, the
elements will have positive oxidation states, but we
must rely on experimental analysis of the individual
compounds to determine the precise oxidation states of

the constituent elements.
Why do the regularities exist among the elements?

They are based on ionization energies whose precise val-
ues can be traced back to the Wave Model and the
Exclusion Principle.  If only one electron in an atom has
a low ionization energy, the oxidation state will be +1.  If
two electrons have low ionization energies, the oxidation
state will be +2, and so on.  If there are no electrons with
low ionization energies, but there is a vacancy in an
orbital deep in the well, the atom will try to fill the vacan-
cy with an electron.  This results in a –1 oxidation state.

Compounds Between Metals and Nonmetals

Imagine a metallic sodium ion, Na+, and a nonmetal-
lic chloride ion, Cl–, that could form an ionic bond.  But
why should the pairing stop there?  Could the Na+ attract
another negative ion and the Cl– attract another positive
ion?  Yes.  Long chains of alternating Na+ and Cl– ions
form a sheet like a checkerboard (Fig. 20.5), and finally
the checkerboards stack so that positive ions are always
above negative ions and vice versa.  The result is a crys-
tal of salt based on the electrical attraction of the ions. 

Figure 20.5.  Drawing of a small part of a single layer
of a NaCl (sodium chloride) crystal.

A salt is much different than a metal.  Ionic bond-
ing accounts for the characteristics of salts discussed
below. 

1. Electrically nonconducting.  The electrons in
both ions of a salt are all in stable, closed
shells, and are difficult to remove from their
respective ions.  Because there are no mobile
electrons, solid salts have no way to conduct
electricity.  However, if the salt is melted,
whole ions may move about and conduct elec-
tricity, but they are so big and awkward they
are not nearly as conductive as the electrons in
a metal.  Also, if the salt is dissolved in a liq-
uid like water, the ions separate and are able to
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conduct electricity, but in an inefficient man-
ner.  Materials that conduct electricity when
dissolved in water are called electrolytes.

2. Transparent.  The energy levels of most salts
are spaced widely apart, so most salts will
absorbs only photons with high energies.  Such
high-energy photons are in the invisible, ultra-
violet part of the spectrum.  Visible light is not
absorbed by most salts—it passes through and
the salts appear transparent.  However, most of
the salts of metals in columns IIIB through IIB
absorb some visible light weakly; this gives
them pale colors.  There are also a few highly
colored salts like potassium dichromate; most
of them are composed of more than two ele-
ments (e.g., K2Cr2O7).  If a transparent salt
crystal is ground to powder, the small crystals
bend a light ray many times before it emerges
from the powder.  This means light will no
longer pass straight through as it did in a single
crystal, so light coming in from the side may
bend and come out the front.  The net result is
that the powder appears white, even though it
is basically transparent or slightly colored.  A
block of salt with many cracks or bubbles in it
will also appear white.  Many otherwise trans-
parent minerals in nature appear opaque and
white for this reason. 

3. Brittle.  Salt crystals break and shatter when
hit with a hammer—they do not bend or flat-
ten.  Imagine sliding one layer of a NaCl crys-
tal over the underlying layer (Fig. 20.6).  When
one sliding layer moves a short distance, all of
the positive ions will be directly over other
positive ions, and likewise for the negative
ions.  The repulsion is more than enough to
force the two layers apart, which breaks
(cleaves) the crystal.   Brittleness, however,
does not always dominate. Glass, most rocks,
and objects made of fired clay can be con-
sidered super-cooled liquids, because under
mild stress, only a few atoms at a time move
and no breakage occurs.  Over a long time
many atoms will have moved, and the object
will have a different shape.  Thick rock layers
bend, fold, and take on some surprisingly con-
torted shapes if they are not pushed too rapid-
ly. If they cannot adapt quickly enough, they
snap and cause earthquakes.

Formulas and Names of Salts

The charge in a crystal must be balanced (same
total positive as negative charge).  Even a relatively

small excess charge would cause a spark to jump from
the crystal.  This implies that there are nearly the same
number of Na+ as Cl– ions in a crystal of table salt.  We
can use subscripts to indicate how many ions there are
in each crystal.  For example, a small crystal containing
70 of each type of ion would be designated Na70Cl70.
Because the proportion is always one-to-one, it is cus-
tomary to write the simplest formula, NaCl.  Other one-
to-one compounds are LiF and CaO.  Note that the
metal is written first, the nonmetal last.  

Now consider Mg2+ ions coming together with Cl–

ions to form a crystal.  Two Cl– ions are required to neu-
tralize the +2 charge on the magnesium ion.  The pro-
portion is now one magnesium to two chlorides, and the
formula is MgCl2.  By knowing the oxidation numbers,
we can determine the proper proportions and the proper
subscripts in the formulas of compounds composed of a
metal and a nonmetal.  The pivotal concept is the can-
cellation of charges.

You should be cautioned that this system works
best for the combination of a metal with a nonmetal.  It
predicts just one compound—there may be others.  If
the oxidation states are known, the rule works for non-
metals also.  For example, nitrogen in the unusual oxi-
dation state of +4 can combine with oxygen in its –2
oxidation state.  The resulting compound of two non-
metals has the formula NO2.  However, it is technically
incorrect to discuss such compounds in terms of oxida-

Figure 20.6.  Force applied to layers of ions in a salt
crystal will slide ions with the same charge over one
another and split the crystal.
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tion “states” that imply that one of the atoms has entire-
ly lost one or more electrons and the other atom has
taken full possession of one or more electrons.  Ions will
not be formed completely by elements near one another
in the Periodic Table.  The smaller nonmetal atom will
pull harder on the electrons than the larger metal atom
does, but the electrons will not leave entirely.
Nevertheless, the pretense that they leave helps us write
down the correct formula, so we keep the concept but
change the name to oxidation number to remind our-
selves that we may not be dealing with completely
formed ions.

In naming these salts, the metal is named first fol-
lowed by the nonmetal with its last syllable changed to
-ide:  NaCl is sodium chloride, Li2O is lithium oxide,
and Al2S3 is aluminum sulfide.

The elements chosen for the preceding examples
usually can have only one oxidation number.  Many
other elements have at least two common oxidation
numbers; the name must indicate which is the oxidation
number of interest.  One way to do this is to use Roman
numerals in parentheses to indicate the oxidation state
of the metal.  For example, FeO would be named
iron(II) oxide, and Fe2O3 would be named iron(III)
oxide.  

When two nonmetals are combined, it is not always
clear from the oxidation numbers how many atoms are
in the molecule, so the number of atoms of each element
in the molecule is mentioned using the following pre-
fixes:   mono- for one, di- for two, tri- for three, and
tetra- for four.  (Other prefixes are used for higher num-
bers.)  Some examples are CO, carbon monoxide; CO2,
carbon dioxide; and N2O3, dinitrogen trioxide.

Summary

Elements can be divided into two categories:  met-
als and nonmetals.  In turn we can divide the types of
chemical bonds into three categories:  metals with met-
als (metallic bond), metals with nonmetals (ionic bond),
and nonmetals with nonmetals (covalent bond).  A dis-
tinctive class of physical characteristics is associated
with each type of bond.

In a solid metal the atoms are so close together that
the orbits of the valence electrons overlap.  Because the
outer electrons are so loosely held, they can easily drift
from one orbital to another through the overlapping
regions to any part of the lump of metal.  The freedom
of the valence electrons to drift results in the following
properties for metals bound by the metallic bond:  good
electrical conductivity, metallic luster, malleability,
good thermal conductivity, high chemical reactivity,
and readiness to form alloys.

It is energetically favorable in metal-nonmetal
reactions for the metal to give up valence electrons to
the nonmetal, thus forming electrically charged ions.

Electrically charged ions with opposite charges are then
attracted to one another and become attached to one
another in an  ionic bond.  Atoms that have lost elec-
trons in ionic bonds are said to be in positive oxidation
states.  Atoms that have gained electrons in ionic bonds
are said to be in negative oxidation states.  The oxida-
tion states are further characterized by the number of
electrons gained or lost:  –1 (for atoms that have gained
one electron), +2 (for atoms that have lost two elec-
trons), etc.

Ionic compounds of a metal and a nonmetal are
called salts.  Salts are generally crystalline solids, trans-
parent, brittle, white in color (although occasionally
colored), electrically nonconducting as a solid, but con-
ducting in water solutions or in melted form.  These
characteristics can be easily understood in terms of the
nature of the ionic bond.

Bonding between nonmetals (covalent bond) will
be described in the next chapter.

STUDY GUIDE
Chapter 20:  Metals and Their Compounds

A.  FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.

B MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What useful groups are compounds often divided
into?

2. Under what conditions do atoms form metallic
bonds?

3. What are the properties of compounds held in
metallic bonds and why do these compounds have
such properties?

4. Under what conditions do atoms form ionic bonds?
5. What are the simplest rules needed to determine the

primary oxidation states of different atoms?
6. What are the properties of compounds held in ionic

bonds, and why do these compounds have such
properties?

7. What procedure leads to the correct chemical for-
mula for reactants formed in reactions involving
compounds held together in ionic bonds?

C.  GLOSSARY
1. Alloys: Alloys are mixtures of metals.  Metals

readily form alloys within certain limits.
2. Brittleness: A characteristic of ionic substances,

such as salts, that readily shatter when struck a
sharp blow.

3. Electrical Conductivity: A measure of the degree
to which a substance conducts an electrical current.
Metals have a high electrical conductivity.

4. Electrical Nonconductivity: A characterization of
ionic substances, such as salts, that do not readily
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conduct electricity.
5. Ionic Bond: The chemical bond that binds a

metallic ion to a nonmetallic ion by electrical
attraction.

6. Ions: A charged object formed when an atom or
molecule loses or gains electrons.

7. Malleability: The characteristic of substances that
allows them to be worked into desirable shapes or
drawn out into wires.  Metals are malleable. 

8. Metal: See Chapter 18.
9. Metallic Bond: The chemical bond that binds

metal atoms to other metal atoms in forming metal
substances.

10. Metallic Luster: The shiny appearance of metals.
11. Negative Oxidation State: The state of an atom

which has gained one or more electrons to form an
ionic bond.  The precise oxidation state is repre-
sented by a – sign followed by the number of elec-
trons gained.

12. Nonmetal: See Chapter 18.
13. Oxidation Number: A signed number that indi-

cates how many electrons an atom loses (positive
number) or gains (negative number) by forming a
compound.  In ionic bonding the transfer is com-
plete and distinct ions are formed.  In covalent
bonding the transfer is only partial and distinct ions
are not formed.

14. Positive Oxidation State: The state of an atom
which has lost one or more electrons to form an
ionic bond.  The precise oxidation state is repre-
sented by a + sign followed by the number of elec-
trons lost.

15. Salt: An substance formed from the ionic bond of
a metal with a nonmetal.  NaCl is a salt.

16. Thermal Conductivity: A measure of the degree
to which a substance conducts heat.  Metals have a
high thermal conductivity.

17. Transparency: A characteristic of ionic sub-
stances, such as salts, that readily transmit light.
Opposite to opaqueness.

D. FOCUS QUESTIONS
1. Consider atoms held together in metallic bonds:

a. What happens to the valence electrons when
the bonds are formed?
b. What happens to the energy of the system
when the bonds are formed?
c. What happens to the orbitals when the bonds
are formed?
d. How does this account for the luster of metals?
e. What is the Wave Model of the atom?
f. State the fundamental principle of wave-parti-
cle duality that the Wave Model is based on. 

2. Consider the following elements held together in
ionic bonds: (a) sodium, chlorine; (b) magnesium,
chlorine.  In each case:

a. Determine the positive or negative oxidation
states of the different atoms.
b. Write the chemical formula for the compound.
c. Write and balance the chemical equation for
the reaction.
d. Sketch an energy well for each kind of atom in
the compound.  Draw a circle around each electron
soon to be lost in one atom, and an empty circle at
the location soon to be filled in the other atom.
e. List the main parts of the Wave Model of the
atom.
f. State the fundamental principle of wave-parti-
cle duality that the Wave Model is based on.

3. Sketch a diagram showing a possible arrangement
of the ions in a salt.  Explain what would happen to
this arrangement if shear forces were exerted on the
salt.  Why is the salt brittle? Also, using your under-
standing of ionic bonds, explain why table salt dis-
solved in water is an ionic conductor.  Name and
state the fundamental principle that explains the
forces that are involved.

E.  EXERCISES 
20.1.  When gold and silver are mixed, the appear-

ance is still that of pure gold.  How could you distin-
guish the alloy from pure gold?

20.2  Which of the following pairs of metals is most
likely to form alloys of all compositions? 

(a) 56Ba and 31Ga 
(b) 50Sn and 82Pb 
(c) 3Li and 83Bi?

20.3.  Define the following terms: (a) electrical
conductivity, (b) metallic luster, (c) malleability, (d)
thermal conductivity.

20.4.  Which of the following pairs of metals is
most likely to form alloys of all proportions?  

(a) 55Cs and 49In 
(b) 78Pt and 79Au 
(c) 82Pb and 19K 

20.5.  In the left half of Figure 20.4 notice the
prominent diagonal lines of oxidation states.  How far is
it vertically from one line to the next?  How far hori-
zontally?

20.6.  How many of the 23 elements listed in the
left half of Figure 20.4 have only a single oxidation
state?

20.7.  Write down the primary oxidation state of the
following elements on the basis of their positions in the
Periodic Table: 
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(a) 19K 
(b) 10Ne 
(c) 29Cu 
(d) 35Br 
(e) 15P

20.8.  Write down the primary oxidation states of
the following elements and check your answers in
Figure 20.4: 

(a) 5B 
(b) 20Ca 
(c) 17Cl 
(d) 1H 
(e) 18Ar 
(f) 28Ni 
(g) 24Cr

20.9.  Referring to Figure 18.3, select two atoms
that are likely to have negative oxidation states because
they have very high ionization energies.  Avoid the
noble gases 2He, 10Ne, and 18Ar.  Now look these ele-
ments up in Figure 17.7 to see if there is a vacancy for
an electron in a low-lying orbital.

20.10.  Referring to Figure 18.3, select two atoms
that are likely to have positive oxidation states because
they have low ionization energies.  Now look these ele-
ments up in Figure 17.7 to see if the top electrons are
near the top of the well.

20.11.  Use Figure 20.4 to write the common oxi-
dation states of the following elements (e.g., He: 0; and
C: –2,0,2, and 4):  

(a) N 
(b) P
(c) O 
(d) S 
(e) Ne 
(f) Ar

20.12.  From Figure 17.6, state which electron Li is
likely to lose to become Li1+.  Do the same for Be going
to Be2+ (two electrons).

20.13.  How many I– ions will be required to neu-
tralize the charge on an Al3+ ion?

20.14  How many Al3+ and O2– ions must be com-
bined to achieve charge neutralization? (Hint:  It will
require more than one of each type of ion.)

20.15.  Write the chemical formulas for the follow-
ing combinations: 

(a) K+ and F–

(b) Na+ and S2–

(c) Mg2+ and N3–

20.16.  Determine the principal oxidation states of
the following elements and then write the correct chem-
ical formulas for the combinations: 

(a) 4Be and 35Br
(b) 31Ga and 8O

20.17.  Write the names of the following com-
pounds: 

(a) BeO
(b) CaCl2

(c) LiF 
(d) Na2S

20.18.  Write the names of the following com-
pounds: 

(a) CrO 
(b) CrO3

(c) Cr2O3

(d) NO2

(e) SO3

20.19.  Complete Table 20.1.

20.20.  Which of the following is an ionic com-
pound?  

(a) O2

(b) NH3

(c) CO2

(d) CH4

(e) MgF2

20.21.  The correct formula for potassium sulfide
is:

(a) KS 
(b) K2S  
(c) KS2

(d) K3S  
(e) KS3

20.22.  Determine the primary oxidation state for
Rb.  If two Rb atoms combine with one S atom, what is
the oxidation state of S?  

(a) +2  
(b) +1  
(c) 0  
(d) –1  
(e) –2
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Table 20.1.

Sodium fluoride solid salt

Iron-cobalt alloy metallic luster

CuCl2

Calcium oxide

Calcium chloride CaCl2

Silver-gold alloy indefinite

Chromium (III) oxide

FeO

Magnesium bromide

Na

CONDUCTIVITYFORMULA
LUSTER OR

COLOR FORMNAME
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The previous chapter discussed two extreme forms
of bonding—metallic and ionic.  We noted that oxida-
tion numbers in compounds of two nonmetals are not
real oxidation states.  This chapter will explain a third
extreme form of bonding—covalent bonding—without
even mentioning oxidation numbers.  We can use this
model of bonding to predict the characteristics of com-
pounds formed from nonmetals.  We can also use this
model with compounds containing metals, but it is not
well adapted for this use.

Covalent Bonds

How do two hydrogen atoms bond to form a mole-
cule?  The electrons are not free to form the sea of elec-
trons typical of metallic bonds.  There is no difference in
electrical charges to promote an ionic bond.  The answer
lies in the sharing of electrons.  Each hydrogen atom
could complete its 1s orbital if only it had another elec-
tron.  Sharing an extra electron is almost as good as hav-
ing one, so hydrogen atoms stay close enough to each
other to permit effective sharing.  This is shown in Figure
21.1, along with the electron-dot structure that helps to
keep track of the number of valence electrons.  Notice
how sharing helps fluorine complete shell 2.  The two
electrons shared between atoms constitute a covalent
chemical bond.  Four electrons shared between the
atoms constitute a double bond; six shared electrons con-
stitute a triple bond (see the examples of O2 and N2 in Fig.
21.1).  The positions of the outer electrons are arbitrary,
but they are normally written as pairs.  A line between
symbols represents a bond, as in H – H.  Two lines des-

ignate a double bond (O ! O), and three designate a

triple bond (N ! N).  Quadruple bonds between non-
metals are not energetically favorable and do not exist.

When atoms share electrons to fill their outermost
shell or a subshell consisting of the s- and p-orbitals, it
is a means of lowering the electron energy of the atoms
and forming stable connecting bonds between them.
Since the s- and p-orbitals together can hold eight elec-
trons, most nonmetal atoms are trying to gain access to
a total of eight valence electrons by sharing at least two.
This tendency of nonmetal atoms to gain access to eight
electrons is known as the octet rule.  Hydrogen, of
course, only requires two electrons to fill its outermost

shell because shell 1 does not have p-orbitals.  For flu-
orine, eight electrons are required to complete shell 2.
Beyond neon, the atoms form covalent bonds by shar-
ing to fill the subshell of s-and p-orbitals.  In particular,
the shared electrons form orbitals that overlap both of
the atoms and act as an electron glue much like the
valence orbitals in the metallic bond.

Only valence electrons (those that are outside filled
shells) are used in electron-dot structures.  Table 21.1
shows the valence electrons (as dots) for many of the
common elements.  Not surprisingly, the number of
valence electrons corresponds to the Roman numeral at
the head of each column of the Periodic Table. 

Indeed, electron-dot structures provide a more
sophisticated way to view the chemical bonding of non-
metals.  A correct electron-dot structure must fulfill two
requirements:  (1) all of the valence electrons brought in
by the atoms must show up in the structure, and (2)
every atom must have access to eight electrons (its own
bonding electrons will be counted once for one atom
and then again for the adjacent bonded atom).
However, hydrogen needs access to only two electrons.

Now that you can recognize correct electron-dot
structures, you can write the structure for any com-
pound, provided you are told which atom is bonded to
which if more than two are involved. You may need sev-
eral tries to get the structure right.  Apply the following
rules (SO2 is used as the example):

21.  Compounds of Nonmetals

Figure 21.1.  Arrangement of valence electrons in elec-
tron-dot structures.  A covalent bond is two electrons
shared between atoms.
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1. For each atom, find the number of valence elec-
trons available (Table 21.1 or calculated from
the Roman numerals at the head of the appro-
priate column of the Periodic Table).  Now add
all of these valence electrons (sulfur has 6, and
two oxygens have 12, giving a total of 18).

2. If each atom is to have access to 8 electrons (2
for hydrogen), how many electrons will be
required (sulfur needs 8, and two oxygens need
16, requiring a total of 24)?

3. Notice that the number of electrons available
(18 in the example) is not enough to satisfy all
of the atoms (24 required in the example).
Find how many electrons must be shared (24
minus 18 gives 6 in this example).  

4. Place the atoms as symmetrically as possible
(O S O).  Note that a hydrogen atom cannot be
bonded to more than one other atom. 

5. Place the number of electrons to be shared
between the atoms.  First place one pair of
electrons between each pair of atoms (O:S:O
which uses up 4 electrons in this example).
Now place remaining pairs in positions to form

double or triple bonds until all the bonding
electrons have been used (6 in this example).

6. Put the remainder of the available electrons in
positions that give each atom access to 8 elec-
trons

.

Electrons which are not shared are not placed between
atoms.  They are placed elsewhere around the periphery
of the atoms.

If, as in this example, all of the available valence
electrons are distributed in such a way that every atom
has access to exactly eight electrons (two for hydrogen),
and if there are no electrons left over, the structure is
said to be a proper electron-dot structure.  With few
exceptions, these molecules will be stable compounds
found in nature.  If it is impossible to write a proper
electron-dot structure for the proposed nonmetallic
reactions product, it is unlikely that the reaction will
proceed because the product—if it ever forms at all—
will be too flimsy and will deteriorate quickly to a more
stable compound.  The most notable exceptions to this
rule are NO and NO2, which are stable molecules even
though they have odd numbers of electrons and a prop-
er electron-dot structure does not exist.  However,
exceptions are rare.

Table 21.1.  Valence electrons.
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Electron-dot structures work well for ions as well
as for neutral molecules.  If the ion has a negative
charge, it means the ion has one more electron than the
total from Table 21.1.  For instance, F– has a total of 8
valence electrons, rather than the 7 shown in Table 21.1.
The nitrite ion, NO2

–, has 18 valence electrons, rather
than 17.  If the ion has a double negative charge, add 2
electrons.  The carbonate ion CO3

2– has 24 valence elec-
trons.  

For positively charged ions, subtract.  The lithium
ion, Li+, has no valence electrons (its remaining elec-
trons fill the 1s shell).  The ammonium ion, NH4

+, has 8
available valence electrons.

Notice in the example of SO2 that one oxygen has a
single bond (two electrons) and the other has a double
bond (four electrons).  This implies a difference
between the two oxygens in OSO, but in reality they are
identical.  We think of the electrons of the extra bond as
belonging part of the time to one of the oxygen atoms
and part of the time to the other.  This phenomenon is
called “resonance.”  Resonant double bonds also occur
in benzene (Fig. 21.2).

Properties of Covalent Molecules

Covalent bonds usually lead to individual mole-
cules, rather than to crystals with large networks of
bonds.  Like water, most covalently bonded substances
melt and boil at easily accessible temperatures.  Only a
small percentage of covalent molecules are nontoxic.
The nontoxic molecules include CO2 (carbon dioxide),
H2O (water), and foods and vitamins made of various
combinations of C, H, O, and N.  Other molecules with
covalent bonds are mildly toxic in moderate amounts,
for example, CH3CH2OH (ethanol or grain alcohol) and
N2O (nitrous oxide or laughing gas).  Many are
extremely toxic, including HCN (hydrogen cyanide,
used in the gas chamber for executions), H2S (hydrogen
sulfide, the odor of rotten eggs), and NO2 (nitrogen

dioxide, a component of smog).

Molecular Ions

Some ions are composed of more than one atom,
such as the carbonate ion, CO3

2–.  The carbon atom and
its three oxygen atoms remain together in carbonate
salts and in solution.  These molecular (or polyatomic)
ions are stable structures that satisfy the octet rule.
Nevertheless, they are charged objects.  The molecular
ions get their charge by taking electrons from metal
atoms, just as if they were single nonmetal atoms.

When negative molecular ions are combined with
positive metal ions, they form crystalline salts with the
same features as ionic bonds:  white, crystalline, trans-
parent, brittle, and so forth.  Examples of this kind of
compound are calcium carbonate (CaCO3, limestone)
and sodium carbonate (Na2CO3, washing soda).

Other important molecular ions are NH4
+, ammoni-

um ion, found in many cleaning solutions; NO3
–, nitrate

ion, found in many commercial fertilizers; and SO4
2–,

sulfate ion, found in plaster of paris.
The NO3

– and CO3
2– ions are flat, so when these

unsymmetrical ions are incorporated into crystals, they
often distort the shape of the crystal.  Calcium carbon-
ate is not a cubic structure like sodium chloride; it is a
skewed parallelepiped.

Electron-dot structures can be applied to ionic com-
pounds between metals and nonmetals, but separate
structures must be drawn for the metal ion and the non-
metal ion.  The ionic bond between the two ions is the
same as before (Chapter 20).  The metallic ion gives its
valence electrons to the nonmetallic partner.

Minerals 

Silicon and oxygen constitute about 75 percent (by
weight) of the earth’s crust and are important compo-
nents of many minerals (see Table 21.2).  Minerals are

Figure 21.2.  Alternate resonance structures of benzene shown left and center are “averaged” by the ring structure on
the right.
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inorganic crystalline solids.  The crystals of a given min-
eral have a specific internal arrangement of atoms,
which is reflected in the shapes of the crystals them-

selves.  Minerals are rather unusual chemical com-
pounds because the chemical composition can vary
within certain limits for the same mineral.  At least in
some minerals different kinds of ions can be substituted
for others.  For example, olivine is a mineral to which we
can assign a “chemical formula” (Mg, Fe)2SiO4.  The
mineral can contain either magnesium (Mg) ions or iron
(Fe) ions or both kinds in its structure.  These two ions
are almost exactly the same size, so they can freely sub-
stitute for one another.  The total number of iron and
magnesium atoms is constant, relative to the number of
silicon and oxygen atoms in the olivine, but the ratio of
iron to magnesium can be different in different samples.
The common minerals feldspar, pyroxene, amphibole,
and mica each constitute a family (group of related min-
erals) in which ionic substitution produces a range of
chemical composition, physical appearance, and proper-
ties.

Although there are more than 2000 known miner-
als, more than 90 percent (by volume) of the earth’s
crust consists of silicates.  The basic building block is
the complex ion SiO4

4–, which is tetrahedral in shape.
The four oxygen atoms surround a smaller silicon atom
at the center.  Each oxygen atom of a given tetrahedron

Element Percent
O 46.60
Si 27.72
Al 8.13
Fe 5.00
Ca 3.63
Na 2.83
K 2.59
Mg 2.09
Ti 0.44
H 0.14
P 0.12
Mn 0.10
S 0.05
C 0.03
Others 0.53

Table 21.2.  Concentration of the most abundant ele-
ments in the earth’s crust (by weight).  (From Hamblin,
The Earth’s Dynamic Systems, p. 65.)

Figure 21.3.  Some examples of the arrangements of silica tetrahedra in silicate minerals.  (After Hamblin, The Earth’s
Dynamic Systems, p. 66).
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can add a bond to a second silicon atom.  Each oxygen
atom that links two silicon atoms together is part of both
tetrahedra.  Many tetrahedra can be chained together
with strong silicon-oxygen bonds.  The resulting struc-
tures may be single chains, double chains, sheets, or
complicated three-dimensional structures (see Fig.
21.3).

Summary

Nonmetal atoms form covalent bonds with one
another.  In covalent bonds, some of the valence elec-
trons form orbitals around both of the atoms in such a
way as to be shared by the two atoms.  When two elec-
trons are shared, the bond is referred to as a single cova-
lent bond; when four are shared the bond is referred to
as a double bond, and so on.

Covalent bonds among nonmetal atoms usually
lead to individual molecules rather than to an extended
structure like a crystal or a piece of metal.  Most cova-
lently bonded substances melt and boil at easily acces-
sible temperatures; thus, they are usually liquids or
gases rather than solids.  Most covalent molecules are
toxic to one degree or another.  Carbon dioxide, water,
and foods and vitamins made of combinations of car-
bon, hydrogen, oxygen, and nitrogen are exceptions.

In general, it is energetically favorable for atoms to
bond by filling their valence shells or subshells.  In par-
ticular, the subshell consisting of the s and p orbitals has
room for 8 electrons.  The tendency of atoms to try to
gain access to 8 valence electrons by sharing with other
atoms is called the octet rule.

Electron-dot structures are simple models of cova-
lent molecules used to determine whether all of the
atoms in the molecule have satisfied the octet rule.  If all
of the atoms in an electron-dot structure have access to
eight valence electrons (two for hydrogen) with no elec-
trons left over, the electron-dot structure is said to be
proper.  Molecules with proper electron-dot structure
are very likely to be stable structures found in nature.  If
it is impossible to write a proper electron-dot structure
for a proposed nonmetallic reaction product, it is unlike-
ly that the reaction will proceed because the product—
if it ever forms at all—will be too flimsy and will dete-
riorate quickly to a more stable compound.

Molecular ions are charged covalent structures, that
is, the structures have become electrically charged by
gaining or losing electrons.  Molecular ions are stable
structures which satisfy the octet rule if the gained or
lost electrons are added or subtracted from the number
of valence electrons.  Molecular ions may form ionic
bonds with metals or other molecular ions.  The result-
ing compounds have the characteristics which we earli-
er associated with the ionic bond.

Minerals are crystalline solids which are unusual
compounds because the chemical composition may

vary within certain limits for the same mineral.  Thus, a
mineral may have a range of chemical composition,
physical appearance, and properties.

STUDY GUIDE
Chapter 21: Compounds of Nonmetals

A.  FUNDAMENTAL PRINCIPLES
1. The Electromagnetic Interaction: See Chapter 4.
2. The Wave-Particle Duality of Matter and

Electromagnetic Radiation: See Chapters 14 and
16.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What conditions are required for atoms to form
covalent bonds?

2. What is the “octet” rule?
3. What are the properties of compounds held togeth-

er in covalent bonds?
4. Can you describe a procedure that can be used to

apply the octet rule to see if a compound is likely to
be found in nature?

5. What are molecular ions?
6. What are minerals?

C.  GLOSSARY
1. Covalent Bond: The chemical bond between non-

metals and nonmetals characterized by a sharing of
valence electrons.

2. Electron-Dot Structure: A simple diagram of
covalent bonding which explicitly shows how the
octet rule is satisfied for each atom in a molecule.

3. Mineral: Inorganic crystalline solids having a spe-
cific internal arrangement of atoms,  but which are
unusual because the chemical composition may
vary within certain limits for the same mineral. 

4. Molecular (or Polyatomic) Ion: Ions composed
of more than one atom in a stable structure that sat-
isfies the octet rule.

5. Octet Rule: The tendency of atoms to lower the
energy of electrons and thus form a chemical bond
by gaining access to eight valence electrons by
sharing or by exchange. 

6. Silicate: A class of minerals containing silicon and
oxygen.  Ninety percent of the earth’s crust (by vol-
ume) consists of silicates.

D. FOCUS QUESTIONS
1. For the following proposed compounds or molecu-

lar ions:
a. Outline a procedure for applying the “octet
rule” to see if the compound is likely to exist in
nature.
b. Apply the procedure and sketch out the elec-
tron-dot structure for the compound.
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c. Is the compound likely to occur?  [You may
assume in each case that the oxygens bond to the
other nonmetal atoms and not to each other.]

(1)  CO2

(2)  CO3
2–

(3)  NO3

(4)  NO3
–

(5)  SiO4
4–

E.  EXERCISES
21.1.  Is the correct total number of electrons shown

for each of the following electron-dot structures?

21.2.  Mark the electron-dot structures which are
incorrect.

21.3.  Draw correct electron-dot structures for the
following ions:  Cl–, OH–, NH4

+, and H3O
+.

21.4.  Draw the electron-dot structures for nitric
acid, HNO3,

21.5.  Which of the following pairs of elements
would you expect to be covalently bonded (no ionic or
metallic bonds):  

(a) 27Co and 28Ni 
(b) 19K and 9F 
(c) 15P and 8O 
(d) 11Na and 53I

21.6.  When gasoline and other petroleum products
are burned, they release oxides of sulfur into the air.  We
have discussed one of them, SO2, in the instructions for
drawing electron-dot structures.  If correct electron-dot
structures exist for others, such as those shown below,

they may also exist as air pollutants.  For which—if
any—of these can correct electron-dot structures be
drawn?

21.7.  Draw electron-dot structures for CH4 and
H3CCH3.  Notice that these are the first two compounds
in a series with a carbon chain as a backbone and
enough hydrogens to make the dot structures come out
correctly. Do you know of anything that prohibits the
formation of chains hundreds or even thousands of car-
bons long?

21.8.  Draw electron-dot structures for the follow-
ing six molecules.  Circle those which show resonance.

Br2

HSH
SCS
NO3

– (three oxygens attached to nitrogen)
PH3 (three hydrogens attached to phosphorus)
CF4 (four fluorines attached to carbon)

21.9.  What characteristics of CCl4 make it different
from metals and also from ionically bonded com-
pounds?

21.10.  Which of the following pairs of elements
would you expect to be covalently bonded?  

(a) 17Cl and 53I 
(b) 55Cs and 35Br 
(c) 14Si and 9F

21.11.  Explain why oxygen is drawn with six
valence electrons and fluorine with seven.  How do
these facts explain the –2 oxidation number of oxygen
and the –1 oxidation number of fluorine?

21.12.  Many materials burn well in air, better in
oxygen, and furiously in fluorine, F2.  It is impossible
for water to put out a fluorine fire because fluorine
burns water.  If this is true, there must be a compound
of hydrogen and fluorine and a compound of oxygen
and fluorine (or oxygen and two fluorines).  Draw the
electron-dot structures of the proposed compounds.  If
no valid structures exist, then F2 probably does not burn
water.

21.13.  Name the commercial fertilizer whose for-
mula is NH4NO3.

21.14.  Sulfuric acid is formed when H+ and SO4
2–

get together to form a neutral molecule.  What is the
correct formula for sulfuric acid (uncharged)?
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21.15.  Which of the following electron dot struc-
tures is incorrect? 

21.16.  A diatomic molecule consists of one F atom
and one Cl atom.  How many covalent bonds exist
between the two atoms?  

(a) single  
(b) double  
(c) triple  
(d) quadruple  
(e) none of the above

21.17.  Determine the metal or nonmetal nature of
C and O.  If C and O form a compound, which of the
following properties will it have?  

(a) metallic alloy, conducting  
(b) transparent gas  
(c) metallic alloy, nonconducting  
(d) brittle, transparent solid, nonconducting  
(e) greenish liquid

21.18.  Complete Table 21.3.  Sketch electron-dot
structures where appropriate.

Table 21.3.

Carbon nonmetals CO covalent transparent
monoxide gas

CO2

Calcium
bromide

Silicon
tetrachloride

PF3

Copper-zinc
alloy

Nitrogen (N2)

MgCO3

PHYSICAL
STATE

TYPE
ELEMENTS FORMULA BONDINGNAME
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It has been said that if biology is the study of live
things, then physical science is the study of dead things.
There was a time when a great chasm in our under-
standing separated living things from nonliving, but
bridges across that gulf have begun to appear in recent
decades.  We now know that the atoms of living things
are indistinguishable from the atoms of nonliving
things.  They obey the same laws and principles.  In the
last several decades science has made great progress in
understanding the physical basis for life.  We have
begun to understand how living cells keep blueprints for
the production of identical new cells, and we have also
begun to understand how these blueprints are read and
translated into reality.  It is clear that the understanding
of the genetic code and the chemical basis of life will
significantly affect a variety of human endeavors.  It is
also clear that this understanding will allow manipula-
tion of the genetic code in ways that will raise profound
ethical and moral questions.

This chapter lays a foundation for the chapter that
follows.  In doing so, it introduces much new terminol-
ogy.  The chapter also includes a large number of dia-
grams of molecules, some of which are quite compli-
cated. At this point, do not try to memorize the diagrams
or the names of the more complex molecules.  Instead,
try to form a conceptual picture of an answer to the
question:  How does life work?     

The chemistry of life is intimately connected with
the carbon atom and its ability to hold together the large,
complicated molecules of living things.  But this chap-
ter will show how these complicated molecules are built
up from rather simple pieces.  The shapes of the pieces
(which govern how they fit together) are determined by
the shapes of the orbitals of the valence electrons of the
atoms.  In turn, the shapes of the orbitals spring from the
basic wave-particle duality of matter.  Life is thus
grounded in the most fundamental physical laws of the
universe.  This, then, is this chapter’s basic message.

Carbon Chains

To most people it comes as a startling realization
that living things are remarkably alike in their chemical
composition.  Things as different as a human and an
alfalfa plant are made of basically the same elements
and in essentially the same proportions.  Table 22.1 con-
trasts the chemical makeup of a human and an alfalfa
plant.

The number of valence electrons of carbon (which
can be read from its column in the Periodic Table) is
four.  To fill its outermost shell, carbon requires an addi-
tional four electrons, which it can easily obtain by enter-
ing covalent bonds with hydrogen.  The resulting com-

22.  Chemistry of Living Things

Element Adult Human Alfalfa
C 48.43 45.37
O 23.70 41.04
N 12.85 3.30
H 6.60 5.54
Ca 3.45 2.31
S 1.60 0.44
P 1.58 0.28
Na 0.65 0.16
K 0.55 0.91
Cl 0.45 0.28
Mg 0.10 0.33

TOTAL 99.96 99.96

Table 22.1.  The chemical makeup of a human and alfalfa contrasted (in percent of dry weight).  (From the
Encyclopedia Britannica.)
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pound is methane and has the chemical formula CH4.
Although the chemical formula tells us something about
the compound, the structural formula

gives us the additional information about which atom is
bonded to which.   Methane is the simplest of hydro-
carbons, the class of chemical compounds made up of
hydrogen and carbon.  Molecules containing carbon are
the building blocks of life and are called organic mole-
cules.  

However, the structural formula of methane still
does not communicate an important piece of informa-
tion about the molecule.  The valence electrons of car-
bon can be found in orbitals which protrude from the
carbon atom as shown in Figure 22.1.  Hydrogen atoms
bond to carbon through these orbitals.  The resulting
molecule has the shape of a regular tetrahedron (a pyra-
mid with triangular base and equilateral sides). 

Figure 22.1.  Protruding orbitals of carbon and the
resulting tetrahedral shape of the methane molecule. 

Another saturated hydrocarbon is the molecule
ethane, C2H6.  Its structural formula is

The prefix eth is a chemist’s shorthand to indicate that
there are two carbon atoms rather than one (meth).  The
molecule has been formed from two methane building
blocks.  A hydrogen atom has been removed from each,
and the two carbon atoms bond directly to each other in

a single covalent bond.  If the tetrahedral methane mol-
ecules are thought of as single links from which chains
can be built, then ethane is a two-link chain.  Similarly,
propane, butane, pentane, hexane, heptane, and octane
are, respectively, three-, four-, five-, six-, seven-, and
eight-carbon chains.  The C-C bond is particularly strong
and lends stability to the “backbone” of the molecule.

The need for structural formulas becomes evident
when we examine butane C4H10. Figure 22.2 shows two
forms of butane that have the same formula, C4H10, but
differ in chemical and physical properties because of
their distinct molecular structures.  Structures that share
the same chemical formula are called isomers.  Even
then the structural formulas do not show the complicat-
ed three-dimensional structure of these molecules.

Figure 22.2.  Isomers of C4H10.  Upper:  normal butane.
Lower:  isobutane.

Sometimes the carbon atoms in a chain share four
electrons rather than the two as they do in an ordinary
single bond.  An example is ethene (usually called eth-
ylene):

As before, the prefix eth is chemist’s shorthand for two
carbon atoms, and ene is shorthand for the double bond
between carbon atoms.

In longer chains, double bonds may occur instead
of some single bonds.  These double bonds are sensitive
to “attack” by some chemicals.  Consider the reaction of
ethene with an initiator molecule RO• having an
unpaired electron (Fig. 22.3).  The RO• reacts with an

H

H

H C

H
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ethene molecule and converts the double bond to a sin-
gle bond, but the unpaired electron is now on a carbon
atom.  This carbon atom now plays the role of initiator
in a reaction with a second ethene molecule.  Another
pair of carbon atoms has been added to the chain, but
this has not solved the problem of the unpaired electron
so the process occurs again and again, forming what is
called a polymer.  Chains containing millions of carbon
atoms can be formed this way.  The chains become tan-
gled as they form and result in flexible solids.  In this
case, the polymer is the substance called polyethylene.

Carbon clearly is the “chain maker.”  However, a
molecule that historically did not seem to fit this pattern
of chains was C6H6, perhaps because it had so few
hydrogens for its number of carbons.  The German
chemist Friederich August Kekule von Stradonitz
(1829-1896) had a dream one evening in which he saw
snakes.  One of the snakes caught his attention because
it reached around to grab its own tail.  Awaking from his
dream, Kekule realized that benzene (C6H6) might do
the same thing.  The resulting “benzene ring” is an
important chemical structure:

Functional Groups

With a carbon chain or ring as a sturdy “backbone,”
we can begin to build some of the molecules important

to life.  Many of these are formed by substituting vari-
ous functional groups in place of hydrogen on a carbon
chain or ring.  A functional group is a group of atoms
bonded together which exists in a molecule as a subunit.
The presence of the group defines a class of molecules
sharing common chemical behavior.  Four functional
groups (hydroxyl, carbonyl, carboxyl, and amino) are of
interest here.

The hydroxyl group

is the functional group associated with alcohols (Fig.
22.4).  The prefixes meth and eth carry the same mean-
ing as before, and the presence of the O-H group makes
the molecule an alcohol (indicated by the ol in
methanol).  At one time methanol was prepared by heat-
ing wood in the absence of air.  The complicated mole-
cules in the wood would break down into smaller units,
one of which was methanol, sometimes for this reason
called “wood alcohol.”  Ethanol, on the other hand, is
commonly produced by microscopic living cells from
sugar (fermentation) and is the intoxicating compound
in alcoholic beverages.

Figure 22.3.  Polymerization of ethene in a chain reaction.  The dot represents an unpaired electron that is eager to pair
with another electron to form a normal, two-electron bond.

Figure 22.4.  Upper: methanol or methyl alcohol.
Lower:  ethanol or ethyl alcohol.
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The structure of water, H-O-H, can be viewed as an
H atom attached to an OH group.  If a carbon chain or
ring contains an H and an OH on nearly every C, the
compound is a carbohydrate (which means literally car-
bon-water).  Carbohydrates usually (but not always)
have the formula Cn(H2O)n, or CnH2nOn.

The carbonyl group

is a functional group associated with the simplest car-
bohydrates, sugars, which taste sweet.  The sugar mol-
ecule is a carbohydrate chain with a carbonyl group near
the end.  In some instances the molecule will double
back on itself and the double bond of the oxygen in the
carbonyl group will open up and splice the molecule
into a ring.  Figure 22.5 shows the linear forms of two

six-carbon sugars and the ring forms of two five-carbon
sugars, ribose and deoxyribose.  The prefix deoxy draws
attention to the absence of an oxygen atom as compared
to ribose.

Sugars that have a single ring are called “monosac-
charides.”  Monosaccharides can chain together by
eliminating a water molecule:

In such a case, sugars are said to condense.  For exam-
ple, when glucose and fructose condense a two-sugar
chain is formed called sucrose.  Sucrose is the sugar of
cane or beets.  Organisms often store energy in such
condensed sugars.  However, the human body cannot
use such polysaccharides directly and must break them
back down into monosaccharides.  Moreover, glucose is
the only sugar that the body uses directly as a source of

Figure 22.5.  Upper left: glucose (C6H12O6).   Upper right: fructose (C6H12O6).  Lower left: ribose (C5H10O5).  Lower
right: deoxyribose (C5H10O4).  In the lower drawings, the oxygen in the carbonyl group (the oxygen in the rear center)
forms a bridge to create a ring structure.  Which pair of molecules are isomers?

HOC H O C
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energy.  The process is in reality a complex series of
chemical reactions that can be summarized 

C6H12O6 ! 6O2  → 6CO2 ! 6H2O ! energy.

The carboxyl group

contains both a carbonyl group and a hydroxyl group.
The carboxyl group was named by combining carbonyl
with hydroxyl.

Compounds that easily lose a hydrogen ion (espe-
cially when dissolved in water) are called acids.  The
easier it loses the hydrogen ion, the stronger the acid.
The hydrogen on the carboxyl group can be lost, but
with some difficulty, so any molecule containing this
group is a weak acid.  Molecules that contain the car-
boxyl group are classed as carboxylic acids.

Two common carboxylic acids (Fig. 22.6) are
methanoic acid (also called formic acid) and ethanoic
acid (also called acetic acid).  Formic acid is the sting-
ing substance of nettles and red ants, whereas acetic
acid gives the sour taste to vinegar.  The word acid, in
fact, means sour, and sour taste is a distinguishing char-
acteristic of acids.

Figure 22.6.  Upper:  methanoic or formic acid.  Lower:
ethanoic or acetic acid.

As the molecular chains grow longer and more
complex, the carboxylic acids are known as fatty acids.
Such molecules are the components of the fatty and oily
tissues found in plants and animals.  Butyric acid, a
component of rancid butter, is a relatively short chain,
whereas cerotic acid C25H51COOH (found in beeswax) is

considerably longer.
A base is a molecule which has an affinity for a

hydrogen ion, especially when dissolved in water.  A
base is somewhat the opposite of an acid: an acid mole-
cule easily loses a hydrogen ion; a base accepts a hydro-
gen ion.  Organic bases contain nitrogen, and they are
viewed as being related to ammonia, NH3.  The ammo-
nia molecule NH3 has four pairs of electrons in orbitals
that point to the corners of a tetrahedron, like CH4 (Fig.
22.7).  However, NH3 has one pair of electrons that is
not shared with an H; it is called a lone pair.  The lone
pair enables NH3 to accept an H+ and form NH4

+, the
ammonium ion.

H! ! :NH3
! → H:NH3

! or NH4
!

Figure 22.7.  The tripod structure of ammonia NH3.
Note the lone pair of electrons.

Ammonia is a base (it accepts a hydrogen ion)
because it has a lone electron pair.  If one, two, or even
all three hydrogens of NH3 are replaced by carbon
atoms, the molecule still has a lone pair and is still a
base.  Three simple examples are shown in Figure 22.8,
and five complex examples are shown in Figure 22.9.

Figure 22.8.  Three simple bases.  Upper:  methylamine.
Middle:  dimethlyamine.  Lower:  trimethylamine.
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The NH2 group shown above in methylamine (Fig.
22.8) is the amino group. 

Of special importance to living things are the amino
acids, molecules that contain both an amino group and
a carboxyl group attached to the same carbon atom.

The symbol [R] stands for a variety of possible groups
of atoms.  Examples of the amino acids are glycine and
alanine (Fig. 22.10).

Figure 22.9.  Five complex bases.  Upper left: guanine (G).  Upper middle:  cytosine (C).  Lower left:  adenine (A).
Lower middle:  thymine (T).  Lower right:  uracil (U).
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Figure 22.10. Upper:   glycine.  Lower:  alanine.
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The two end groups of amino acids have an impor-
tant characteristic property—they can easily join (Fig.
22.11).  The resulting molecule has been linked togeth-
er by eliminating a water molecule between two amino
acids.  But the most important observation is that the
chains can grow longer because the same functional
groups for forming additional linkages are at each end.  

Proteins

Many amino acids are possible, but only 20 are
important to living organisms.  Chains of amino acids
(incorporating any or all of the 20) are called proteins.
The chains may have hundreds of amino acid links.  The
number of atoms in protein molecules ranges from sev-
eral hundred, as in insulin, to several million, as in the
protein of the tobacco mosaic virus.

The variations in protein molecules are almost end-
less.  Yet not all combinations are useful.  A one-celled
organism may use “only” 5000 distinct proteins.  But
when new proteins are constructed for growth of an
organism, the new molecules must be exactly the right
combination of amino acids, both in number and order
of linkage.

Some protein molecules are long and straight and
intertwine with others to form a fibrous material—ideal
for making skin, hair, and wool, which they do.  Others
are all wrapped up like a snarled ball of twine.  These
“globular proteins” are designed for mobility.  They
form the jellylike substance of cells and perform vari-
ous functions.

Insulin is a 51-amino-acid chain (actually two par-
allel chains cross-linked with sulfur atoms) that regu-
lates the human body’s use of sugars and other carbo-
hydrates.  Insulin insures that the blood sugar level does
not get too high.  (An inadequate supply of insulin leads
to the condition called diabetes.)  Glucagon, on the
other hand, is a 29-amino-acid chain that keeps the
blood sugar level from falling too low.  Between the
two, the blood sugar is kept in balance.

The insulin molecules of a pig, ox, or sheep are
almost identical—but not quite.  In one section there is
a difference of three amino acids for each species.  Each
species must produce its own special brand of insulin.
Even among individuals of the same species, the organ-
ism must construct unique proteins for growth.  The
proteins that make up skin, for example, differ from
individual to individual, and this “uniqueness” causes
the immune reaction that interferes with skin grafts
from one individual to another.

Enzymes are a specific kind of protein, sometimes
called an “organic catalyst.”  A catalyst is a molecule
that plays a part in a chemical reaction but itself remains
unchanged in the process, which seems almost paradox-
ical.  Enzymes are often present in an organism to help
assemble molecules needed by the organism.  How,
then, can a molecule “know” how to construct another
molecule to meet certain specifications?  Here it seems
that the three-dimensional shapes of molecules play an
important role.  For example, we have pointed out that
the methane molecule is tetrahedral in shape, the ammo-
nia molecule is a tripod, and the carbon chains have
complicated shapes.  Some enzymes seem to have sites
that accommodate molecules of only a certain shape.  If
the enzyme has such adjacent sites, it is possible that

Figure 22.11.  Joining of amino acids.  What molecule is produced besides the linked amino acids?
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“building blocks” will be lined up in just the right way
to hook together in the molecular structure of the
desired new molecule.  The molecule thus produced
then slips away and the enzyme is available to produce
yet another identical molecule without the enzyme itself
being consumed (see Fig. 22.12).

Figure 22.12.  A simple model of molecular assembly
by enzymes.  Upper: An enzyme molecule with two
special sites is surrounded by various kinds of smaller
molecules:  spheres, cubes, pyramids.  Upper middle:  A
sphere and a pyramid settle into the sites on the enzyme
where they fit.  There is no appropriate site for cubes, so
these molecules do not settle on the enzyme molecule.
Lower middle:  The finished product separates away
from the enzyme molecule.  The sites are left open
again.  Lower:  Another sphere and pyramid settle into
the open sites, and the reaction repeats itself.  (After
Nason and Goldstein, 1969)

The pieces could, of course, randomly collide and
sometimes hook together without the enzyme.
However, to interact they must be at the same place at
the same time, and the shapes of the molecules must be
properly oriented in the collision if they are to bond
together.  The enzyme speeds this process by catching
one piece, fixing it in a particular orientation, and then
allowing the second piece to settle into position in just
the proper orientation for bonding.

Whereas some enzymes can put molecules together,
others can take molecules apart.  For example, some
enzymes play an important role in catalyzing digestion
where proteins and carbohydrates must be broken down
into simpler pieces that can be used by an organism either
for growth or for energy.  Enzymes also control other
chemical reactions of the cells of an organism.  In all,
they are remarkable “machines” with awesome powers.

Nucleic Acids

Organic acids are also found in living cells, but in
small amounts compared to proteins.  Nucleic acids are
organic acids found primarily in the nucleus of the cell.
Nucleic acids are chains that are much longer than pro-
tein chains.  The “links” in the nucleic acid chain are
called nucleotides.

Each nucleotide is composed of three portions—a
hydrogen phosphate group (from phosphoric acid,
H3PO4), a five-carbon sugar, and a base—joined togeth-
er into a single unit.  The sugar of one nucleotide is
joined to the hydrogen phosphate of the next one to
form a sugar-phosphate backbone.  The hydrogen phos-
phates are the acidic groups of nucleic acids.  The bases
stick out from the sugars like tails (see Fig. 22.13).  The
sugars are identical in any given chain, but there are two
possible kinds of chains depending on whether the
sugar is ribose (C5H10O5) or deoxyribose (C5H10O4).
The corresponding nucleic acids are then either ribonu-
cleic acid (RNA) or deoxyribonucleic acid (DNA).
There are only five possible bases used in DNA and
RNA:  guanine (G), cytosine (C), adenine (A), thymine
(T), and uracil (U).  These are shown in Figure 22.9.

The simpler of the two nucleic acids is RNA, a sin-
gle-strand structure containing the bases G, C, A, and U
(but not T) in a variety of orders.  Figure 22.13 is a sim-
ple model of RNA.  The DNA molecule contains the
bases G, C, A, and T (but not U), and its structure is

Figure 22.13.  A short piece of a chain of nucleotides.
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more complicated.  In fact, DNA is two chains bonded
together at each step by the bonds illustrated in Figure
22.14 and shown schematically in Figure 22.15.
Guanine and cytosine are so shaped (and the shape must
be exact) that they bond at three points if brought into
proximity.  Adenine and thymine bond at two points.
Because of the differences in structure, it is never pos-
sible for adenine or thymine to bond to guanine or cyto-
sine, nor is it possible for identical bases to bond to one
another.  The DNA molecule consists of two parallel
matched chains linked together to form a ladder in
which the rungs are A-T or C-G.  The ladder is actually
twisted to form a double helix (Fig. 22.16). 

In living cells, DNA molecules may be of enor-
mous lengths.  They can contain as many as several
hundred million pairs of nucleotides in a row.  When
found in a cell, the spiral is all coiled up in a snarled
ball.  Unfolded, the total length of the spiral ladder

would be about an eighth of an inch in bacteria cells and
as long as several feet in human cells!  Such “macro-
molecules” exist in each of the trillions of cells in the
human body.  The DNA molecules in each cell of the
human body contain both the information to direct the
reproduction of that cell and the blueprints of the entire
multicellular organism.  In both bacterium and human,
the DNA molecules, together with protein, form struc-
tures called chromosomes.  A gene is a subsection of a
chromosome.

Before James Watson and Francis Crick received the
Nobel Prize for discovering the structure of DNA, it was
still an unresolved question whether the hereditary infor-
mation was carried in the protein or in the DNA of the
chromosomes.  Watson had just received his Ph.D. and
Crick was still working on his Ph.D. when they began
collaborating on a solution to the puzzle of heredity.  It
was a scientific quest of utmost significance and one

Figure 22.14.  The guanine-cytosine and adenine-thymine base pairs in DNA.  
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surely destined to bring a Nobel Prize to the victor.  A
number of workers were engaged in painstakingly slow
and methodical studies that surely would have yielded the
answer in the end.  But Watson and Crick, novices though
they were, soon found themselves in a race with Linus
Pauling (himself the winner of two Nobel Prizes) to find
a shortcut to the answer.  Watson relates the fascinating
story in his book The Double Helix. 

Summary

In the beginning of our quest for understanding of
the nature of matter, we investigated the nature of light.
We found that light has a dual wave-particle character
and that electrons have the same duality.  To satisfy this
duality in nature, we described the Wave Model of the
atom.  The resulting orbitals have peculiar shapes that

are reflected in the shapes of molecules, shapes com-
pletely foreign to the “planetary model” of the atom.
Shapes have considerable importance in understanding
how molecules are formed and reproduced.

The molecules of life are based on the chemistry of
carbon.  Of particular importance is the carbon-carbon
bond which forms the backbones of organic molecules.
Carbon atoms can form linear chains, rings, and branch-
ing structures.  Functional groups may be appended to
the molecules to give a class of characteristics to the
molecules that are somewhat independent of the mole-
cule’s remaining structure.  The hydroxyl and carbonyl
groups are important components in carbohydrates, the
carboxyl group is important in fats, and the amino group
is important in proteins.

Acids are molecules which are hydrogen ion donors.
Bases are molecules which are hydrogen ion acceptors.
The carboxyl group loses a hydrogen ion and is an acid.
On the other hand, the ammonia molecule has a lone pair
of electrons, readily accepts a hydrogen ion, and is a base.
Guanine, cytosine, adenine, thymine, and uracil are bases
which play an important role in the chapter to follow.

Proteins are chains of amino acids.  Much of the tis-
sue of living organisms is protein.  Enzymes are a spe-
cific kind of protein that catalyze certain chemical reac-
tions.  Some enzymes construct molecules from simpler
substructures; other enzymes take molecules apart and
reduce them to simpler structures.

Nucleotides are molecular complexes which con-
sist of a phosphate group, a five-carbon sugar and one
of the five organic bases: guanine, cytosine, adenine,
thymine, or uracil.  Nucleic acids are chains of
nucleotides.  Single strand chains (RNA) incorporate
guanine, cytosine, adenine, or uracil and the sugar,
ribose.  Double strand chains (DNA) incorporate gua-
nine, cytosine, adenine, or thymine and the sugar,
deoxyribose.  The genetic instructions for building

Figure 22.15.  A short section of DNA, flattened for clarity.

Figure 22.16.  The double helix of DNA. 
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organisms are encoded in nucleic acids.

Historical Perspectives

Paracelsus (actually Philippus Aureolus
Theophrastus  Bombast von Hohenheim, ca. 1493-
1541) was an alchemist whom we have already encoun-
tered in Chapter 18 as one of the founders of chemistry.
Paracelsus held the view that God created the primor-
dial matter with numerous seeds scattered through it.
Within each seed was a vital or spiritual essence or force
that guided the development of living things as they
organized inorganic matter into living creatures.

This idea of a living essence in matter (vitalism)
has always been a strong current in the flow of ideas
about the nature of life.  Through most of history it has
been the dominating view.  The idea is akin to, or some-
times identical with, the religious idea of “spirit.”  For
example, kinetic energy was first known (ca. 1700) as
vis viva, which means “living force.”  Brownian motion,
before it became understood as evidence for the exis-
tence of molecules, was taken by some as evidence for
a living force in matter.

With René Descartes (1597-1650) and Isaac
Newton (1642-1727), a new idea began to form.  This
idea took the tough-minded view that life could be
understood purely as matter and motion (mecha-
nism)—without a vital force.  There developed a
schism from about this time forward between vitalism
and mechanism with the German philosophers (Baron
Gottfried Wilhelm von Leibniz [1646-1716], Johann
Wolfgang von Goethe [1749-1832], and others) gener-
ally taking a vitalist position and the French and English
followers of Newton and Descartes defending the
mechanistic viewpoint.  In the vitalist view, the intro-
duction of life introduces a principle to the world, one
which is nonmechanical, nonmaterial (perhaps), and
nonchemical.  In the mechanistic view biology merely
becomes an extension of physics and chemistry.

Indeed, even if plants and animals are really
machines, it is difficult to see how they might have
formed from matter and random, purposeless motion.
There is a kind of common sense that says there is more
to life.  There is also a strong emotional appeal that may
flow from religious conviction.  Moreover, physics and
chemistry do not yet hold the detailed answers to the
almost overwhelming complexity of life.  One aspect of
life that is hard for the mechanists to explain is the orga-
nized, purposeful behavior of living things.  Even an
amoeba will move toward food and away from injurious
substance.  When the mechanists explain the motion of
a falling ball, it is in terms of preexisting causes, not in
terms of a future goal or purpose of the ball.  So is there
not a fundamental difference between living and non-
living things?

This chapter and the next take a mechanistic view

by limiting the definition of life to growth and repro-
duction.  In the absence of the identification of a “vital
force” that can be subjected to controlled experiment
and the scientific method, the vitalistic view remains
outside (or at least on the periphery) of the realm of sci-
ence.  The almost inexorable march of science since the
16th century has been toward mechanistic explanations.
The more precise and quantitative science has become,
the more it has become mechanistic.  Modern biology is
rapidly marching down the path already taken by
physics and chemistry.  Conservation of mass, conser-
vation of energy, the laws of thermodynamics, and the
laws governing atoms and molecules are all seen to be
applicable to understanding life.

But the question remains:  Can one account for the
vital, purposeful, organized activities of life by reducing
these activities to the motion of atoms?  

STUDY GUIDE
Chapter 22:  Chemistry of Living Things

A.  FUNDAMENTAL PRINCIPLES
1. The Electromagnetic Interaction: See Chapter 4.
2. The Wave-Particle Duality of Matter and

Electromagnetic Radiation: See Chapters 14 and
16.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. How does the Wave Model of the atom lead to
atoms and molecules with specialized shapes?

2. How are covalent bonds important in forming the
molecules of life?

3. What is the relationship between carbon chains and
the molecules of life?

4. What is a functional group?
5. What important compounds include the hydroxyl

group in their structure?
6. What important compounds include the carbonyl

group in their structure?
7. What important compounds include the carboxyl

group in their structure?
8. What functional groups identify an amino acid?
9. What is a protein and what are its subunits?
10. What is an enzyme and how does it participate in

building or breaking up a molecule?
11. What is a nucleotide?
12. What is “CATGU?”
13. What is nucleic acid and what are its subunits?

C.  GLOSSARY
1. Acid: A molecule which releases hydrogen ions

(protons) into water solution.
2. Alcohol: A carbon chain with the hydroxyl group

as a functional group at the end of the chain.
3. Amino Acid: A particular structure characterized
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by a carbon atom serving as a link between an
amino group and a carboxyl group.  The carbon
atom completes the requirements of the octet rule
by a single bond to a hydrogen and a single bond to
some other structure.

4. Amino Group: The functional group consisting of
a nitrogen atom single-bonded to each of two
hydrogens and single-bonded to the structure in
which it is a functional group to satisfy the octet
rule.

5. Base: A molecule which accepts (attaches to)
hydrogen ions (protons).

6. Carbohydrate: Literally, “carbon-water.”  Carbon
chains that (usually) have the formula Cn(H2O)n. 

7. Carbon Chain: A sequence of carbon atoms cova-
lently bonded together in chainlike fashion.
Carbon chains are common structures in the mole-
cules that characterize living things.

8. Carbonyl Group: The functional group in which
a carbon is double-bonded to oxygen, single-bond-
ed to a carbon chain, and single-bonded to some-
thing else, usually to hydrogen, to satisfy the octet
rule.

9. Carboxyl Group: The functional group which is a
combination of the carbonyl and hydroxyl groups
and which gives acid properties to molecules con-
taining it.

10. Deoxyribonucleic Acid (DNA): A double-strand,
helical nucleic acid molecule in which the
nucleotides incorporate deoxyribose instead of
ribose as the sugar.  Thymine occurs in DNA but
uracil does not.

11. Deoxyribose: A five-carbon sugar, closely related
to ribose, that plays an important role in the mole-
cules that control growth and reproduction in living
things.

12. Ethane: C2H6.  The next simplest hydrocarbon
with two carbons with a single covalent bond to
each other and with single covalent bonds to hydro-
gen to satisfy the octet rule for each carbon.

13. Fatty Acid: Long carbon chains having a carboxyl
group at the end which gives the molecule acid
properties.

14. Functional Group: A group of atoms bonded
together which exists in a molecule as a subunit and
which defines a class of molecules sharing com-
mon chemical behavior.

15. Hydrocarbon: The class of chemical compounds
made up of hydrogen and carbon.

16. Hydroxyl Group: The functional group -O-H.
17. Mechanism: In the context of the explanation of

the origin of life, that school of thought which
endeavors to explain life as a consequence of the
physical laws of matter and motion only.

18. Methane: The simplest hydrocarbon, CH4.  The
lone carbon is covalently bonded to each of four

hydrogens by a single covalent bond.
19. Nucleic Acid: A class of chainlike molecules in

which the links are formed from nucleotides.
20. Nucleotides: A structure formed from three sub-

units:  a sugar (ribose or deoxyribose), a phosphate
group, and one of five possible organic bases
(thymine, uracil, guanine, cytosine, or adenine).

21. Protein: A chainlike molecule in which the links
are formed from amino acids.  Proteins are the
basic structural materials for living forms.

22. Ribonucleic Acid (RNA): A single-strand, nucle-
ic acid molecule in which the nucleotides incorpo-
rate ribose instead of deoxyribose as the sugar.
Uracil occurs in RNA but not thymine.

23. Ribose: A five-carbon sugar that plays an impor-
tant role in the molecules that control growth and
reproduction in living things. 

24. Structural Formula:  A diagram of a molecule
which explicitly shows the individual atoms and
the covalent bonds that connect them.

25. Sugar:  The class of carbohydrates containing the
carbonyl group as a functional group. 

26. Vitalism:  In the context of the explanation of the
origin of life, that school of thought which endeav-
ors to explain life as a consequence of a living
essence or “force” in matter that goes beyond the
laws of matter and motion alone.

D. FOCUS QUESTIONS
1. The important molecules of life include fats (fatty

acids), carbohydrates (sugars), and proteins (amino
acids).  Use structural formulas to describe and
illustrate how all of these are made up of carbon
chains with appropriate functional groups.  

2. Describe what an enzyme is and what it does.  Use
the mechanical analogy and diagram of Figure
22.12 to help you explain how it functions.

E.  EXERCISES
22.1.  The shapes of molecules can be related to

fundamental principles of physical law. Methane, CH4,
is said to have a tetrahedral shape.  Just what is it about
a methane molecule that has shape?  What fundamental
principle leads to the existence of the shapes of orbitals?
What is an orbital?

22.2.  Seemingly different living things are remark-
ably alike in many regards at the molecular level.  The
most abundant elements in a cow (in percent of dry
weight) are (in decreasing order) carbon, oxygen, nitro-
gen, hydrogen, and calcium.  What is the second most
abundant element in an oak tree?

(a) carbon
(b) oxygen
(c) nitrogen
(d) hydrogen
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(e) calcium

One declared objective of this chapter is to show
that the complex molecules are made up of simpler
pieces.  Although it is not important for our purposes to
be able to make complicated technical drawings, it is
important to know what the building blocks are at each
level.  The following questions will help to define the
degree to which terminology must be mastered.

While it is not important for our purposes to know
the chemical characteristics of things like propane and
isobutane, it is important to know that hydrocarbon
chains of ever increasing length and complexity can be
built up from simpler structures in a systematic way.
The following questions illustrate these issues.

22.3.  Structural formulas for methane and ethane
are shown in the text.  Draw propane.

22.4.  Structural formulas for methanol and ethanol
are shown in the text.  Draw propanol.

22.5.  Structural formulas for methanoic acid and
ethanoic acid are shown in the text.  Draw propanoic
acid.  

22.6.  DNA is composed of which of the following
simpler structure(s)?

(a) nucleotides
(b) enzymes
(c) catalysts
(d) chlorophyll
(e) insulin

22.7.  A nucleotide is composed of which of the fol-
lowing simpler structures?

(a) phosphate group
(b) ribose or deoxyribose sugar
(c) organic bases
(d) all of the above

22.8.  Which simpler structure(s) are not to be
found in a sugar?

(a) hydroxyl group
(b) carbon-oxygen covalent bonds
(c) carbon-hydrogen covalent bonds
(d) carbon-carbon covalent bonds
(e) carboxyl group

22.9.  Proteins are composed of which simpler
structures?

(a) chlorophyll
(b) nucleotides
(c) sugars
(d) amino acids
(e) nucleic acids

While it is not important for our purposes to be able
to make accurate structural drawings of the functional
groups, it is important to know some of the important
general features of the four groups:  hydroxyl, carbonyl,
carboxyl, amino.  

22.10.  Which functional group is associated with
acid properties?

(a) carbonyl group
(b) carboxyl group
(c) hydroxyl group
(d) amino group

22.11.  Which functional group contains nitrogen? 
(a) carbonyl group
(b) carboxyl group
(c) hydroxyl group
(d) amino group

22.12.  All amino acids contain which two simpler
structures?

(a) amino group and carbonyl group
(b) amino group and carboxyl group
(c) amino group and hydroxyl group

While it is not important for our purposes to know
that glucose is a monosaccharide and sucrose isn’t, it is
important to know that sugars can chain together into
polysaccharides and that amino acids can chain togeth-
er into proteins.

22.13.  When two sugar molecules chain together
(or two amino acids), what simple molecule is produced
besides the longer chain?

(a) carbon dioxide (CO2)
(b) methane (CH4)
(c) water (H2O)
(d) hydrogen sulfide (H2S)
(e) ammonia (NH3)

22.14.  When two amino acids chain together,
which two functional groups are involved at the point of
the splice?

(a) hydroxyl group
(b) carbonyl group
(c) carboxyl group
(d) amino group

For our purposes it is not important to know the
names or formulas of the amino acids or nucleotide
bases which are important in living organisms, but it is
important to understand that the number is very limited
and that the same amino acids and nucleotide bases are
used by all living systems.
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22.15.  Approximately how many different kinds of
amino acids are important to living organisms?

(a) 2
(b) 20
(c) 2000
(d) 2,000,000
(e) More than 2 billion

22.16.  Approximately how many different kinds of
organic bases are incorporated in DNA?

(a) 4
(b) 40
(c) 4000
(d) 4,000,000
(e) More than 4 billion

There are five bases used in DNA and RNA.  You
do not need to know the technical names, but you
should at least know the letters C, A, T, G, U (remem-
ber “cat goo”), which stand for them, and which bases
bond to which bases in DNA.

22.17.  When Watson and Crick (who won the
Nobel Prize for the discovery of the structure of DNA)
were still trying to decipher the structure of DNA, they
became aware of the piece of experimental evidence
(from other workers) that in DNA guanine (G) and cyto-
sine (C) always occur in equal amounts.  For some time
they ignored this information because they doubted its
experimental reliability.  It turned out to be an important
clue.  What is its significance?

22.18.  If a DNA molecule were analyzed, there
would be equal amounts of which two bases?

(a) A and G
(b) A and T
(c) A and C
(d) G and T
(e) C and T

22.19.  If a DNA molecule were divided along its
length and on one half, in order, were found the bases
ACGT, what would be the bases on the other half, in
corresponding order?

(a) ACGT
(b) ACGU
(c) CATG
(d) GTAC
(e) TGCA

22.20.  In what ways are DNA and RNA similar?
In what ways are DNA and RNA different?

The following are some miscellaneous questions:

22.21.  With a simple drawing show how an

enzyme might catalyze the building of a molecule.
22.22  Which of the following is false?
(a) Carbohydrates contain hydroxyl groups.
(b) Amino acids chain to form proteins.
(c) RNA and DNA are proteins.
(d) Nucleotides chain to form nucleic acids.
(e) Nucleotides contain organic bases.

22.23.  Which of the following is false?
(a) RNA is usually double stranded.
(b) RNA and DNA contain different sugars.
(c) RNA and DNA share three common bases.
(d) DNA contains equal amounts of bases A and T.
(e) DNA contains equal amounts of bases C and G.
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There are millions of organic molecules, but only a
few are used for the essential activities of life.  In man
and alfalfa plants alike, the molecules of life use the
same chemical schemes to arrive at their ends.  Having
examined the structures of sugars, amino acids, pro-
teins, and nucleic acids, we now endeavor to show how
these structures are used.

The term life means different things to different
people.  The title of this chapter perhaps promises more
than it will deliver.  This chapter will focus on only two
important characteristics of life at the molecular level:
growth and reproduction.  There is certainly much to
life that we do not address here.  For example, no one
knows how consciousness might (or might not) be root-
ed in physical law.

In his book Knowledge and Wonder, Victor
Weisskopf contrasts living and nonliving organic sys-
tems.  He imagines a one-celled organism and a similar
plastic, sausage-shaped skin filled with a jellylike sub-
stance such as fat or gelatin.  Each is about 0.0001 inch
long.  In outward appearance both look very much alike.
Yet one is a living organism, and the other is not.  If
both were placed in a nutrient solution consisting most-
ly of sugar, phosphates, ammonia and traces of other
chemicals, one would appear inert and the other would
exhibit noticeable activity.  Some of the contents of the
plastic bag might leak out and some nutrients might leak
in, but little else would happen.  However, there would
be substantial change in the organism.  It would assim-
ilate the nutrients, form them into macromolecules (pro-
teins, DNA, etc.), grow, and ultimately divide into two
one-celled organisms. This activity would continue
until the nutrients were exhausted.

The processes of growth and replication are char-
acteristic of life.  Nowhere else is the behavior
observed.  (Although inorganic crystals exhibit a kind
of growth, they do not produce independent replicas.)
Can these processes be understood in terms of the fun-
damental laws and principles that govern atoms and
establish the laws of chemistry?  If so, we must under-
stand two essential things that the one-celled organism
must do:

1. The organism must build the 20 kinds of amino
acid molecules and the five nucleotides from

sugar, ammonia, and phosphates.
2. The organism must combine the amino acids in

the correct order to form the thousands of dif-
ferent proteins needed for structure and func-
tion, and it must combine the nucleotides for
the replication of nucleic acids in the process
of division.

How Does the Cell Get Its Nutrients?

The one-celled organism we imagine is immersed
in a nutrient solution consisting of sugar, phosphates,
ammonia, and perhaps traces of other minerals.  The
nutrients, with the exception of sugar, are relatively
simple (we could say “primitive”) molecules.  But with-
out them, the organism is doomed.

We can classify the required nutrients as follows:

1. Energy sources.  These are organic substances
(usually carbohydrates like sugar) that have
energy-rich carbon-hydrogen bonds.

2. Materials for building and repairing.  Every
living thing needs carbon since carbon forms
the backbone of the molecules of life.
Methane, CH4, and carbon dioxide, CO2, form
primitive sources of carbon, but most animals
get their carbon by ingesting and breaking
down carbohydrates, fats, and proteins.
Likewise, nitrogen is needed as a building
block for the amino acids.  We provide ammo-
nia, NH3, in the nutrient bath for this purpose,
but many organisms digest proteins of other
organisms to obtain nitrogen.

3. Water.  Water dissolves the various chemicals
and provides a “soup” within which they have
mobility.  Sixty to 95 percent of living matter
is water. 

4. Other elements.  Other elements are needed in
varying amounts.  For example, sulfur ties
together two amino-acid chains in insulin.

23.  How Life Works
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One of the prime sources of energy for living things
is sugar.  Some organisms (heterotrophs) cannot man-
ufacture sugar from sunlight, carbon dioxide, and water,
but must rely on other organisms for nutrition.  Where,
then, do these other organisms get their sugar?

The answer is plants.  Plants are autotrophs, which
can produce their own organic carbon compounds from
water and sunlight.  The process can be summarized

6H2O ! 6CO2 ! energy → C6H12O6 ! 6O2 .

However, it must be understood that this is a summary
of a series of very complicated chemical reactions.  The
source of energy for this reaction is sunlight.
Chlorophyll is a molecule found only in autotrophs and
is one of the reactants in the complicated series of reac-
tions that synthesize sugar.  Plant cells produce amino
acids and proteins like any other cell.  But they also, at
the command of their DNA, produce chlorophyll.

Next to DNA, chlorophyll is the most crucial mol-
ecule for the existence of life on earth.  It is not so com-
plicated in structure as DNA, but it is not simple either
(Fig. 23.1).  Chlorophyll permits plants to live without
sugar in their nutrient solution.  Plants are quite capable
of synthesizing their own sugar from the primitive mol-
ecules of carbon dioxide and water.  Without the sugar
produced by chlorophyll in the autotrophs, all of the
heterotrophs would eventually die.  And without the sun
as a source of energy, the autotrophs would die.

Figure 23.1.  A form of the chlorophyll molecule.

How Does the Organism Fabricate Amino Acids and
Nucleotides?

The cell is provided with a host of enzymes.  As
nutrients seep into the cell, specific enzymes decom-
pose the nutrient molecules into simpler pieces.  Other
enzymes (at least one kind for each of the 20 needed
amino acids and at least one kind for each of the five
nucleotides) then assemble the respective molecules.
(If an organism is incapable of producing a particular
needed amino acid, the amino acid is called an essential
amino acid and must be provided in the nutrient.)
Enzymes are complicated proteins, but no enzyme is
complex enough to string amino acids together to form
proteins. 

How Do the Enzymes Get Energy to Do Their Tasks?

The energy to fabricate the amino acids and
nucleotides must come from somewhere.  No building
project proceeds without energy.  In this case the ener-
gy must come from the nutrients.  Therefore, in this
sense the organism essentially depends on some outside
source.  The nutrients may contain glucose, because this
is the ultimate chemical source of energy for living sys-
tems.  The glucose reacts with oxygen and releases car-
bon dioxide, water, and energy.

C6H10O6 ! 6O2 → 6CO2 ! 6H2O ! energy .

Here the organism runs into two problems.  Its first
problem is with the Law of Increasing Disorder.  If the
energy were released directly as in the above reaction, it
would be such disordered energy as to be virtually unus-
able for purposeful molecular construction.  Its second
problem is that the amount of energy thus released is
much too large for the processes at hand.

To solve these problems, there exists a pair of mol-
ecules called ATP (adenosine triphosphate) and ADP
(adenosine diphosphate), which are closely related to
one of the RNA nucleotides.  All living things, includ-
ing humans and alfalfa, use ATP and ADP in the same
way.  ATP contains more chemical energy than ADP
does.  When glucose is converted to carbon dioxide and
water, the energy released converts many ADP mole-
cules into ATP.  The ATP moves through the organism
to some other site where energy is needed.  The ATP
then gives up its energy to whatever chemical process
requires it and returns to ADP.  Nature has survived the
confrontation with the Law of Increasing Disorder by
storing the energy in an ordered form in ATP.
Moreover, the energy is stored in small packages,
because the energy from one sugar molecule is typical-
ly divided among about 40 ATP molecules.  
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How Does the Cell Make Its Proteins?

We have seen how the organism makes the amino
acids and nucleotides.  We have seen how the organism
handles its energy requirements.  But the most important
step remains:  How does the cell string together the
amino acids to form exactly the proteins it uses?  The step
of putting the pieces together to form the macromolecules
contains many secrets of the life of the organism, since it
is the different types of proteins that perform all the
important functions in the chemical life of a cell.

The master plans for building proteins are con-
tained in the nucleus of the cell.  The blueprints are writ-
ten in a coded language on the strands of DNA.  The
creation of the protein is carried out in the ribosomes—
tiny particles in a cell designed for protein synthesis.
Hence, a copy of the blueprints and raw materials (the
amino acids) must be delivered to the ribosomes.  The
process by which this is accomplished is fascinating! 

How Are the Blueprints Delivered to the Ribosomes?

Let us see how the cell creates a protein by follow-
ing the process for a conjectured DNA blueprint.  On
the strands of DNA are sequences of the bases adenine,
thymine, guanine, and cytosine. We will refer to these,
respectively, as A, T, G, and C as we did in the last chap-
ter.  The sequences are read by grouping them in sets of
three adjacent bases.  We choose the sequence ATC
GCC CCC CGA ATC as our conjectured DNA blue-
print.

The blueprints are carried from the DNA to the
ribosome by a specialized RNA molecule, messenger
RNA (mRNA).  The master blueprint is exposed when
the DNA molecule “unzips” along the base-base bonds
that tie together the two “backbones.”  In our case a very
short segment would unzip, exposing the code for our
imagined protein,

and a “complementary” copy is made in messenger
RNA.  Enzymes catalyze the unzipping and the copy-
ing.  The exposed bases of the DNA molecule provide a
template against which the mRNA is fabricated from
available raw materials.  Cytosine (C) in the DNA mol-
ecule will attract and hold guanine (G) in place while
thymine (T) will attract and hold adenine (A).
However, A in the DNA will attach and hold U (not T)
in the mRNA because RNA uses U instead of T.  The
mRNA molecule will thus be assembled and linked
together opposite the half-DNA molecule:

The single-strand mRNA then moves away, and the
DNA zips closed again and remains behind.  The
mRNA is free to carry a copy (albeit a kind of negative
copy) of the blueprint to the ribosomes.

The mRNA copy of our conjectured DNA blueprint
is AUG CGG GGG GCU UAG.  The AUG and UAGs
are punctuation marks that specify the beginning and
ending of the sequence of bases in the mRNA molecule.

Each ordered group of three bases corresponds to
an amino acid from among the set of 20 used by living
organisms.  For example, CGG means arginine, GGG
means glycine, and GCU means alanine.  Think of the
mRNA as containing a coded description of a protein
molecule that is to be built.  The “builder” will read the
description, starting from one end of the mRNA mole-
cule.  As it reads the code for each successive amino
acid, it adds the amino acid to the protein it is building.
When it encounters CGG (cytosine-guanine-guanine) in
the blueprint, it will add arginine to the protein chain
because CGG is nature’s code for arginine.

In most cases one amino acid is expressed by more
than one triplet.  For example, GGG and GGC both
mean glycine.  The triplets AUG, UGA, UAA, and
UAG are “punctuation marks,” meaning “start here” or
“stop here.”  The dictionary for the code of life shown
in Table 23.1 is used by almost all living things, includ-
ing both humans and alfalfa plants.  Starting with one
punctuation mark and ending with another, the
sequence of bases in a RNA molecule, read three at a

Table 23.1.  Dictionary for the genetic code.  (The code is as it
appears on messenger RNA.)

Amino Acids Code Triplets
Glycine GGG    GGC    GGA GGU
Alanine GCG    GCC    GCA GCU
Glutamic Acid GAG    GAA
Aspartic Acid GAC    GAU
Valine GUG    GUC    GUA GUU
Arginine CGG    CGC    CGA CGU    AGA AGG
Proline CCG     CCC    CCA CCU
Glutamine CAG    CAA
Histidine CAC    CAU
Leucine CUG    CUC    CUA CUU    UUA UUG
Serine UCG    UCC    UCA UCU    AGC    AGU
Threonine ACG    ACC     ACA ACU
Lysine AAG    AAA
Methionine AUG
Isoleucine AUC    AUA AUU
Tryptophane UGG
Cystine UGC    UGU
Tyrosine UAC    UAU
Phenylalanine UUU    UUC
Asparagine AAC    AAU
Punctuation       AUG    UGA UAA UAG
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time, stands for an ordered set of amino acids.  In our
example,

AUG CGG GGG GCU UAG

might be considered an mRNA blueprint for a very short
protein consisting of 

Start-arginine-glycine-alanine-Stop.

The millions of nucleotides in RNA molecules,
separated into shorter sequences by punctuation marks,
are sufficient for all of the proteins needed for the func-
tioning of an organism.

How Are the Raw Materials Delivered to the
Ribosomes?

For each of the 20 kinds of amino acids there exist
specialized RNA molecules, transfer RNA (tRNA),
that attach to a specific amino acid and transfer it to the
ribosome for protein synthesis.  Transfer RNA is a
nucleic acid and it carries a code.  On one end of the
tRNA molecule is “written” (in the three-base code) the
name of the amino acid it carries.  For example, the
tRNA molecule that carries arginine has the code GCC,
the one with glycine has CCC, and the one with alanine
has CGA.  The three tRNA molecules, each carrying an
amino acid, could be represented:

These pieces move independently of one another to the
ribosomes, thus delivering the raw materials for protein
construction.

How Do the Ribosomes Execute the Final Assembly?

The mRNA is “inserted” into ribosomes.  As the
mRNA slides through the ribosomes (which look some-
what like beads on a string), the blueprint is read and the
protein is assembled.  As depicted in Figure 23.2, the
mRNA attracts the tags written on the tRNA.  Once the

amino acids are positioned, they hook up to form the
desired protein, and the protein moves away free to per-
form its function.  The tRNA are then free to go and pick
up other amino acids and transfer them to ribosomes; the
blueprint in the mRNA is free to be read again.

How Does the Cell Copy the Blueprints before
Division?

The cell is a factory that turns out protein.  In time,
enough protein has been synthesized to support two
cells.  But before the cell can divide, the blueprints must
be copied so that each new cell will have a complete set.
A specific enzyme unzips the DNA molecule.  Another
enzyme assembles, from raw materials at hand, the
pieces to restore each of the separated halves into a
complete DNA molecule (Fig. 23.3).  With the blue-
prints available for two cells, the cell divides and two
independent “factories” continue their work.  The work
of the cell is to reproduce itself.  Each new cell will have
its share of the enzymes, ribosomes, RNA, proteins, and
so on, which the parent cell has been producing from its
DNA blueprints. The cells must produce the machinery
they use including the reproduction machinery and the
material for growth.

Figure 23.3.  Before division the cell must replicate its
DNA.

Figure 23.2.  Messenger and transfer RNA come togeth-
er in the ribosomes to build a protein.
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How Do Complex Organisms Develop?

The DNA molecules of a human contain the
instructions to make a human.  If we wrote out the code,
which in principle we could do, it would look like page
after page of the letters A, G, C, and T.  The book of
instructions to build a human would run, according to
one estimate, about 1,000,000 pages!  This book of
1,000,000 pages is written again and again in every cell
of the human body.  Everybody’s “book” is unique.
Moreover, there are many more possible “books,” each
unique, that have never yet been written, even though
about 60 billion people have lived at one time or anoth-
er.   A human, unlike a virus or a one-celled organism,
is a complex organism consisting of many different
kinds of cells.  When a one-celled organism reproduces,
an identical cell is produced.  In a human there are many
quite different cells.  In some way, parts of the DNA
code are switched on and others switched off by the dif-
ferent kinds of cells in the body so that liver cells repro-
duce liver cells and brain cells reproduce brain cells,
even though both kinds of cells contain the full blue-
prints for the entire human body.

Some parts (genes) of the DNA lie dormant in a cell
until activated by the attachment to the genes of proteins
that the cell itself produces.  A certain set of genes
arranged on the chromosomes in the same order as the
longitudinal structure of a tiger or a worm produces pro-
teins to turn on the genes in order to produce a head at
one end and a tail at the other.  Remarkably, these con-
trolling genes seem to be the same for all animals.  At
the beginning of the development of the embryo, only
those parts of the DNA are active that produce the early
cells.  The presence of the newly created proteins in
these cells then switches off one section of DNA and
switches on another, thus creating a new set of proteins
and, hence, a new kind of cell.  The new proteins, in
turn, do their own switching.  The process continues
until a differentiated organism forms.

What Are Favorable Conditions for Life?

We have direct knowledge of only one place in the
universe where life exists and thrives.  But we see
through our telescopes a hundred billion stars in our
galaxy and ten billion galaxies besides our own.  The
chances are good that there are other planets orbiting
other stars on which life, as we know it, might exist.  We
can look at our own planet and identify some conditions
that might be important for life:

1. The planet must be large enough so that its
gravitational force can hold an atmosphere to
its surface.  Hence, it must be about the size of
earth or larger.

2. The primitive atmosphere must contain water,

methane, carbon dioxide, ammonia, and
hydrogen sulfide.  These compounds were
once commonly found in the atmosphere on
earth and are presently found on the larger
planets of our solar system.  However, the
primitive atmosphere should not contain free
oxygen.  These active molecules swiftly inter-
act with the lengthening organic chains and
inhibit their further development.

3. The planet must be neither too close nor too far
away from its energy source, a star.  If too
close, the energy will be too intense and
destroy the molecular chains as they form and
vaporize the water in the atmosphere so that it
does not serve the purpose of providing a
“soup” in which the molecules can move
about.  If the star is too far away, the energy
will be inadequate to drive the chemical reac-
tions, and the water will be in the unsuitable
form of ice.

4. The orbit of the planet must be nearly circular
so that wide variations in temperature do not
occur on the planet’s surface.

5. The planet should rotate on its axis in such a
way that its surface is equally exposed to the
star from which it derives its energy.
Otherwise, temperature extremes will develop
on the planet that will drive destructive weath-
er patterns.

6. The parent star, the source of energy, must not
be too large.  Large stars burn much faster and
die.  Such a star would not allow the long time
span necessary for the complex molecules of
life to be built up.  But neither can the parent
star be too small, for then it radiates too weak-
ly to sustain life.  

Given the billions upon billions of known stars,
many feel that it is likely that conditions suitable to life
might exist many times over in our universe.

Is Life Inevitable?

For our simple organism, the characteristics of life
were growth and reproduction.  If we take these as an
admittedly limited definition of life—let us call it
organic life—then some scientists (but not all) now
believe that “organic life” is inevitable.  It was built into
the universe at the time of its creation.  Organic life is
in the laws of physics, in the shapes of the orbitals that
govern the atoms and that make them chain together in
complicated structures.  

The raw materials are everywhere.  Hydrogen,
methane, ammonia, carbon dioxide, hydrogen sulfide,
and water have all been observed in abundance as we
have sent out space probes to the planets and moons of
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our own solar system.  Moreover, we can see the iden-
tifying light spectrum of these same molecules in the
clouds of material in interstellar space.  They are liter-
ally everywhere.  It seems the formation of the primitive
molecules is unavoidable in a universe created as ours
was, with an abundance of organized energy.

In the early 1950s, Stanley Miller, a graduate stu-
dent studying with chemist Harold Urey, performed
experiments that have been repeated again and again
with the same results.  He mixed together hydrogen,
water, methane, and ammonia in a flask in roughly the
proportions we imagine existed on the early earth.  He
then caused electrical discharges in the mixture.  The
sparks provided energy to break up the bonds of the
primitive molecules.  On the early earth the energy
would have been provided by ultraviolet radiation from
the sun or from lightning discharges.

In a matter of hours a brown scum formed that con-
tained a rich variety of organic molecules, including
several amino acids.  In subsequent experiments amino
acids have been observed, under primitive earth condi-
tions, to chain together to form molecules resembling
proteins.  Some of these molecules feebly control useful
chemical reactions, as enzymes do.  Nucleotides have
been put together into strands of nucleic acid a few
dozen units long.  Under the right circumstances in the
laboratory, these short nucleic acids can synthesize
identical copies of themselves.

But it also must be clearly understood that viruses,
the simplest of living  things, have DNA with hundreds
of nucleotide links.  No one has ever mixed together the
gases and waters of the early earth and at the end of the
experiment had something crawl out of the test tube.
Nevertheless, some scientists (often physicists who may
underestimate the complexities of life) think that life
might already be spread throughout the galaxy.  Others,
who consider the extremely unlikely chain of events
that would be required for spontaneous generation of
life, are convinced that, from a scientific point of view,
our earth provides the sole instance of life in our galaxy
and, perhaps, in the universe.

If organic life were truly inevitable, then there is a
second inevitability.  As the molecules of life copy one
another, mistakes will surely happen.  Perhaps two
chains will accidentally get stuck together at the ends to
form a double chain.  

Most accidents are a disaster.  But occasionally,
given enough time, an accident will occur that is bene-
ficial to the survival of the organism.  Such an accident
will probably mean an added degree of complexity in
the DNA molecule.  Therefore, some feel that given
time, organized energy, and the inevitable accidents, the
protein chains will grow longer, the resulting proteins
will become more complex, and the organisms made of
the proteins will change.  It is possible that organic life
will evolve.

Summary

Organic life possesses the capability of growth and
reproduction.  In these chemical processes, the nucleic
acid molecules and chlorophyll play a central role.
DNA is the “master molecule” containing the blueprints
of the organism.  Enzymes, transfer RNA, messenger
RNA, and ATP each carry out a specific task.

In our example, primitive molecules and sugar are
supplied to a one-celled organism in a nutrient bath.
The fundamental source of energy for living things is
sunlight.  Chlorophyll is a molecule found in plants and
is one of the reactants in the complicated series of reac-
tions that synthesize sugar.  Sugar from plants is a
source of energy for those organisms which themselves
cannot make direct use of sunlight.  The energy from
sugar can be broken down into smaller amounts and dis-
tributed throughout an organism by ATP.  By storing
and transporting energy in ATP, the organism maintains
the energy in an organized form.

The genetic code for producing protein for an
organism is written in a code along strands of nucleic
acid.  Proteins are assembled in the ribosomes of a cell.
Messenger RNA is a specialized RNA molecule which
carries a copy of the code from the DNA in the nucleus
of the cell to the ribosomes outside the nucleus.
Transfer RNA is a specialized RNA molecule which
transports amino acids to the ribosomes.

In this chapter we list a number of conditions on a
planet which are essential for life as we know it.  Some
scientists study the conditions under which simple mol-
ecules might react to form the more complicated mole-
cules of life and speculate that life might be common
throughout the galaxy or the universe.  Others are con-
vinced that the chain of events for life to arise sponta-
neously is so unlikely that, from a scientific point of
view, life on earth is almost certainly the only instance
in the galaxy, if not the universe.

STUDY GUIDE
Chapter 23:  How Life Works

A.  FUNDAMENTAL PRINCIPLES
1. The Electromagnetic Interaction: See Chapter 4.
2. The Wave-Particle Duality of Matter and

Electromagnetic Radiation: See Chapters 14 and
16.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. The Wave Model of the Atom: See Chapter 17.
2. What are some of the required conditions for the

“creation” of life?
3. What was done and what was learned in the famous

Urey-Miller experiment?
4. How do covalent bonds form?
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5. What are carbon chains?
6. How are amino acids and nucleotides made?
7. How are proteins made?
8. How is information describing a life form stored,

read, and copied?
9. What is a ribosome?
10. What is the function of transfer RNA?
11. What is the function of messenger RNA?

C.  GLOSSARY
1. ATP, ADP (adenosine triphosphate, adenosine

diphosphate):  Specialized molecules used by liv-
ing systems to store and transport energy to sites
where it is needed.

2. Autotroph: Organisms which produce their own
organic carbon compounds from water, carbon
dioxide, and sunlight.

3. Essential Amino Acid: An amino acid that a
organism cannot  produce  for itself and must have
supplied as an external nutrient.

4. Heterotroph: Organisms that cannot manufacture
organic compounds from sunlight, carbon dioxide,
and water and must rely on ready-made organic
compounds.

5. Messenger RNA: A specialized form of RNA
which carries a copy of the genetic instructions for
building protein from the nucleus of the cell to the
ribosomes.

6. Organic Life: In the context of this chapter, a lim-
ited definition of life that restricts itself to the
essential characteristics of growth and reproduc-
tion.

7. Ribosome: Substructure in a cell which is the site
where proteins are built.

8. Transfer RNA: A specialized form of RNA which
transports amino acids to the ribosomes after they
enter the cell from its surrounding nutrient bath.

D. FOCUS QUESTIONS
1. Describe how amino acids and nucleotides are

made.  
a. What are enzymes?
b. Use the mechanical analogy and diagram used
in the book (Fig. 22.12) to help illustrate how
amino acids and nucleotides are constructed.

2. Describe how a protein is made.  Where does the
assembly take place?  What is messenger RNA and
how does it function?  What is transfer RNA and
how does it function?  

3. Describe how DNA is copied to create another
DNA molecule.  What purpose does the organism
have for copying its DNA in this way?

E. EXERCISES
This chapter is organized as the answers to a series

of questions.  Here we repeat the questions, but break

them down into smaller associated questions.

23.1.  Where does the cell get its nutrients? 
(a) What is a heterotroph?
(b) What is an autotroph?
(c) What is the importance of chlorophyll?

23.2.  How does an organism fabricate amino acids
and nucleotides?

(a) Where do the raw materials come from?
(b) What are the raw materials?
(c) What special class of proteins catalyze the
reactions?

23.3.  How do the enzymes get energy to do their
task?

(a) What problem does the Law of Increasing
Disorder pose?
(b) How is the problem solved?
(c) How is the energy subdivided into usable
amounts?
(d) What special molecule is involved?  (The
three-letter acronym will do.)

23.4.  How does the cell make its proteins?
(a) Where are the master plans kept?
(b) How are they coded?
(c) Where are the proteins built?  

23.5.  How are the blueprints delivered to the ribo-
somes?

(a) What role does mRNA play?
(b How does it work?

23.6.  How are the raw materials delivered to the
ribosomes?

(a) What role does tRNA play?
(b) How does it work?

23.7.  How do the ribosomes execute the final
assembly?  How do they work? 

23.8.  How does the cell copy the blueprints before
division?  How does it work?  

23.9.  What are some favorable conditions for
organic life to exist on a planet and thrive?

23.10.  Why do some people think that organic life
is inevitable in our universe?  Why do others think it not
inevitable?

23.11.  Why do many people think that, given
organic life, it is inevitable that it should evolve?
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The last several chapters have shown that an under-
standing of the behavior of atomic electrons can lead to
an understanding of the regularities associated with
chemical reactions as well as the structure and function
of materials.  

However, in all of the chemistry that we have stud-
ied, even in the most violent of chemical reactions, the
nucleus remains untouched and unaffected at the center
of the atoms.  Nevertheless, most of the mass-energy of
the atom is locked in the nucleus, and an understanding
of its structure leads us to practical applications which
have become very important to the well-being of human
beings.  Nuclear weapons, nuclear power plants, cancer
treatments, and radioactive dating methods have all
sprung from the study of the nucleus.

Protons and Neutrons

Chapter 17 explained that each neutral atom is
characterized by a number of electrons that occupy
orbitals about the atomic nucleus, and that the number
of protons is the atomic number of the atom.  This deter-
mines the chemical element that the atom represents
and, hence, its chemical properties.

The positive charge in each atom comes from the
protons in the atomic nucleus.  The amount of positive
charge is balanced by the negative charge of the electrons
so that the atom as a whole is electrically neutral. Each
nucleus may also contain neutrons—particles that are
electrically neutral, and have about the same mass as pro-
tons.

The nuclei corresponding to a particular element,
such as fluorine, may all have the same mass.  However,
most elements can have more than one kind of nucleus;
the different nuclei of an element are called isotopes,
some of which are shown in Table 24.1.  There are three
kinds of hydrogen nuclei.   Most helium nuclei have the
mass of four protons, but some have only that of three.
There are three kinds of carbon nuclei, two kinds of
copper, five of zinc, eight of tin, and nine of xenon.  The
nuclei of different isotopes of an element have the same
number of protons, but different numbers of neutrons.

The structure of atomic nuclei can be summarized
as follows:

1. The number of protons in a nucleus is the same
as the atomic number of the atom.  This deter-
mines the number of electrons in the neutral
atom and, thus, the chemical properties of the
atom.  All nuclei of a particular chemical ele-
ment have the same number of protons.

2. Most nuclei contain one or more neutrons in
addition to the protons.  The neutrons add mass
to the nucleus, but not electric charge.

3. Both protons and neutrons are called nucleons.  

4.  The total number of nucleons (protons and neu-
trons) in a nucleus is called its mass number.

5. Different isotopes of a particular element have
the same number of protons in each nucleus,
but different numbers of neutrons.  For exam-
ple, all oxygen nuclei have eight protons, but
some have eight neutrons, others have nine
neutrons, and still others have ten neutrons.
The mass numbers of these isotopes are 16, 17,
and 18, respectively.

6. The different isotopes of a particular element
are usually designated by adding the mass
number as a superscript to the element’s sym-
bol.  The atomic number may also be designat-
ed by a subscript.  For example, the oxygen
isotopes described above would be designated
as 16

8O, 17
8O, and 18

8O.

Naturally occurring elements usually contain sever-
al isotopes, all of which have the same chemical prop-
erties.  The chemical atomic mass of an element is the
average atomic mass of the isotopes that make up the
element.  In the case of copper, which has two isotopes,
69 percent of the copper atoms have a mass number of
63, and 31 percent have a mass number of 65.  All have
29 protons, but some have 34 neutrons and others have
36.  The average mass of copper atoms, taking the rela-
tive abundances of the two isotopes into account, is
63.54.  This is the number published as the “atomic
mass” of copper, since both kinds of copper atoms are

24.  The Nucleus
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present in all chemical reactions.

Radioactivity

Most of the atomic nuclei in nature are stable; they
do not change if left to themselves.  They are not even
affected by violent chemical reactions such as explo-
sions or combustion.  These reactions involve
rearrangements of atomic electrons, but not changes in
the nuclei themselves.

However, some naturally occurring nuclei sponta-
neously undergo changes that result in rearrangement of
the nuclear constituents and the release of significant
amounts of energy.  Such nuclei are said to be radioac-
tive.

The situation seems to be something like that which
occurs when atomic electrons are in high-energy states.
Such excited electrons can return to the lower energy
states only if their excess energy can be released, per-
haps by creating and emitting a photon.  Radioactive
nuclei are also in states with more energy than neces-
sary.  They can become more stable if the excess ener-
gy can be released.  However, the difference between

nuclei and atoms is that nuclei have more ways to
release energy, some of which are discussed below.

Alpha Decay

The nucleus may emit a fast, massive particle that
contains two protons and two neutrons (Fig. 24.1).  When
first discovered these particles were called “alpha rays,”
but they have since been found to be identical to the
nuclei of 4He atoms.  Even today, such nuclei when pro-
duced in nuclear processes are called alpha particles.

Rutherford used these naturally occurring alpha
particles as the “bullets” in his early experiments on
atomic nuclei discussed in Chapter 15.   Since the nucle-
us loses two protons in alpha decay, the resulting nucle-
us (“daughter”) has a lower atomic number than before
and thus belongs to a different chemical element.  Its
mass number is reduced by four.  An example is the
radioactive decay of radium.

226
88Ra  →  222

86Rn + 4
2He .

Note that both charge and mass number are conserved

Table 24.1.  Some isotopes of the elements.
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in this transformation.

Beta Decay

The nucleus may emit a fast electron (Fig. 24.2).
Since there is reason to believe that electrons cannot be
confined in the nucleus (using the Uncertainty
Principle, for example), a neutron within the nucleus
appears to create and immediately emit the electron,
much as orbital electrons create and emit photons as an
energy release mechanism.  Neutrons isolated outside of
atomic nuclei always decay by beta emission after a
short time.  The neutrons become protons, emitting
energy and negative charge in the form of fast electrons

1
0n → 1

1p + 0
–1e .

This is the basic beta-decay reaction.  It sometimes
occurs with neutrons inside nuclei.  The resulting nucle-
us will have one fewer neutron and one more proton
than before.  Again, it will belong to a new chemical
element.  An important example is the beta decay of car-
bon-14.

14
6C → 14

7N + 0
–1e .

Once again note that mass number and electric charge
are both conserved.

Subsequent research has shown that another parti-
cle, called a neutrino, is also emitted with each electron
in beta decay.  Neutrinos have little or no rest mass, no
electric charge, and travel at or near the speed of light.

They interact weakly and only with nuclear particles.
As a result they are able to penetrate large thicknesses
of material, such as the entire diameter of the earth, with
only a small probability of interacting with anything.
Neutrinos are created and emitted in beta decay and
carry away some of the excess energy of the decaying
nucleus.

Gamma Decay

Gamma decay is most like the emission of light by
atomic electrons (Fig. 24.3).  Alpha and beta decay usu-
ally leave the particles of the “daughter” nucleus in
excited states.  The daughter nucleus can move to
lower-energy states by emitting a photon.  However,
nuclear states usually involve greater energy changes
than electron states in atoms, so the resulting photons
from nuclei have higher energy than those emitted by
atoms.  These high-energy photons are called gamma
rays.  

Neither the atomic number (number of protons) nor
the mass number (total number of nucleons) of nuclei
changes during gamma decay, although mass does
change because energy is released.  Gamma decay usu-
ally follows all the other radioactive decays, because the
residual nuclei are almost always left in an excited con-
dition.

Electron Capture

Sometimes the nucleons could have a lower energy
if one of the protons could become a neutron (Fig.
24.4).  One mechanism by which this can occur is for

Figure 24.1.  Alpha decay.

Figure 24.2.  Beta decay.
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the nucleus to “capture” one of the orbiting atomic elec-
trons, combining the electron with a proton to make a
neutron.  The excess energy is emitted in the form of a
neutrino and, sometimes, one or more gamma rays.

The result of electron capture is a decrease in the
atomic number, since the nucleus now has less charge
than before.  As with beta decay, the nuclear mass num-
ber does not change; there are the same total number of
nucleons as before. 

An important example of electron capture occurs in
the decay of potassium-40.

40
19K + 0

–1e  → 40
18Ar + 0

0neutrino .

Note once again that total mass number and electric
charge are both conserved in this reaction.

Positron Decay

Nature provides one other mechanism to convert
protons in nuclei into neutrons.  If the available energy
is large enough, nuclei will sometimes emit a particle
that has all the properties of an electron except that it
carries a positive rather than a negative charge.  Such a
particle is called a positron.

Positron decay (Fig. 24.5) is like beta decay in
every way, except that the emitted particle has positive
charge and the resulting nucleus has an atomic number
that is one lower, rather than one higher, than before the
decay took place.  For example,

11
6C  → 11

5B + 0
+1e + 0

0 neutrino .

Positrons, which are produced by naturally occur-
ring gamma rays in the atmosphere and in matter, have
an interesting history.  As they gradually slow down,
they transfer their kinetic energy to atomic electrons and
cause ionization.  When they are slow enough, they
attract an electron, and the two of them form a little
atom called positronium.  (However, it is a strange kind
of atom because the electron and positron have the same
mass. Positronium is an atom without a nucleus.)  After
a short time the positron and electron annihilate each
other, emitting their total mass-energy in the form of
two gamma rays.

Fission

Some nuclei, usually the heaviest ones, have so
much excess energy that they break apart into two large
fragments in a process called spontaneous nuclear fis-
sion (Figure 24.6).  The products of such fission are
always neutron rich—they have too many neutrons—
and are always radioactive.  They begin emitting ener-
gy, usually by beta emission.  In addition, some of the
neutrons of the original fissioning nucleus are not
included in either of the major fragments.  These
become free neutrons, which we will study in the next
chapter.  Some nuclei that do not spontaneously decay
by fission can be made unstable by absorbing a neutron.
Important examples of such induced nuclear fission is

Figure 24.3.  Gamma decay.

Figure 24.4.  Electron capture.  The nucleus “captures” an orbital electron, changing one proton to a neutron.
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235
92U + 1

0n  → 90
38Sr + 144

54Xe + 1
0n + 1

0n
or

235
92U + 1

0n  → 88
38Sr + 146

54Xe + 1
0n + 1

0n .
Exactly how the unstable nucleus breaks up is some-
what a matter of chance.

Application of Radioactive Materials

Radioactivity represents significant energy release
from the nuclei of atoms.  Not surprisingly, such energy
has important effects in nature and is used in several
important devices.

The energy released by radioactive processes
appears as the kinetic energy of the emerging charged
particles.  These transfer their kinetic energy to the mat-
ter through which they pass by interacting via the elec-
trical interaction.  Most often these fast, charged parti-
cles interact with electrons in matter, dislodging them
from the atoms to which they are attached.  These atoms

then become ionized (Fig. 24.7).  All the effects caused
by radioactivity can be traced to either the ionized
atoms or the free electrons that are produced in this way.
(Gamma rays also cause ionization through the high-
energy version of the “photoelectric” removal of elec-
trons from atoms and, indirectly, through the production
of high-energy positron-electron pairs.)  Radioactive
emissions are sometimes called ionizing radiation
because of the ionization they cause.

The oldest practical application of radioactivity is
in the making of radium-dial watches.  Radioactive
material is mixed with a luminescent powder and paint-
ed on watch dials.  The charged particles released by the
radioactivity separate electrons from atoms in the pow-
der.  As the electrons return to their equilibrium states,
they emit light.  

Another early application was in the treatment of
cancer (Fig. 24.8).  The radioactive emissions cause
ionization in biological materials as well as in nonliving
substances.  Such ionization disrupts a cell’s normal

Figure 24.5.  Positron decay and annihilation.  A proton inside a nucleus becomes a neutron by emitting a positive elec-
tron.  The positron later combines with a normal electron and annihilates.

Figure 24.6.  Spontaneous fission.

Figure 24.7.  Radioactive emissions transfer energy to matter by causing ionization.  Which of the fundamental inter-
actions is responsible?
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function.  Rapidly reproducing cells like cancer cells
seem particularly susceptible to this kind of damage.  If
there is enough disruption, individual cells lose their
ability to function and die.  This possibility makes ion-
izing radiation one of the most important weapons
against certain diseases, particularly cancer.  Radiation
treatment alone has changed cancer of the uterine cervix
from one of the principal causes of death in women to
one of the most curable of all cancers.  On the other
hand, ionizing radiation can also cause undesirable bio-
logical effects.

Figure 24.8.  Gamma radiation from radioactive materi-
als can kill cancer cells inside the body.

In more recent years radioactivity has been used to
run small power cells in applications that require small
amounts of energy over a long time, and for which it is
inconvenient to change batteries.  For example,
implanted heart-pacemakers and some applications in

space probes use radioactive power cells.
Finally, radioactivity in the materials of which the

earth is composed provides the energy that keeps the inte-
rior of the earth at a higher temperature than its surface.  If
there were no such source of energy, the earth would have
cooled long ago to a uniform temperature.  Processes that
occur on the surface of the earth would be different if this
significant energy source were not operating.

Radioactive Half-life

The decay of radioactive nuclei is a statistical
process.  The decays are governed by waves of proba-
bility, just as atomic processes are governed by orbitals
of probability.  Predicting the instant that a particular
nucleus will decay is impossible.  It may wait several
thousand years in its excited state, or it may decay in the
next instant.  However, if there is a large collection of
similar nuclei the average behavior of the group can be
predicted and measured with considerable accuracy.
Some of the nuclei will decay almost immediately, oth-
ers will decay after a short time, and still others will
wait a long time before their radioactive decay.

One way to describe the decay of a particular sam-
ple of radioactive nuclei is to specify its half-life, the
time required for half of the nuclei to decay.  The half-
life is a characteristic of particular species of radioactive
nuclei and varies from a fraction of a second to many
billions of years for different species of nuclei.  For
example, the half-life of a sample of carbon-14 nuclei is
5,730 years, whereas that of a sample of potassium-40
nuclei is 1.3 billion years.

The statistical nature of radioactive decay has an
interesting consequence we will need to know about.
Suppose we have a certain sample of radioactive mate-
rial and measure its decay as time passes (Fig. 24.9).
After a time equal to the half-life of the material, half of
the original nuclei would have decayed.  At the end of a
second half-life, half of the remaining nuclei would
have decayed.  In total, three-fourths of the original
material would have decayed, leaving one-fourth as it
was at the beginning.  During a third half-life, half of
these would decay leaving one-eighth in the original

Figure 24.9.  The random decay of radioactive nuclei.  Each frame represents the passage of one half-life.
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form.  As each half-life passes, one-half of the material
present at the beginning of the interval decays.

For example, suppose that we start with 1 billion
atoms of carbon-14.  (This is a small number for any
real sample.)  After 5,730 years (the half-life of carbon-
14), 500 million atoms would remain.  After the next
5,730 years, 250 million would survive; 125 million
would be around after a third 5,730 years.  The decay
would continue in this way, the number of survivors
being halved every 5,730 years, as long as significant
numbers of nuclei remain in the sample.  (When the
numbers become small, the laws of probability are no
longer adequate to give an accurate prediction of when
the last few nuclei will decay.)

The half-lives of radioactive nuclei depend on
processes that take place inside nuclei themselves, but
seem not to depend on ordinary processes in which the
outer atom might be involved.  Events such as chemical
reactions and ambient physical conditions such as tem-
perature and pressure do not alter the decay of unstable
atomic nuclei.

Radioactive Dating

The rates at which radioactive materials decay pro-
vide a set of clocks, which can be used to estimate time
intervals under certain circumstances.  For example, the
age of the earth and its materials has been debated for
hundreds of years.  Radioactive dating of the earth’s
materials has finally given some reliable data from
which such estimates can be made.

The first observation is that the earth’s materials can-
not be infinitely old.  There are many radioactive isotopes
present in the earth’s crust.   In fact, all the elements with
atomic numbers greater than 83 (bismuth) are radioac-
tive.  If the earth were infinitely old, these would all have
decayed; yet many of them are still present.

The second important observation is that the earth
is probably more than several million years old.
Radioactive materials in the earth’s crust all have half-
lives exceeding about 1 billion years.  Several other iso-
topes, with half-lives in the range of a few million years,
are not present.  It is argued that many of these must
have been formed at the same time as other earth mate-
rials, but they have all decayed since that time.  Thus,
the minimum age of the earth is several million years
and the maximum age is several billion years.

Some radioactive isotopes permit a more precise
estimate.  Potassium-40, for example, has a half-life of
1.3 billion years.  When it decays by electron capture,
the product is argon, which is normally a gas.  When
potassium decays inside a rock, the argon atoms are
trapped.  The method is applied to rocks which begin in
the hot, molten state.  The high temperatures boil off
any existing gases from the molten rock, including
argon.  Since argon is a noble gas, we also know that no

argon is trapped in the rock as a compound or mineral.
Thus, when it is cooled to solid form, we begin with a
rock that is free of argon.  If we subsequently analyze a
rock containing potassium-40, the amount of argon-40
reveals the number of potassium-40 nuclei that have
decayed since the rock solidified.  This, together with a
measurement of the number of potassium-40 nuclei that
remain, allows a calculation of the number of half-lives
that have elapsed.  The method assumes that the
amounts of potassium-40 and argon-40 found remain-
ing in the rock are related by radioactive decay.  It also
assumes that once the original rock has cooled and
solidified, it is not again melted or subjected to near-
melting temperatures that would drive off accumulated
argon.  The method is limited to measuring the ages of
rocks that had a molten origin at least some tens of mil-
lions of years ago or more.

There are several radioactive materials in the
earth’s crust that permit this same kind of calculation.
In each case it is possible to estimate or measure the
number of nuclei that have decayed and the number that
remain.  The fraction of nuclei that have decayed
reveals the number of half-lives that have elapsed and
this, in turn, allows a calculation of the time interval
since the formation of the material.  All of these calcu-
lations indicate that the earth is about 4.6 billion years
old.

Another important isotope used for dating is car-
bon-14.  Unlike the radioactive materials in the earth’s
crust, carbon-14 is continuously being formed in the
earth’s atmosphere as cosmic rays (mostly protons
ejected by the sun) bombard atmospheric nitrogen
atoms.  After their formation, carbon-14 atoms combine
with atmospheric oxygen to form carbon dioxide.  They
may then become part of living material through the
normal carbon cycle, being incorporated by plants into
biologically important materials.

Most carbon in living things is not carbon-14 at all,
but rather carbon-12.  Unlike carbon-14, carbon-12 is a
stable isotope of carbon and does not decay.  For every
carbon-14 atom in the atmosphere, there are about 1012

carbon-12 atoms.  The activity of the sun keeps this
fractional ratio of carbon-14 to carbon-12 constant by
generating new carbon-14 to replace that which decays.
The method assumes that the sun has produced the car-
bon-14 at about the same rate for the past 70,000 years,
i.e., the sun has shone with about the same intensity
over that short portion of the sun’s lifetime.  Since all
living things are continuously exchanging their carbon
with the atmosphere, the fraction of radioactive carbon-
14 to stable carbon-12 atoms in living plants and ani-
mals also remains relatively constant.

However, when an organism dies it no longer
exchanges carbon with the atmosphere.  The carbon-14
is no longer replenished as it decays, and so the fraction
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of undecayed but unstable carbon-14 nuclei relative to
the stable carbon-12 nuclei decreases at a predictable
rate.  Measurement of this slowly changing fraction per-
mits an estimate of the time that has elapsed since the
death of the organism.

The 5,730-year half-life of carbon-14 limits the
maximum time interval for which this method is useful
to about 70,000 years (about 12 half-lives).  By this time
the carbon-14 is down to about 1/4096 of its original
concentration, and the uncertainties in the resulting time
estimates increase.

Summary

The nucleus of each atom is a small, dense core
containing one or more protons and, with the exception
of 1H, one or more neutrons.  The number of protons
(the atomic number) determines the chemical element
to which the atom belongs.  Each element usually has
several isotopes—atoms with the same number of pro-
tons but different numbers of neutrons.  Some of these
are unstable, or radioactive, and become more stable by
emitting ionizing radiation (an alpha particle, electron,
or electromagnetic radiation) or by fissioning.  These
processes all release energy from atomic nuclei.

The rate at which radioactive nuclei decay is mea-
sured by their half-life and can be used to estimate how
much time has elapsed since certain kinds of events
took place.  Much of our knowledge of the history of the
earth and its life forms comes from the study of radioac-
tive materials and their by-products.

STUDY GUIDE
Chapter 24: The Nucleus

A.  FUNDAMENTAL PRINCIPLES
1. The Electromagnetic Interaction: See Chapter 4.
2. The Strong Interaction: See Chapter 2.
3. The Wave-Particle Duality of Matter and

Electromagnetic Radiation: See Chapters 14 and
16.

4. The Conservation of Mass-Energy: See Chapter
9.

5. The Conservation of Electric Charge: See
Chapter 7.

6. The Conservation of Mass Number: In radioac-
tive decays, the number of  nucleons (mass num-
ber) is conserved.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What are the parts of a nucleus and how is a nucle-
us described?

2. How does a nucleus spontaneously adjust to lower
energy arrangements?

3. Why must ionizing radiation be carefully con-

trolled?
4. How can radioactive isotopes be used to determine

the date of an event?

C.  GLOSSARY
1. Alpha Decay: A mode of radioactive decay in

which a cluster of two protons and two neutrons
(alpha particle) is emitted.

2. Atomic Number: See Chapter 17.
3. Beta Decay: A mode of radioactive decay in which

a high-energy electron (beta particle) and a neutri-
no (technically, an antineutrino) are emitted.

4. Electron Capture: A mode of radioactive decay in
which an orbital electron combines with a nuclear
proton to form a neutron and emit a neutrino.

5. Fission: A mode of radioactive decay in which a
nucleus of high mass number splits into two rough-
ly equal and separate parts and, often, one or more
free neutrons.

6. Gamma Decay: A mode of radioactive decay in
which a high-energy photon (gamma ray) is emit-
ted.

7. Ionizing Radiation: High-energy emission prod-
ucts of radioactive decay which ionize matter as
they pass through.

8. Isotope: Atoms having the same number of pro-
tons but different numbers of neutrons are isotopes
of one another.  Deuterium is an isotope of hydro-
gen.

9. Mass Number: See Chapter 17.
10. Neutrino: An elementary (pointlike) particle emit-

ted in beta decay.  The neutrino is notable because
it lacks both a strong and an electromagnetic inter-
action with matter but interacts instead through the
weak interaction.

11. Neutron: A substructure of the nucleus of the
atom.  Neutrons do not have an electrical charge.  A
neutrons consist of three quarks.  Protons and neu-
trons are both referred to as nucleons.

12. Proton: A substructure of the nucleus of the atom.
Protons are positively charged and consist of three
quarks.  

13. Radioactive Dating: A method for measuring the
age of a sample by measuring the relative amounts
of radioactive elements and decay products in the
sample and accounting for the ratio in terms of the
number of half-lives that must have elapsed.

14. Radioactive Half-Life: A period of time in which
half the nuclei of a species of radioactive substance
would decay.

15. Radioactivity: Spontaneous changes in a nucleus
accompanied by the emission of energy from the
nucleus as a radiation.
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D.  FOCUS QUESTIONS
1. Consider radioactivity:

a. Name and state the fundamental conservation
principle that accounts for the energy released in a
nuclear reaction.  What is the source of the energy
released?
b. Write the equation describing beta decay in the
decay of carbon-14.  Explain the meaning of the
equation.
c. What does half-life mean and what is the half-
life of carbon-14?
d. Explain how carbon-14 is used to date events.
What assumptions are made and what limitations
are there in the analysis?

2. Consider radioactivity:
a. Name and state the fundamental conservation
principle that accounts for the energy released in a
nuclear reaction.  What is the source of the energy
released?
b. Write the equation describing electron capture
in the decay of potassium-40.  Explain the meaning
of the equation.
c. What does half-life mean and what is the half-
life of potassium-40?
d. Explain how potassium-40 is used to date
events.  What assumptions are made and what lim-
itations are there in the analysis?

E.  EXERCISES
24.1.  A certain atom has a mass number of 40 and

an atomic number of 19.  How many neutrons does it
have?

24.2.  How are the atoms of carbon-14 (radioactive
carbon) and carbon-12 (the usual form of stable carbon)
different from one another?  How are they alike?

24.3.  Describe Rutherford’s evidence for the exis-
tence of the nucleus.

24.4.  Describe two kinds of particles of which
atomic nuclei are composed.

24.5.  What is meant by the atomic number of a par-
ticular nucleus?

24.6.  What is meant by the mass number of a par-
ticular nucleus?

24.7.  What is the difference between the various
isotopes of a given element?

24.8.  Radium-226 is radioactive and emits alpha
rays.  What would be the atomic number and mass num-
ber of the resulting nuclei?  To which element would
these belong?

24.9.  Iodine-131 is radioactive and emits beta rays.
What would be the atomic number and mass number of
the resulting nuclei?  To which element would these
belong?

24.10.  What is a positron?  What happens to the
positrons that occur in nature?

24.11.  What is radioactivity?

24.12.  Mercury-195 is radioactive through the
process of electron capture.  What would be the atomic
number, the chemical element, and the mass number of
the resulting nuclei?

24.13.  Why would you expect fast-moving
charged particles from radioactive decay to cause ion-
ization?

24.14.  Why would you expect ions to behave dif-
ferently from other atoms?

24.15.  Suppose there are 100,000 radioactive
atoms in a sample of material.  How many would be left
after one half-life has elapsed?  Two half-lives?  Three
half-lives?

24.16.  Explain what is meant by ionization.

24.17.  What is an ion?

24.18.  Why would you expect radioactive decay to
be harmful to living systems?

24.19.  What is meant by the term “half-life”?

24.20.  How can 14C be used to date an object?

24.21.  Explain how radioactive potassium can be
used to date a rock.  What date or age is revealed by this
method?

24.22.  Review the description of carbon-14 dating.
What assumptions are being made that might affect the
precision of the method?  What experiments could be
performed to reassure oneself that the assumptions are
valid?

24.23.  List and describe three practical uses of ion-
izing radiation.  What is a danger associated with ioniz-
ing radiation?

24.24.  Skeletal remains of a humanlike creature
were discovered in Olduvai Gorge in Tanzania in 1986.
The discoverers claim that the bones were found in a
geologic formation that is about 1.8 million years old.
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Would carbon-14 dating be useful for establishing age
in this instance?  Why?

24.25.  Which of the following is true regarding the
isotopes of an element?

(a)  They are equally radioactive.
(b)  They have the same atomic mass.
(c) They have the same number of neutrons.
(d)  They have the same number of protons.
(e)  They have different numbers of protons.

24.26.  In which of the decay processes is the atom-
ic number of the final nucleus the same as that of the
original nucleus?

(a)  alpha decay
(b)  beta decay
(c) gamma deca
(d)  electron capture
(e)  fission



Plate 1.  Regularly arranged carbon atoms shown in a
scanning tunneling electron micrograph of graphite.
(Image generated on a NanoScope Scanning Tunneling
Microscope, Digital Instruments, Santa Barbara, CA.)

Plate 2.  Regularly spaced sulfur atoms shown in a scan-
ning tunneling electron micrograph of molybdenum-
disulfide.  (Image generated on a NanoScope Scanning
Tunneling Microscope, Digital Instruments, Santa
Barbara, CA.)

Plate 3.  The Whirlpool Galaxy is shown interacting with a smaller galaxy at its lower left.  The Whirlpool Galaxy is
thought to be similar to our own Milky Way Galaxy.  Each is a spiral galaxy having a central nucleus and spiral arms.
Each contains billions of stars and large amounts of interstellar material.  (National Optical Astronomy Observatories
photograph)



Plate 4.  The Visible Spectrum (3900 to 7600 angstrom units).  A continuous spectrum is produced by incandescence—
emission by a hot body.  Discrete emission spectra are produced by electrically excited gases under low pressure as in
flames, arcs, or gas discharge tubes.  Gases absorb the same colors they emit as seen in the absorption spectrum.  A
receding source of light has its spectral lines shifted toward the red; an approaching source of light has its spectral lines
shifted toward the violet.  (Courtesy of Wabash Instrument Corporation, Wabash, IN.)



Plate 5.  Schematic Hertzsprung-Russell diagram showing stars on a brightness-temperature grid.  The most massive
stars having the highest temperatures and greatest brightness appear toward the upper left.  The least massive stars hav-
ing the lowest temperatures and least brightness appear in the lower right.  The evolutionary path of the sun is traced
through the stages of protostar, normal, red giant, and white dwarf

Plate 6.  The Pleiades form an open cluster of stars.  The diffuse reflections of light come from interstellar gas and dust,
the materials from which protostars are formed.  (Palomar/California Institute of Technology photograph)



Plate 7.  Planetary Nebula in Aquarius showing the gas blown off by a sun-size star as it reached the end of its red-giant
stage.  (Palomar/California Institute of Technology photograph)

Plate 8.  Crab Nebula in Taurus showing large amounts of material blown off in a supernova explosion of a star hav-
ing a mass several times that of the sun.  The explosion was observed in the year 1054 A.D. and was bright enough to
be seen during the daytime.  (Lick Observatory photograph)



Plate 9.  The planet Mercury resembles earth’s moon in many ways.  Extensive cratering is apparent, but Mercury now
appears to be geologically inactive.  (NASA Mariner 10 photograph)

Plate 10.  The planet Mars shows some cratering similar to Mercury and earth’s moon.  However, other events such as
volcanism and faulting have also modified the Martian surface.  Mars also has polar ice caps.  (Astrogeology Team,
United States Geological Survey, Flagstaff, AZ.)



Plate 11.  The planet Jupiter is shown with a montage of some of its moons.  Jupiter is the largest of the planets and has
a mass approximately 300 times that of the earth.  Jupiter is composed mostly of hydrogen and helium.  It is much cool-
er than the earth because of its greater (5 times) distance from the sun.  (NASA Voyager I photograph)

Plate 12.  The planet Saturn with its rings is the most spectacular of the planets.  The rings consist of “small” particles
each of which orbits Saturn independently.  Saturn, like Jupiter, has several moons.  Saturn is ten times the earth’s dis-
tance from the sun.  (NASA Voyager I photograph)



Plate 13.  Earth’s moon exhibits three main features thought to characterize stages in the formation of the planets and
their satellites.  Intense meteorite bombardment created densely cratered terrain.  Later volcanic activity filled in the
lowlands and some of the craters.  Occasional meteorite impacts following the lava flows produced rayed craters.  (Lick
Observatory photograph)

Plate 14.  Earth as seen from space exhibits several features beyond those that would appear if only meteorite bom-
bardment and lava flows occurred.  Tectonic activity has produced constantly changing landmasses.  The water and air
at the earth’s surface have obliterated most of the features that would have been present in earlier stages.  (NASAApollo
17 photograph)



Plate 15.  The Grand Canyon in Arizona.  The role of running water in shaping the land’s surface is portrayed here.
Notice the many tributaries of the Colorado River.  The Grand Canyon has resulted from the cutting of sedimentary
rock by running water to a depth of about one and one-half kilometers.  (NASA photograph)

Plate 16.  Vatnajökull glacier, Iceland.  This continental
glacier is made of flowing ice and snow.  In the lower
right, tongues of ice (similar to valley glaciers) advance
toward the sea through valleys.  The outwash sediment
tints the water near the shore.  (Image provided courtesy
of EOSAT, Lanham, MD.) 

Plate 17.  Empty Quarter (Rub’al Khali), Saudi Arabia.
This area which lies on the northern flank of the Empty
Quarter and shows part of the United Arab Emirates
provides stark evidence of the power of the earth’s
atmosphere to move the earth’s surface material.  One
of the United Arab Emirates’ largest onshore petroleum
resources, the Bu Hasa oil field, is in the upper part of
the picture.  (Image provided courtesy of Earth Satellite
Corporation, Rockville, MD.)
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The basic structure of nuclei and some of the ways
they change were discussed in the previous chapter.
What holds the particles in a nucleus together?  The pro-
tons have positive electric charge; therefore, all the
electric forces within the nucleus are repulsive.
Neutrons are uncharged and do not participate in any
electrical interaction.  Protons and neutrons both pos-
sess mass, but the gravitational force is too weak to
overcome the electrical force. If these were the only
important forces, every nucleus would fly apart, and all
atoms would be reduced to hydrogen with only one pro-
ton per nucleus.

An attractive force must be holding the particles
together inside atomic nuclei.  This force is called the
strong nuclear force and is due to an interaction called
the strong interaction.  Another interaction, the weak
interaction, also acts within atomic nuclei.  This inter-
action governs beta decay and other processes.  

The Strong Interaction

The strong interaction produces a force that can
hold neutrons and protons together in an atomic nucle-
us.  It is the strongest force discovered in nature—about
100 times stronger than the electrical force under com-
parable conditions.  Thus, the protons in a nucleus can
be held together through the strong interaction even
though they are repelled by the electrical interaction.
However, the strong interaction is not a long-range one.
The strong interaction only affects nuclear particles that
are very close to each other, within about 10–15 m.  

Notice that both the electromagnetic and gravita-
tional interactions are long-range interactions.  Their
strengths decrease with separation, but there is no dis-
tance so great that there is not some gravitational attrac-
tion between objects with mass or some electromagnet-
ic interaction between charged objects.  In contrast, the
nuclear force is very strong when the nuclear particles
are essentially in contact with one another but is zero at
greater distances.  Thus, two protons repel each other
through the electrical interaction if they are some dis-
tance apart, but they attract each other through the
strong interaction if they are close enough together (Fig.
25.1).  This difference between the behavior of the
interactions has some interesting consequences.

Figure 25.1.  (a) Two protons repel each other at long
range by the electromagnetic interaction.  (b) Two pro-
tons attract each other by the strong interaction if they
are close enough.  (c) A neutron is attracted to a nearby
proton or  (d) to a nearby neutron. 

Another interesting property of the strong interac-
tion is that it only acts between certain kinds of particles.
Any two nucleons attract each other if they are close
enough.  Protons attract neutrons as well as other pro-
tons, and neutrons attract each other.  The strength of the
attractive force seems to be independent of the kind of
nuclear particle involved (Fig. 25.1).  On the other hand,
electrons, photons, and neutrinos do not participate in
the strong interaction.  For example, there is no strong
interaction between an electron and a proton.

The features of the strong interaction can be sum-
marized as follows:

1. The resulting force is the strongest force in
nature, approximately 100 times stronger than
the electrical force under comparable circum-
stances.

2. The interaction acts only over a short range,
about 10–15 m.

3. The interaction occurs only between particular
kinds of particles.

Nuclear Energy

The structure of atomic nuclei is important because

25.  Nuclear Forces and Nuclear Energy
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there is considerable potential energy associated with
the strong interaction that can sometimes be converted
to other more useful forms of energy.  As a result,
nuclear energy has become an important source of ener-
gy in modern technology.  In warfare, nuclear energy
has become a terrifying destructive agent.

The situation with nuclear energy is similar to those
discussed earlier involving the gravitational and electri-
cal interactions.  A falling object and the earth lose grav-
itational potential energy, which is converted to kinetic
energy, as they approach each other.  Upon collision the
kinetic energy is transformed  to thermal energy.  The
electrically charged particles in hydrogen and oxygen
molecules lose electrical potential energy as they collide
with each other and rearrange themselves into water
molecules.  The potential energy in this case transforms
first into kinetic energy of the fast-moving product mol-
ecules and then to thermal energy as the products col-
lide with molecules in the surrounding material.
Atomic electrons lose electrical potential energy as they
make transitions to lower-energy states, often releasing
the lost energy as photons.

In a similar way, protons and neutrons can lose
nuclear potential energy as they come closer together.
The energy appears as kinetic energy of the products or
as ionizing radiation and is often absorbed and thermal-
ized, raising the temperature of the associated matter.

Gamma decay, one of the radioactive processes dis-
cussed in the previous chapter, illustrates these ideas
(Fig. 25.2).  When alpha or beta decay occurs, the
nucleus is often left in an excited state.  The nuclear par-
ticles can rearrange themselves, losing nuclear potential
energy, by emitting the excess energy in the form of a
high-energy photon (the gamma ray).

A similar process is responsible for the energy
released in all the radioactive decay processes.  There is
a reduction in nuclear potential energy in each case; the
energy transforms to kinetic energy of the emerging
particles or to electromagnetic energy.

Energy transformations involving the strong inter-
action show one feature that is not seen with the other
interactions—the energy changes involve significant
fractions of the total mass-energy present.  You proba-

bly remember Einstein’s prediction that the total energy
associated with matter is related to its mass by the equa-
tion E = mc2.  Energy changes caused by the electrical
and gravitational interactions are so small that they
involved only a small fraction of this total mass-ener-
gy—so small, in fact, that the resulting mass changes
are immeasurable.

The large energy changes associated with the
strong interaction, on the other hand, are often as large
as a few tenths of 1 percent of the total mass-energy
originally present.  When this energy is lost, either by
radiation or any other energy transfer process, the mass
of the resulting particles is measurably less than before.
The mass reduction is strictly in harmony with
Einstein’s prediction and provides one of the striking
confirmations of his theoretical work.

These comparatively large energy changes associ-
ated with the strong interaction are responsible for the
high mass-efficiency of nuclear energy.  Thus, a large
nuclear weapon can release as much energy as 20 mil-
lion tons (i.e., 20 megatons) of conventional high explo-
sive (TNT).

Nuclear Fusion

One process by which nuclear potential energy can
be released is nuclear fusion, a process by which small
atomic nuclei join together (fuse) to form larger nuclei.
Nuclear fusion releases the energy that maintains the
high internal temperature of the sun and is also the basic
mechanism used in the “hydrogen” bomb.

An important fusion reaction (Fig. 25.3), one that
has been suggested as a domestic energy source, involves
two isotopes of hydrogen, deuterium (2

1H) and tritium
(3

1H).  Under appropriate conditions these combine to
create an alpha particle (4

2He) and release a neutron: 

2
1H + 3

1H  → 4
2He + 1

0n .

Loss of nuclear potential energy in this reaction is
significant.  This “lost” nuclear potential energy trans-
forms into kinetic energy.  The products (the alpha par-
ticle and neutron) leave the reaction at high speeds and

Figure 25.2.  How is energy conserved when radioactive gamma decay occurs?
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collide with other pieces of matter, atoms, and other
nuclei.  As the energy is distributed and becomes more
random, the temperature of the surrounding matter
increases.  The amount of energy released is about 90
million kilowatt-hours per kilogram of fuel.  The entire
energy needs of the United States in 1970 could have
been supplied with only about 19 tons of material.

The primary materials used in this reaction are eas-
ily obtained.  Deuterium (also called heavy hydrogen)
occurs naturally and is plentiful on the earth’s surface.
About 0.015% of all the world’s hydrogen, including
that of seawater, is deuterium.  Tritium does not exist
naturally in the earth because its radioactive half-life is
only about 12 years.  However, it can be formed by
bombarding 6Li, a plentiful isotope, with neutrons.  The
reaction is 

6
3Li + 1

0n  → 4
2He + 3

1H .

It is even possible to use the neutrons released by fusion
to initiate this reaction, thus replenishing the fusion fuel
from the products of the fusion itself.  

The main technical difficulty in developing a con-
trolled fusion energy source is that the reacting nuclei
initially repel each other because of the electrical inter-
action.  Imagine two protons some distance from each
other.  If they are to interact via the nuclear force, they
must get close enough so that the nuclear attraction is
greater than the electrical repulsion.  This means that
they must approach each other at high speed, since the
electrical repulsion becomes large at such short dis-
tances.  If their initial collision speed is not high
enough, they will simply stop and then move apart with-
out ever getting close enough.  The technical problem—
which has not yet been completely solved—is to devise
a controlled process by which enough of these charged
particles can approach each other fast enough so that the
nuclear reaction can take place.

The most promising approach is to raise the tem-
perature of a plasma to a high enough level so that the
normal collisions between particles in a gas are suffi-
ciently violent.  The required temperature is between 30
and 100 million degrees Celsius.  The plasma can be

contained by magnetic fields instead of a material con-
tainer, but no one yet has perfected a way to contain and
control such a high-temperature plasma for long enough
periods of time and at sufficient plasma density so that
more useful energy is released than is consumed by the
confinement device itself.  However, great strides have
been made over recent decades and current research
efforts are close to success.

Nuclear fusion has the potential of providing the
world’s energy for millions of years if the problem of
containment can be solved.  The fuels are plentiful and
the hazards of radioactive by-products are much lower
than for fission.  We know that the process works at the
high temperatures in the center of the sun, and we have
caused the process to occur on the earth.  However, on
earth we have triggered the reaction by using a fission-
type nuclear explosion to create the required high tem-
peratures.  The challenge of controlling nuclear fusion
is probably the most urgent and promising engineering
and scientific problem of our age.

Nuclear Fission

We have noted that nuclear fission occurs sponta-
neously in the case of a few natural radioactive nuclei
and that considerable energy could be released by this
process.  But radioactive fission could never be a prac-
tical source of commercially significant amounts of
energy because the materials that undergo spontaneous
fission are rare and their half-lives are all long.  It is not
possible to collect enough of the materials in one place
so that large amounts of energy would be released in
comparatively short times.

Fission became an important energy source with
the discovery, in the late 1930s, that certain nuclei could
be induced to fission by slow neutrons.  When a slow
neutron strikes such a nucleus, it is absorbed.  The
nucleus immediately becomes unstable and breaks into
two major fragments, releasing energy in the process.
Some of the released energy is in the form of kinetic
energy of the new nuclei.  This quickly becomes ther-
malized as these collide with other atoms in the materi-
al, and so the net result is an increase in thermal energy

Figure 25.3.  An important fusion reaction involving two isotopes of hydrogen.  How is mass-energy conserved in this
process?
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and temperature.
In addition to the two major fragments, a few neu-

trons are released in the fission process.  These carry
away some of the released energy.  More important,
these neutrons have the capability of initiating addition-
al fissions as they, in turn, are absorbed by other fis-
sionable nuclei.  These free neutrons then give the pos-
sibility of initiating a chain reaction (Fig. 25.4); for
example, one nucleus fissions spontaneously releasing
two neutrons.  Each of these is absorbed by other nuclei,
causing them to fission, releasing additional neutrons.
These cause even more fissions and the release of more
neutrons.  The process quickly builds until the tempera-
ture of the material is so high that it explodes.  This, in
fact, is the mechanism of the so-called atom bomb—a
nuclear bomb.  All that is needed to produce such an
explosion is to arrange a large enough collection of fis-
sionable nuclei close enough so that the neutrons
released by each fission are absorbed by other fission-
able nuclei.

Keeping the nuclear chain reaction under control in
a nuclear reactor allows energy to be released at a slow-
er rate, so that the resulting thermal energy can be used
to produce electricity or some other useful form of ener-
gy.  The way to control the reaction is to absorb some of
the free neutrons before they cause additional fissions.
A nuclear reactor is equipped with control rods (Fig.
25.5), usually made of cadmium metal, that are
designed to harmlessly absorb all but one of the free
neutrons.  Each fission then causes one additional fis-
sion, and the reaction is controlled.  If the reactor

becomes too hot, the control rods are inserted farther
into the fissionable fuel.  A larger fraction of neutrons is
absorbed, and the reaction slows down.  Retracting the
rods causes the reaction rate to increase because a
smaller fraction of neutrons is then absorbed.

Figure 25.5.  The basic elements of a nuclear reactor.

Fission has two major weaknesses as a source of
energy:  the by-products are always radioactive, and the
fuel is not plentiful.  The radioactivity of fission by-
products is due to the fact that fissionable nuclei are neu-
tron rich—they contain too many neutrons for their
number of protons (about 1.6 neutrons per proton).
Lighter nuclei, which are the products of fission, are sta-
ble only with roughly equal numbers of protons and neu-
trons (about 1.2 neutrons per proton).  Since the fission

Figure 25.4.  The fission chain reaction by which nuclear energy can be released.
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fragments have too many neutrons, they immediately
move toward stability by changing some of their neu-
trons to protons by beta decay or lowering their energy
by gamma decay.  All the products of fission are radioac-
tive, some with half-lives of  a fraction of a second and
some with half-lives of many thousands of years.

These radioactive by-products are the principal
environmental concern associated with nuclear reactors.
If an accident occurs, how can we be sure that these
radioactive materials do not enter the environment and
become hazardous to health?  If no accident occurs,
how can we be sure that such materials are safely stored
for the thousands of years needed for them to decay to
the point where they are no longer hazardous?

Fissionable fuel is in short supply because only one
naturally occurring isotope, uranium-235, is appropriate
for the chain reaction.  Uranium itself is a rare element,
and only 0.7 percent of naturally occurring uranium is
composed of the useful isotope.  This percentage is not
high enough for the chain reaction to occur in natural
uranium.  Uranium reactors use “enriched” uranium in
which the fraction of uranium-235 has been increased to
the required percentage.

It is also possible to make additional nuclear fuel in
the reactor itself.  Most of the uranium in nature, urani-
um-238, is not fissionable itself, but it can absorb neu-
trons released by other fissions in the reactor.  When
uranium-238 absorbs a neutron, it becomes uranium-
239 which is unstable.  Two beta decays, one after the
other, transmute the uranium-239 into plutonium-239.
The resulting plutonium-239 can be recovered from the
fuel rods of uranium reactors and used as the fissionable
material in other reactors. This process is the basis of
the so-called “breeder” reactor in which more fuel, in
the form of plutonium-239, is produced than is used in
the operation of the reactor itself.  Such a reactor, prop-
erly controlled, could provide a significant source of
energy for decades to come.

At first it seems paradoxical that fission and fusion
can both release nuclear potential energy when they
seem to be opposite kinds of processes.  In both cases,
however, nuclear potential energy is lost because
nuclear particles are closer after the reaction than
before.  This relationship is easy to visualize for fusion,
but somewhat more difficult for fission.

To understand the energy relationships in fission,
you must remember two things.  First, the strong inter-
action is a short-range interaction, so short that nuclear
particles on opposite sides of a large nucleus like urani-
um do not interact with each other in this way.  Each
nucleon is affected only by those particles that are near.
And second, all the protons in a uranium nucleus have a
positive electric charge, and the electrical interaction is
a long-range interaction.  Thus, all the protons in a large
nucleus repel each other.

These two factors combine in such a way that the

protons and neutrons in a large nucleus are not as close
together as they would be if only the strong interaction
were operating.  The nucleus is comparatively
“spongy,” the protons being pushed apart from each
other by electrical forces and the neutrons following
because of their attachment to the protons through the
strong interaction.  These very heavy nuclei are only
stable in the first place because of the accompanying
large number of neutrons.  If there are too many pro-
tons, the very heavy nuclei could not be held together at
all, even by the strong forces associated with the strong
interaction.  This is the principal reason why no ele-
ments heavier than uranium occur in nature, and all ele-
ments heavier than bismuth are radioactive.

After fission takes place, the overall nuclear poten-
tial energy in the product nuclei is reduced relative to
that in the original large nucleus.  The strong interaction
exerts its influence more forcefully within the two
smaller fragments so that the nuclear particles come
closer together, thus lowering nuclear potential energy.
Both electrical (from the electrical repulsion between
the two positively charged nuclear fragments as they
move apart) and nuclear potential energy are major
sources of energy converted to kinetic energy and radi-
ation whenever fission occurs.

The Weak Interaction

The weak interaction is a second interaction that
operates at close distance inside atomic nuclei.  The
weak interaction governs beta decay, electron capture,
and all interactions in which neutrinos are involved.
Neutrinos do not participate in any of the other interac-
tions (except gravitational), a fact that accounts for the
small probability they have of interacting with matter.

The weak interaction completes the list of the four
known fundamental interactions.  Listed in order of
decreasing strength the four forces are as follows: the
strong interaction, the electromagnetic interaction, the
weak interaction, and the gravitational interaction.  If all
four interactions were acting at the same time in a par-
ticular situation, their relative strengths would be as fol-
lows:  gravity, 1; weak interaction, 1025; electromagnet-
ic interaction, 1036; and strong interaction, 1038.
Gravity, the weakest, would be important only in situa-
tions in which the other three were not operating.  The
weak interaction would govern behavior only if the
electromagnetic and strong interactions did not.

The Structure of Nucleons

In all experiments performed thus far, the electron
always behaves like an idealized point.  We say that it is
an elementary particle because it apparently has no
structure.  Nucleons, on the other hand, are not elemen-
tary particles.  Experiments similar to the Rutherford
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experiment, which revealed the structure of the atom
(particularly the existence of the nucleus), reveal that
the proton and neutron have structure.  The evidence is
quite convincing that there are lumps in a proton; we
call these lumps “quarks.”

The present state of knowledge is that the quarks,
electrons and neutrinos are elementary particles.
Experiments have revealed three kinds of electrons (the
garden-variety electron, the muon, and the tau) which
differ markedly in their masses but are otherwise the
same.  For each of these there is an associated, but dif-
ferent, kind of neutrino.  Each kind of electron and each
kind of neutrino has a distinct antiparticle.  Hence our
number of elementary particles has ballooned to 12.  

There have been six kinds of quarks observed.  The
six are given the quaint labels of “up,” “down,”
“strange,” “charm,” “bottom,” and  “top.”  Each quark
is thought to have a fraction of the charge on an electron
(plus or minus 1/3 or 2/3, depending on the quark) and
is also thought to come in three varieties called “co-
lors.” Each quark has an antiparticle so there are 36
kinds of quarks if the antiparticles are counted.  Each is
thought to be elementary.  In addition there are a whole
host of additional particles, some elementary, some not.  

The strength of the quark model is that it predicts
the existence and properties of just these particles with-
out predicting the existence of some which do not exist.
The whole scheme taken together is quite complicated,
but very impressive in its internal consistency and pre-
dictive power.  Still, the model represents the present
frontier of understanding and is the subject of ongoing
refinement and experimental tests.

On the submicroscopic level, particles interact
(exchange energy) by passing other particles back and
forth.  Imagine tennis players who interact by hitting a
ball back and forth.  The different fundamental forces
(strong, electromagnetic, and weak) each have different
“balls” that are generically referred to as “bosons.”  You
can further visualize what is happening by looking at a
spacetime diagram for two repelling electrons (Fig.

25.6).  (Refer to Chapter 9 where spacetime diagrams
were introduced.)  The two electrons are shown
exchanging a photon (represented by the wavy line) and
reversing their direction of motion in space.  The verti-
cal axis is the direction of increasing time.

The example shows that charged particles
exchange photons in the electromagnetic interaction.  In
the strong interaction quarks exchange gluons.  In the
weak interaction the exchanged particles are so-called
vector bosons.  Again we have added new particles
(usually with corresponding antiparticles) to the grow-
ing zoo of elementary particles.

Particles, such as protons, are thought to be made
up of combinations of the varieties of quarks.  Protons
and neutrons are combinations of three quarks.  The
strong interaction of two protons with one another is
really a result of gluon exchanges between the con-
stituent quarks (Fig. 25.7).  Vector bosons are
exchanged in decay processes such as beta decay that

Figure 25.6.  Spacetime diagram for the electromagnet-
ic interaction of two electrons by exchange of a photon. 

Figure 25.7.  Spacetime diagram for the strong interac-
tion of two quarks by exchange of a gluon.

Figure 25.8.  Neutron decay results from the emission of
a vector boson by a quark.  Vector bosons are exchanged
in weak interactions.
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are governed by the weak interaction (Fig. 25.8).  
Spacetime diagrams are not merely conceptual pic-

tures.  They are also a visual recipe for a calculation of
the rate at which the process occurs.  Each line and point
of intersection can be made to correspond to a specific
piece of a mathematical representation of the probabili-
ty of the process in the picture.  Just as hammers and
saws are the essentials tools of a carpenter, the spacetime
diagrams are tools of the elementary particle physicist.

Summary

The strong interaction holds the particles inside
atomic nuclei together.  The resulting forces are the
strongest in nature, but act only at short range and only
between certain kinds of particles.  Potential energy, in
comparatively large amounts, is associated with these
strong forces and can sometimes be changed to other
forms.

Fission and fusion are two processes by which
nuclear energy can be released.  Fusion combines small
nuclei into larger ones.  The raw materials are abundant
or easily produced, and there are few radioactive by-
products.  The materials, however, must be kept at high
temperature during the reaction, and no one yet has
learned how to accomplish this to release commercially
useful amounts of energy.

Commercial fission reactors depend on a chain
reaction in which each fission releases neutrons that
induce additional fissions.  Fissionable materials are not
plentiful and some by-products of the fission process
are intensely radioactive.

It is becoming increasingly clear that nucleons
(protons and neutrons) are made of more basic particles
called quarks.  Quarks, electrons, and neutrinos are
thought to be without structure and size and are called
“elementary particles.”  At the submicroscopic level,
interactions are the result of the exchange of particles.
The strong interaction exchanges gluons.  The electro-
magnetic interaction exchanges photons.  The weak
interaction exchanges vector bosons.

Historical Perspectives

The neutron (discovered in 1932) is a marvelous
thing.  It is an electrically neutral, strongly interacting
particle that can penetrate the nucleus uninhibited by
electrical repulsion.  Beginning in 1934, Enrico Fermi
(1901-1954) and others began to study the transmuta-
tion of elements by neutron bombardment—but failed
to notice that some of the bombarded nuclei were fis-
sioning.  As the world moved closer to World War II,
Otto Hahn, Lise Meitner, and Fritz Strassman continued
neutron bombardment experiments in Berlin.

In 1938, Meitner lost her post in Hitler’s Berlin
because she was Jewish and so moved to Stockholm,

where she and her nephew, Otto Frisch, first recognized
the evidence for fission in data sent to her by Hahn and
Strassman.  She communicated the evidence to Niels
Bohr.  Bohr carried the information to a theoretical
physics conference in Washington, D.C. on January 29,
1939, where Fermi wondered out loud if neutrons were
being produced in the fission process in sufficient quan-
tities to sustain a chain reaction.  The meeting was im-
mediately thrown into an uproar as physicists rushed to
phones and called their laboratories to initiate experi-
ments to search for the neutrons.  By March 3, 1939,
Leo Szilard and Walter Zinn had detected the neutrons
in sufficient quantities to make a chain reaction feasi-
ble—and create a bomb of enormous explosive power.

By April of 1939 (a month later), German scientists
had already held the first meeting concerning the build-
ing of an atomic bomb.  By September of 1939, nine
nuclear physicists in Germany had drawn up a detailed
research program.  Soon negotiations were begun to
acquire all the uranium and radium produced by the
Joachimsthal mines in Czechoslovakia.  Later, a 3500-
ton supply of uranium was captured in Belgium.

In the United States, scientists reacted with fear to
the German initiatives.  On March 16, 1939, Fermi tried
unsuccessfully to get the Navy to begin a research pro-
gram of its own.  Other foreign-born scientists persuad-
ed Albert Einstein (who as a Jew had left Germany for
the United States in 1933) to use his influence with
President Franklin Roosevelt.  Einstein wrote a letter to
Roosevelt on August 2, 1939, in which he warned:

In the course of the last four months it has been
made probable . . . that it may become possible
to set up a nuclear chain reaction in a large
mass of uranium, by which a vast amount of
power and large quantities of new radium-like
elements would be generated.  Now it appears
almost certain that this could be achieved in the
immediate future.

This new phenomenon would also lead to the
construction of bombs and it is conceivable—
though much less certain—that extremely pow-
erful bombs of a new type may thus be con-
structed.  A single bomb of this type, carried by
boat and exploded in a port, might very well
destroy the whole port together with some of
the surrounding territory.  However, such a
bomb might very well prove to be too heavy for
transportation by air.

In February of 1940, Roosevelt made $6000 avail-
able to start research.  Two billion dollars would follow.

It soon became clear that only two isotopes, 235U
and 239Pu, were suitable.  About 100 pounds of each
were needed, yet not a millionth of a pound of either
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were available, nor was there any knowledge of quanti-
ty production processes.  During the next several years
large facilities had to be built at Oak Ridge, Tennessee,
and at Hanford, Washington, to provide concentrated
supplies of these materials.  Meanwhile, the theorists
were given the task of designing a bomb assuming that
the isotopes would eventually be available.

In December 1942, the first controlled, self-sus-
tained chain reaction took place in the squash court
beneath the University of Chicago football stadium.
The director of the secret project, Arthur Compton,
informed Harvard President James B. Conant in a cryp-
tic letter that the reactor had begun operation ahead of
schedule, that it was smaller than calculated, and that
Chicago was still intact:

The Italian navigator has just landed in the
New World—the earth was smaller than esti-
mated and he arrived several days earlier than
he had expected . . . (The natives) were indeed
(friendly).  Everyone landed safe and happy
(from A. H. Compton, Atomic Quest:  A
Personal Narrative, New York, Oxford
University Press, 1956).

In 1943, a secret laboratory to design the bomb was
created from scratch on a mesa at Los Alamos, New
Mexico.  It was headed by J. Robert Oppenheimer.  In
fact, two bombs of different design were created:
“Little Boy” from 235U and “Fat Man” from 239Pu.  On
July 16, 1945, a plutonium bomb was tested at a target
area called Trinity, 120 miles southeast of Albuquerque.
The explosion came with a tremendous flash, followed
by a sudden blast of heat and then by a roar of sound.  A
ball of fire rose rapidly, followed by a mushroom cloud
extending to 40,000 feet.  The test tower was vaporized
and the surrounding desert surface fused to glass.

On August 6, 1945, “Little Boy” was dropped on
Hiroshima, instantly and completely devastating four
square miles of the heart of the city, killing 66,000 and
injuring 69,000.  The world had entered the terrifying
age of nuclear war.  Three days later “Fat Man” was
dropped on Nagasaki, killing 39,000 persons and injur-
ing 25,000.

On August 14, 1945, Japan surrendered.  Germany,
which had forced many of its best scientists to flee
because of its racial policies, was never able to marshal
enough resources to capitalize on its early lead in the
race for the atomic bomb.

The conduct and scale of science (particularly
physics) in American society was profoundly changed
by the building of the bomb.  Prior to the Second World
War, physicists worked alone or in small laboratories
with meager funding.  But the large national laborato-
ries at Oak Ridge, Hanford, Los Alamos, and others that
built the bomb continued to receive support from the

federal government following the war.  They currently
employ thousands of scientists, engineers, and techni-
cians.  Like Alexander’s support of the Library and
Museum of Alexandria, the federal government became
the patron of science.

The laboratories continued developing and testing
nuclear weapons, but they also attacked the problems of
fission and fusion as sources of energy for a rapidly
expanding industrial society.  The laboratories also built
ever-larger elementary particle accelerators in an
attempt to resolve the age-old question about the funda-
mental structure of matter.  Other government-support-
ed scientists and engineers undertook the first steps into
space exploration, while others tackled the fundamental
question of life at the molecular level.

These admittedly expensive and often esoteric
activities continue to this day and are justified on the
basis that research and development are investments in
the well-being and future of society.

STUDY GUIDE
Chapter 25: Nuclear Forces and Nuclear Energy

A.  FUNDAMENTAL PRINCIPLES
1. The Electromagnetic Interaction: See Chapter 4.
2. The Strong Interaction: See Chapter 2.
3. The Wave-Particle Duality of Matter and

Electromagnetic Radiation: See Chapters 14 and
16.

4. The Conservation of Mass-Energy: See Chapter
9.

5. The Conservation of Electric Charge: See
Chapter 7.

6. The Conservation of Mass Number:  See Chapter
24.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. What are the properties of the strong interaction?
2. What is the source of energy in nuclear reactions?
3. What is nuclear fusion?
4. What is nuclear fission?
5. What are the problems associated with obtaining

and using nuclear energy?
6. What are the advantages of obtaining and using

nuclear energy?
7. What are quarks?
8. How are the strong, electromagnetic, and weak

interactions explained at the most fundamental
level?  What are gluons and vector bosons?

C. GLOSSARY
1. Chain Reaction: A process in which fission is

triggered by the absorption of a neutron by a nucle-
us and releases enough free neutrons as fission by-
products to trigger subsequent fissions in other
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nuclei.
2. Control Rod: Structures within the core of a

nuclear reactor whose purpose is to absorb neutrons
without fissioning and thus shut down or control a
chain reaction.  Cadmium is a suitable material for
control rods.

3. Elementary Particle: A class of subatomic parti-
cles (including electrons, quarks, and neutrinos)
that are best modeled as a mathematical point with-
out any measurable size and that are, therefore,
thought to be the most fundamental constituents of
matter. 

4. Fuel Rod: Structures of fissionable material which
form the core of a device (nuclear reactor) to con-
trol a fission chain reaction for the practical pur-
pose of generating usable energy.  Suitable materi-
als for fuel rods are 235U and 239Pu.

5. Gluons: The elementary particles exchanged
between quarks to convey energy from one to
another to create the strong interaction.  Gluons
play the role for the strong interactions that photons
play for the electromagnetic interaction.

6. Moderator: Material surrounding or within the
core of a nuclear reactor whose purpose is to slow
neutrons down by collisions so that they more read-
ily cause fission when absorbed by certain fission-
able materials.  Water and graphite are suitable
moderator materials.

7. Nuclear Fission: See Chapter 24.
8. Nuclear Fusion: A nuclear process in which

nuclei of lower mass number collide and combine
to form nuclei of higher mass number.

9. Quarks: The elementary particles of which nucle-
ons are made.  Each nucleon consists of three
quarks.

10. Vector Bosons: The elementary particles that con-
vey energy from one particle to another to create
the weak interaction.  Vector bosons play the role
for the weak interaction that photons play for the
electromagnetic interaction.

D. FOCUS QUESTIONS
1.  Consider nuclear fusion:

a. Name and state in your own words the three
fundamental conservation principles that govern
adjustments in a nucleus associated with the release
of nuclear energy.  What is the source of the energy
released?
b. Describe the process of nuclear fusion in terms
of these principles.  What do you begin with?  What
do you end with?
c. What are the difficulties and the advantages of
fusion as a source of useful energy?

2.  Consider nuclear fission:
a. Name and state in your own words the three
fundamental conservation principles that govern

adjustments in a nucleus associated with the release
of nuclear energy.  What is the source of the energy
released?
b. Describe the process of nuclear fission in
terms of these principles.  What do you begin with?
What do you end with?
c. What are the difficulties and the advantages of
fission as a source of useful energy?

3.  Consider nuclear fission:
a. What are the two fundamental forces that are
directly involved in nuclear fission?  Describe each
of the two forces in terms of the kinds of particles
that experience the force, the ranges of the forces
(long or short), and the relative strengths of the two
forces under comparable conditions.
b. Describe the process of nuclear fission in
terms of the interplay of these two forces.  What do
you begin with?  What do you end with?
c. Why are nuclei of very large atomic numbers
suitable for fission, but nuclei with small atomic
numbers are not?

4. Consider nuclear fusion:
a. What are the two fundamental forces that are
directly involved in nuclear fusion?  Describe each
of the two forces in terms of the kinds of particles
that experience the force, the ranges of the forces
(long or short), and the relative strengths of the two
forces under comparable conditions.
b. Describe the process of nuclear fusion in terms
of the interplay of these two forces.  What do you
begin with?  What do you end with?
c. Why are nuclei of very small atomic numbers
suitable for fusion, but nuclei with large atomic
numbers are not?

E.  EXERCISES
25.1.  Outline the important characteristics of the

strong interaction.

25.2.  Explain why two protons repel each other
when they are separated, but attract each other when
they are close together.

25.3.  Explain why a nucleus has less mass after
emitting a gamma ray than before.  Show how mass-
energy is conserved in this case.

25.4.  When a nucleus decays by beta decay, it
emits a high energy electron.  What is the source of
energy from which the electron’s mass and kinetic ener-
gy come?

25.5.  Why do the nuclei of atoms not break apart
very easily?  Atoms themselves can be broken up in a
simple gas discharge tube, yet nuclei maintain their
structure without change in even the most violent chem-
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ical explosions.  Why are nuclei so much more stable
than atoms?

25.6.  Show that mass-energy is conserved in a
fusion reaction by accounting for all the mass-energy
before and after the reaction.

25.7.  Show that mass-energy is conserved in a fis-
sion reaction by accounting for all the mass-energy
before and after the reaction.

25.8.  Why do the products of nuclear fission and
fusion have less mass than the original nuclear parti-
cles?

25.9.  Describe the process of nuclear fusion.

25.10. Describe the process of nuclear fission.

25.11. How can nuclear fusion and fission both be
used to release energy when they are, at least in one
sense, opposite processes?

25.12. Describe the chain reaction that can occur
for nuclear fission.

25.13. Describe the function and operation of the
control rods in a nuclear power plant.

25.14. Why is high temperature required for
nuclear fusion to occur?

25.15. What would be the advantages of nuclear
fusion over nuclear fission as a domestic energy source?

25.16. Why do we not already have nuclear fusion
reactors producing energy for domestic use?

25.17. Why do we notice a change in mass for fis-
sion and fusion, but not in energy changes associated
with chemical or gravitational forces?

25.18.  Nuclear potential energy is 
(a)  the source of energy in nuclear fusion.
(b)  the source of energy in nuclear fission.
(c) converted to kinetic energy in nuclear fission.
(d)  converted to kinetic energy in nuclear fusion.
(e)  all of the above.

25.19.  Which of the following is not true?
(a)  There are working fission power reactors.
(b)  There are working fusion power reactors.
(c) There are working fusion bombs.
(d)  There are working fission bombs. 
(e)  Fusion reactions power the sun.
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There are billions of galaxies, many containing
hundreds of billions of active stars.  Some of these stars
are just being formed from the interstellar dust that col-
lects in large enough pockets so that they are gravita-
tionally stable.  Most of the stars we see are in the
mature phase of their existence, quietly fusing hydrogen
to form helium.  Others are in their last days, passing
through the various stages of expansion, contraction,
explosion, and ultimate death.  The explosions return
significant amounts of matter to the interstellar medium
where it may be used to form new stars that pass
through the same cycle.

The story of stars is one part of the broader study of
cosmology, the study of the universe itself.  How did the
universe start?  How did it evolve to its present state?
How will it change in the future?  Will it have an end?
Such questions have always intrigued us.  Although we
still do not know all the answers, evidence is beginning
to accumulate and some of the possibilities, at least, can
be eliminated.

Some broad outlines become apparent from the
dynamics of stars.  Each galaxy must have started by the
condensation of huge clouds of hydrogen, with particu-
larly dense regions being compressed by gravity until
stars were formed.  At the present time, the universe is
dominated by the fusion of hydrogen to form helium in
the cores of mature stars.  Its structure seems stable, just
as individual stars are stable during their hydrogen-
burning maturity.  However, these processes are gradu-
ally using up the available hydrogen.  Someday there
will not be enough to sustain hydrogen fusion.  What
will happen then?  

This leaves us with two fascinating questions.
Where did the original hydrogen come from?  What
happens when hydrogen fusion is no longer possible, or
what is the ultimate fate of the universe?

Among the many theories, or cosmologies, that
have been proposed as answers to such questions, two
have been actively studied—the Big Bang Model and
the Steady State Model. We shall attempt to describe
these models and outline some of the evidence that
helps us to decide why one is preferred over the other.

As you will see, our understanding of the universe
depends on our ability to measure the distance to other
stars and galaxies.  The relative speeds of the stars and

galaxies are also an important part of the overall picture.
For these reasons, we shall pause briefly to discuss the
techniques by which these measurements are made.
Then we shall return to the question of the structure and
evolution of the universe.

Measuring Astronomical Distances

One of the most formidable obstacles in under-
standing the universe is the problem of distances.  Pick
out the moon, the sun, or one of the stars in the heavens.
How far away is it?  A hundred miles?  A thousand
miles?  A billion miles?  How could we ever know?
Does looking at a star give us any clue?

The Greeks began solving the problem of measur-
ing distances by using geometry.  Aristarchus of Samos
(ca. 310-230 B.C.)  used a heliocentric (sun-centered)
model for the solar system and information gathered
from the observations of solar and lunar eclipses to esti-
mate the sizes and distances from earth to the sun and
moon.

Eratosthenes (284-192 B.C.), the chief librarian at
the Library of Alexandria, observed that on midsum-
mer’s day in Syene the sun was directly overhead (a
monument located there cast no shadow at midday),
while at Alexandria objects at the same time were cast-
ing shadows in such a way as to show that the sun was
about 7° away from the vertical.  Eratosthenes measured
the distance from Syene to Alexandria and used the
information and geometry to conclude that the earth
was spherical and estimated its diameter to be close to
the modern value (Fig. 26.1).  If the distance from
Syene to Alexandria is d, you can estimate the circum-
ference from the direct proportion 

 7° 5 d
360° circumference  .

Hipparchus of Nicea (190-120 B.C.) used geometry
to solve for the distance to the moon by using the alti-
tude of a triangle formed by the moon and two observa-
tion stations at different latitudes on the surface of the
earth.  His answer was a bit high, but not terribly differ-
ent from the present value, and it was an improvement
on Aristarchus’ assessment.

26.  Cosmology:  How the Universe Works
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Today four principal methods are used to measure
the immense distances in space:  radar ranging, triangu-
lation, brightness-distance calculations, and cosmologi-
cal redshift.  Radar ranging is useful for measuring
distances to the comparatively close objects within the
solar system—the earth’s moon, the sun, and the plan-
ets (Fig. 26.2).  A radar beam is directed toward the
object of interest.  The beam is reflected, a small frac-
tion returning to the earth, and the time required for the
round trip is measured.  Since radar is electromagnetic
radiation (radio waves), its speed is the same as that of
light.  These two factors, time and speed, allow us to

calculate the distance (from distance = speed 33 time).
This method is not useful for measuring distances to
stars because they do not reflect enough energy back to
the earth and the return signal cannot be detected with
present technology.  In a variation of the method, a radio

signal can be sent to a space probe near a planet or
moon and a reply requested. 

Triangulation, the second distance-measuring tech-
nique, is the same method that is often used to measure
inaccessible lengths on the earth’s surface.  Suppose, for
example, we wish to measure the width of a river, the
length of line AB in Figure 26.3.  We could do so with-
out getting wet by walking a known distance along the
river (90 meters in the figure).  Then, from our new posi-
tion, measure the angle between lines AC and BC.  Now
we could draw a small triangle with the same angles as
we have measured.  (We assume that the angle between
AB and AC is a right angle to make things easy.)  Now
we know two angles in the big triangle and that means
we know all three since they must total 180°.  The cor-
responding lengths of the sides of these two triangles are
in the same proportion.  In this case, side ab of the small
triangle is four-thirds as long as side ac.  That means that
side AB in the large triangle is also four-thirds as long as
side AC.  Thus, the river is 120 meters wide.

Figure 26.3.  Triangulation is used to measure the
width of a river.  How wide is the river?

Distances to nearby stars can be measured in the
same way.  The two points of observation, correspond-
ing to the points A and C in Figure 26.3, are opposite
points on the earth’s trajectory around the sun as in
Figure 26.4.  Thus, our triangle has one side that is equal
to the diameter of the earth’s orbit.  Even so, the stars
are so far away that the angles are very difficult to mea-
sure, and it is impossible to do so without the aid of a
telescope.  The scale of the earth’s orbit in Figure 26.4
is greatly exaggerated compared to the distance to the
star.  Measuring the distance to even the nearest stars is
like trying to measure a distance of 160 kilometers (100
miles) by taking one step sideways and noting the
change in the angle of observation.  For these reasons,
triangulation is only useful for measuring the distance
to stars that are closer than about 500 light-years.  (A

Figure 26.1.  Eratosthenes’ model for measuring the cir-
cumference of the earth.  Distances and angles are exag-
gerated.

Figure 26.2.  Radar ranging.  The time required for radio
waves to go to the moon and back, about 2.6 seconds,
tells us how far away it is.



245

light-year is the distance light travels in one year.)
However, the method of triangulation was not used

on even the nearest stars until 1838, long after the
invention of the telescope in 1610.  Even then it could
be applied to only a few thousand stars, our nearest
neighbors in the galaxy.  To get over this distance prob-
lem two methods were developed.

The brightness-distance relationship is the simple
basis for the third distance-measuring technique.
Suppose while driving at night on a lonely stretch of
highway we see an approaching motorcycle and want to
judge the distance to it.  One way is to note the appar-
ent brightness of its headlight.  The light seems dim
when the motorcycle is far away and bright when it is
closer.  We might be fooled if the motorcycle has an
especially bright or dim headlight, but we can make
good estimates based on our previous experience with
other headlights we have seen.

A few thousand stars are near enough to the sun so
that their distances can be measured by triangulation.
Some of these are bright and others are dim.  Some of
the brighter ones appear dim if they are farther away,
but when we know how far away they are, we can cor-
rect this misapprehension.  Our problem is to estimate
the distance to stars that are too far away for triangula-
tion.  How can we know which of these are really bright
stars that are farther away than we otherwise might esti-
mate?

Two astronomers, H. N. Russell and E. Hertzsprung,
solved this puzzle in 1911 and 1913, respectively.  They
discovered that the brightness of a star and its color are
related.  In retrospect, we should not be surprised.  We
already know that hotter objects emit a bluer color than
cooler objects.  We would also expect hotter objects to be
brighter.  Several complicated factors determine the
brightness of stars, but the important correspondence
between color and brightness seems to be valid for the
great majority of stars that have been studied.  The
Hertzsprung-Russell diagram (Color Plate 5) shows
the relationship between color and absolute brightness.

The distance to a star can be estimated in the follow-
ing manner.  First, study the spectrum emitted by the star
(its color).  Then use the Hertzsprung-Russell diagram to
determine how bright the star actually is, which is called

the absolute brightness.  Then measure how bright it
seems to be as observed from the earth.  This apparent
brightness allows us to determine its distance.  The far-
ther it is from the sun, the dimmer it will appear.  If we
know any two of the three—absolute brightness, appar-
ent brightness, and distance—we can compute the third,
distance in this case.  It is simply a matter of geometry.

Distances to galaxies outside the Milky Way can be
measured by the same basic technique.  By comparison
with known objects, we estimate the absolute brightness
of some feature of the galaxy (the brightest stars, a
supernova, or perhaps the entire galaxy) and then judge
its distance by the apparent brightness it has as we
observe it from the earth.  

The method of Hertzsprung and Russell can be
applied to estimate the distance for some stars, but
another method was discovered about the same time that
became the foundation for most measurements of dis-
tances to our neighboring galaxies.  (Galaxies, in fact,
were not really “discovered” until the 1920s, although
Immanuel Kant (1724-1804) and others had speculated
that some small, bright diffuse patches (nebulae) that
seemed nestled among the stars of the Milky Way were
in reality themselves giant conglomerations of stars
which were outside the Milky Way.  The giant telescopes
of the early 20th century showed this to be true.)

Early in the 20th century, astronomers observed
and catalogued a class of stars whose brightness pulsat-
ed over a period of time.  These are called Cepheid
variables.  The North Star (Polaris) is a Cepheid vari-
able whose brightness varies by about 9 percent over a
period of four days.  Other Cepheid variables can be
seen in our galaxy and, with modern telescopes, in some
of the nearer galaxies (nebulae) that had captured the
attention of Kant and others.  In 1912 Henrietta Leavitt
at Harvard discovered a relationship between the period
and the absolute brightness of Cepheid variables.
Measurements of the period of a Cepheid variable thus
determined its absolute brightness, and with the appar-
ent brightness from observation, the astronomer could
find its distance.  The astronomer Harlow Shapley used
this method to find the shape of our Milky Way galaxy
and the position of our solar system in it.

Edwin Hubble found 11 of these Cepheids in a
small patch of nebula referred to as NGC 6822.
Observations of their periods and brightness (they were
in the same object, hence roughly at the same distance)
showed that these objects satisfied Leavitt’s relationship
between brightness and period.  In 1925, Hubble used
these 11 stars to estimate the distance to NGC 6822 and
showed that it was, in reality, well outside the Milky
Way.  Similarly, for other galaxies that were relatively
nearby, the Cepheid variables could be used to estimate
distances. In turn, the absolute brightness of these
galaxies could be studied and used to estimate distances
to more distant galaxies for which the Cepheids could

Figure 26.4.  Triangulation is used to measure the dis-
tance to a star.
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not be resolved.  However, a new discovery, the “cos-
mological redshift,” soon provided a new tool for mea-
suring the distances to the more distant galaxies, ulti-
mately the greatest distance of all.  Later on in this chap-
ter we shall investigate the method more fully.

In the 1990s yet another “standard candle” was
added to the astronomer’s toolkit.  This time it came in
the form of an exploding star (supernova Type Ia) that
is so energetic and bright that one can be seen halfway
across the visible universe from earth--and farther with
the Hubble Space Telescope.  Like the other standard
candles, the observed brightness of the explosion can be
correlated with the distance of the object.  And this one
too would bring with it an unexpected and surprising
discovery.

Measuring Motion

The technique used for measuring speeds of stars
and galaxies is based on a wave phenomenon called the
Doppler effect.  The motion of a source of waves can
affect their wavelength and frequency.  The wave crests
are closer together in front of the source than they are
behind it (Fig. 26.5).  (Perhaps you can see why after
thinking about it for a moment.)  That means that the
wave frequency measured in front of the source is high-
er than the frequency measured behind the moving
source.  (Remember that frequency and wavelength are
inversely related to each other.)  Thus, the frequency of
any wave is higher if the source is moving toward the
receiver and lower if the source is moving away.

You may have noticed the Doppler effect in sound
waves.  Suppose, for example, that a car is coming
toward you with its horn sounding (Fig. 26.6).  The horn
will have a higher frequency, and therefore a higher
pitch, than if the car were not moving.  Once the car has
passed and is going away from you, the horn has a
lower frequency and a lower pitch.  The effect is
noticeable if the car’s speed is at all appreciable.  The
amount of frequency change depends on the speed of
the wave source and the speed of the wave.  

Electromagnetic radiation, including light, also

exhibits the Doppler effect.  The frequency of observed
light depends on the apparent motion of its source.
Frequency is higher if the source moves toward the
detector and lower if it moves away.  (See Color Plate
4, bottom). 

The Doppler effect is also used by astronomers to
measure the relative speed of distant stars and galaxies.
For this purpose, they use the characteristic frequencies
associated with electron transitions in atoms.  For exam-
ple, we have noted earlier that hydrogen atoms always
emit specific frequencies of light.

Imagine a collection of hydrogen atoms that are
moving away from us at high speed, perhaps because
they are part of a moving star.  These atoms will emit
the same frequencies as before, but we shall detect them
as emitting lower frequencies and longer wavelengths
than those from hydrogen atoms that are not moving
(see Color Plate 4).  We say that the frequencies have
undergone a cosmological redshift.  The amount of
redshift depends on the speed of the emitting atoms.  If
the atoms were moving toward us rather than away, we
would observe a corresponding blueshift toward higher
frequencies and shorter wavelengths.  By observing
Doppler redshifts and blueshifts, astronomers can mea-
sure and study the relative motion of stars and galaxies.

The Expanding Universe

When the motions of other galaxies are measured
by means of the redshifts of their emitted light, it is
found that almost all other galaxies seem to be moving
away from our own.  Some are moving at high speeds
(up to 80 percent of the speed of light).  Furthermore,
when these speed measurements are combined with dis-
tance measurements, it is found that the relative speed
increases with distance.  Those galaxies that are farthest
away are moving the fastest. 

This relationship between distance and the cosmo-
logical redshift is so well established for nearby galax-
ies that it is used to estimate the distance of the galaxies
that are so far away that other distance-measuring tech-

Figure 26.6.  Sound waves from a moving car are clos-
er together in front of the car in the same way that water
waves are closer in front of a moving boat.  Waves
behind the car are farther apart than those in front.
Where would the sound frequency be higher?

Figure 26.5.  Waves from a moving boat are closer
together in front of the boat than behind.  Where would
the frequency be higher?
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niques do not work.  The redshift thus becomes the
yardstick for measuring the distance to the most distant
objects that can be seen with our most sophisticated
telescopes (Fig. 26.7).

The existence of the redshift and its increase with
distance indicate that the universe we see is expanding.
The galaxies are moving apart, some at high speeds.

The fact that all the galaxies seem to be moving
away from us tends to give us an elevated sense of
importance.  We must be at the center of the universe!
However, a little reflection reveals that observers in
every galaxy would observe the same thing.  To see this,
imagine the birds pictured in Figure 26.8.  Suppose the
wire on which they sit is stretched suddenly so that the
birds move farther apart than before.  Each bird sees all
the others as moving away from itself, with the birds
farthest away moving the most.

The galaxies of the universe all seem to be moving
away from us, the fastest being farthest away and the
slowest being the closest.  If they always had moved at
their present speeds, they would have taken less than 20
billion years to move to their present locations.  This
concept of an expanding universe must somehow be
explained by any successful cosmology.

Einstein’s General Relativity

As discussed in a previous chapter, Einstein gave
us a new way of looking at the world in terms of space-
time.  For our discussion in this chapter, imagine a grid
of lines drawn on a stretched sheet of rubber.  The grid
allows us to establish coordinates for this two-dimen-
sional “world.”  The Special Theory of Relativity intro-
duces an analogous four-dimensional grid, but we shall
instead form some mental pictures of the two-dimen-
sional analog represented by the sheet of rubber.

Einstein’s Special Theory of Relativity addressed
some unexpected problems associated with measuring
distances and time intervals in a world with a speed
limit, the speed of light.  Einstein went on to enlarge the
theory to include the presence of matter, and in doing so
created a whole new idea of what gravity is.  This latter
extension, the General Theory of Relativity, has
become the framework within which all modern under-
standing of scientific cosmology is fitted.

For reasons that we won’t elaborate on here,
Einstein came to understand that matter and spacetime
are intimately connected.  The presence of matter gives
rise to curvature of spacetime, just as the rubber sheet
would be curved if you dropped a heavy ball bearing
into its center.  In turn, the curvature of spacetime tells
matter how to move, just as the path of a second ball
bearing would be altered if you rolled it across the rub-
ber sheet which has been warped by the presence of the
first bearing (see Fig. 27.4 in Chapter 27).  Einstein was

Figure 26.7.  Hubble’s relationship between redshift and
distance (schematic only).

Figure 26.8.  The birds become farther apart when the wire stretches.  Notice that each one sees all the others as mov-
ing away from itself.
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able to develop a set of equations that expressed this
interrelationship.

What the equations say is that matter curves space-
time, then spacetime acts back on the matter to tell it
how to move.  Gravity is then a geometrical phenome-
non.  Matter in motion under the sole influence of what
we understand as gravity is following the contours of
spacetime.  What we interpret as motion due to gravita-
tional force is really motion without “force,” but motion
that follows the contours of spacetime.  Notice that
Einstein’s interpretation of gravity is philosophically
quite different than Newton’s.  

When Einstein’s General Relativity passed certain
crucial experimental tests (it accounted accurately for the
bending of the path of light as it passed the edge of the sun
in moving from a distant star to earth, and for a hitherto
unexplained feature of the motion of the planet Mercury,
etc.), it became the preferred gravitational theory. 

When Einstein’s equations are applied to the uni-
verse, the matter is assumed to be spread out and
smoothly continuous.  A natural first reaction to this is
similar to describing a cow as being spherical and uni-
formly filled with milk!  However, it really depends on
the scale of distance you use.  Water can be observed as
smooth and continuous, unless you shrink yourself
down and wander among the molecules.  When you get
down to the scales of individual galaxies, the universe
starts to look lumpy.  For the most part, Einstein’s equa-
tions are used to describe the dynamic behavior of the
large-scale universe and the accompanying spacetime.

The Big Bang Universe

One possible explanation for the expanding uni-
verse is an expansion of spacetime itself.  The universe
begins with matter concentrated at almost unimaginable
density and temperature, followed by expansion.  But it
is an expansion of spacetime itself; it is not to be
thought of as an explosion from a point inside a preex-
isting infinite space.  As the matter cools and expands,
nucleons, atoms, stars, and galaxies begin to condense
as separate structures (Fig. 26.9).

If the Big Bang took place, then the motions and rel-

ative positions of the galaxies should allow us to esti-
mate how long ago it occurred.  Telescopes are “time
machines.”  They allow us to look into the past.  When
we “see” a galaxy that is 100 million light years away,
we are seeing it not as it is today, but as it was 100 mil-
lion years ago when the light first began its journey to
earth.  From the speeds and relative positions inferred
from the cosmological redshifts, we can estimate that the
Big Bang occurred about 13.7 billion years ago.

An important observation supports the Big Bang
hypothesis.  The model suggests that initially there must
have been an incredibly dense and hot “soup” of matter,
which would have released enormous amounts of elec-
tromagnetic radiation.  Calculations were performed
using the General Theory of Relativity to predict how
such radiation would appear today.  The results showed
that the universe should be filled with significant
amounts of microwave radiation traveling in all direc-
tions.  Such radiation was actually observed and mea-
sured in 1965.  This residual radiation from the primor-
dial fireball seems to be a striking confirmation of the
Big Bang Model of the universe.

The Big Bang Model is also consistent with one
other important piece of evidence.  We do not know
much about the nature of matter in the state that preced-
ed and immediately followed the Big Bang.  However,
several models have been proposed that lead to some
calculations regarding the kind of matter that would be
formed in such an event.  The models agree in predict-
ing that the emerging nuclear matter should be about 75
percent hydrogen and 25 percent helium by mass, with
traces of heavier nuclear fragments.  Present observa-
tions verify that this three-to-one ratio is about the same
as the hydrogen/helium ratio that occurs in matter that
has not been involved in stellar nuclear fusion.

These results make the Big Bang the best existing
scientific model for the origin of the universe.  Yet, it
still leaves some interesting questions unanswered.
First, there is nothing in the model to suggest what pre-
cedes or causes the Big Bang.  Did it suddenly come
into existence at that particular moment, or was there
something before?  Does “before” even exist?

Also, what is to happen in the future?  Will the

Later?

Figure 26.9.  The Big Bang Model of the universe.  The first frame is schematic only.  The Big Bang expansion is an
expansion of spacetime itself.  There is no “outside” perspective of the expanding universe.  
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expansion continue forever?  If so, the future course of
events seems clear.  Stars will be born, proceed through
their normal cycle of evolution, and die.  The nuclear
fires will all go out eventually, after which the universe
will become a cold, vast collection of black cinders,
neutron stars, and black holes, which become farther
and farther apart with the passage of time.  Or, will the
expansion come to an end, only to have the matter col-
lapse back to a Big Crunch that returns the matter of the
stars to quark soup?

There are other puzzles, too.  The large-scale uni-
verse appears to be surprisingly homogeneous. The
speed limit of light prohibits some parts of our visible
universe at opposite extremes ever to have been in com-
munication over the finite period of its existence.  Yet
these extremes are similar in density and other charac-
teristics.  How do they know what common characteris-
tics to assume?  Moreover, we cannot find evidence for
a balance of matter and antimatter in the cosmos.
Somehow, the universe seems biased in favor of what
we have come to call matter.  For all of these puzzles
there are hypotheses and models, but it will take much
more time and effort to subject them to scrutiny and
testing.  There is probably much that is yet to be under-
stood. 

A Plausible Scenario for the Big Bang

Nevertheless, we can sketch a fairly detailed and
plausible scenario for the evolution of the universe.  We
cannot be dogmatic about it, but neither is it done with-
out justification.  Much of the detail is consistent with
actual observations or can be subjected to experimental
test.  The basic themes of the story are the changes that
occur as the expanding universe cools.  As this happens
certain thresholds are passed that initiate or terminate
processes and freeze the evidence of the passing for
subsequent humans to observe and consider as they try
to recreate the history of their universe.  In what follows
we shall omit most of the justifying argument and sim-
ply provide the basic concepts.  (The concept here fol-
lows that of James S. Trefil in his book The Moment of
Creation and of Nobel Laureate Steven Weinberg in his
book The First Three Minutes.)

Stage 1

Time = 0 to 10–43 seconds

We imagine a beginning of matter and of spacetime
itself at time t = 0.  Temperatures and densities are
unimaginably high.  A description of matter at this stage
would require a quantum theory of spacetime that does
not presently exist.  We have neither theory nor experi-
mental evidence that can be brought to bear on the

description.  Spacetime does not exist before this point
and there is no meaning to the question of what went
before so far as science is concerned.  The expansion
that begins as an expansion of spacetime itself, as if a
rubber sheet on which a grid of coordinates has been
drawn, is beginning to stretch.

Stage 2

Time = 10–35 seconds 
Temperature = 1026 °Celsius
Form of Matter:  free quarks, gluons, electrons,
positrons, neutrinos, photons.  These are all struc-
tureless, elementary particles.  Dark matter (nature
unknown).

There is much matter and antimatter at this stage
with a very slight preponderance of matter that will per-
sist to become the matter of galaxies, stars, and people
of later ages.  However, most of the matter and antimat-
ter will mutually annihilate to form photons at a later
and cooler stage.

In order to explain the puzzle of the unusual uni-
formity of the distribution of matter in the universe at
very large distances of separation, it is postulated that
within the first 10-32 seconds, spacetime must have
expanded at a rate even faster than the speed of light
before slowing to a more sedate rate.  This so-called
cosmological inflation would have had to be driven by
a potent energy source of unknown nature and now van-
ished.

The dark matter above is also of an unknown
kind.  In a much later stage of the evolution of the uni-
verse (in 1970), Vera Rubin and W. K. Ford will dis-
cover that the motion of interstellar matter about the
centers of spinning galaxies cannot be accounted for by
the pull of the mass of the visible matter in the galaxies.
It is as if visible matter in galaxies is only a small part
of a larger halo of invisible matter.  Various arguments
will rule out most conventional kinds of matter, leaving
only the tentative conclusion that the dark matter is cold
and exerts gravitational force, but is otherwise unlike
any known conventional matter.  Estimates in the early
21st century will place the amount of dark matter at
23% of the mass-energy content of the universe.

Stage 3

Time = 0.0001 to 0.001 second

Temperature = 3 33 1011 °Celsius cooling to 1011 °C

Density = 109 times the density of water
Form of Matter:  protons, neutrons, electrons,
positrons, neutrinos, photons, dark matter

The temperature has cooled sufficiently so that the
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quarks “stick” together to form nucleons, the first com-
pound structures of the universe.  Free quarks no longer
exist.  There is about one proton for every billion pho-
tons and about one neutron for every proton.  There are
no nuclei, no atoms, no galaxies, and no stars.  Electrons
and positrons are continually formed and annihilated.
Interaction between the various particles is intense.  The
matter is opaque to photons and neutrinos.

Note:  The description up to this stage is consistent
with current physical theory, but it is applied to phe-
nomena without experimental confirmation. The condi-
tions in the early universe are beyond the range of cur-
rent experimental ability to duplicate or approximate.

The existence of dark matter has been inferred but
it has not yet been directly observed.  Searches for dark
matter are currently underway.  

From this point on, present technology exists to test
details of the theories.  In some cases the experiments
have already been done; in others they can be done in
principle.  At this stage we are no longer guided only by
theory. 

Stage 4

Time = 0.1 second to 3 minutes
Temperature = 3 33 1010 °Celsius cooling to 109 °C
Form of Matter:  protons, neutrons, electrons,
positrons, neutrinos, photons, dark matter.  As the
temperature falls, some simple nuclei (3H, 3He,
4He) form.

As the expansion continues, the temperature falls.
The slight mass difference between protons and neu-
trons results in slightly different interactions at these
lower temperatures, and the neutron-to-proton ratio
gradually falls from 50%/50% to a ratio of 14%/86%.
At the beginning of this stage the matter is opaque to
both photons and neutrinos, but with the falling temper-
ature the neutrinos soon cease to interact and decouple
from the remaining matter.  From then on they play a
role only through their gravitational interaction.

At the beginning of the stage, electrons and
positrons are easily produced in pairs and just as easily
annihilated.  Toward the end the temperature is too low
for pair creation, and the numbers of electrons and
positrons begin to decrease through annihilation in
favor of more photons.

Also toward the end of this stage, some simple
nuclei (3H, 3He, 4He) begin to form.  At first they are
quickly destroyed by collisions, but as the temperature
falls a few form and remain.  However, the rather loose-
ly bound nucleus, 2H, does not survive the collisions
even at the lowest temperatures of this stage.

Stage 5

Time = 3 minutes to 35 minutes
Temperature = 933108 °Celsius cooling to 333108 °C
Form of Matter:  same as Stage 4 with 2H added.

Heavier elements are formed by fusion through a
series of steps.  The nucleus 2H is one of the steps, and
so long as it is not formed the synthesis of heavier ele-
ments is blocked.  In this stage 2H forms and remains
stable, allowing the formation of some simple nuclei.
The remaining neutrons are used up in this process and
the ratio of neutrons/protons is frozen at 13%/87%.  The
helium-to-hydrogen ratio is frozen at about 22%-
28%/72%-78%.  These ratios will be measured billions
of years later and will be used as evidence for the Big
Bang scenario.

Except for a few electrons that remain to balance
the charge of the protons, the electrons and positrons
have disappeared.  Nuclear processes have stopped.
Atoms have not yet formed.  The photons are cooling
due to the expansion.

Stage 6

Time = 380,000 years
Temperature = 30,000 °Celsius
Form of Matter:  atoms, photons, neutrinos, dark
matter

Stable atoms of hydrogen and helium begin to
form.  The photons no longer interact appreciably with
the matter and the pressure, which has prevented galaxy
formation, subsides.  The photons, in particular, will be
observed billions of years later (1965) by Arno Penzias
and Robert Wilson, who will be given the Nobel Prize
for discovering the microwave radiation with just those
properties that makes them an important evidence for
the Big Bang.  By the time of observation, the tempera-
ture of the photons will have fallen to 3°Celcius above
absolute zero (Fig. 26.10).

From this point forward, matter will remain pretty
much the same, but cooling to the eventual overall tem-
perature of 3°Celcius above absolute zero.  At a time of
about 300 million years, the first stars begin to appear.
The newly blazing stars re-ionize the existing hydrogen
and helium atoms and the night sky begins to show
points of light.  Galaxies soon thereafter begin to form
and evolve.

But at a time of about 9 billion years, something
unexpected happens.  The density of the conventional
and dark matter has been steadily decreasing as the vol-
ume of the universe increases.  They have, until this
time, had a slowing effect on the expansion rate of the
universe.  As the universe expands, one expects the
mutual pull of gravity to slow the expansion, just as the
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pull of the earth’s gravity would slow the escape of a
ball thrown into the air.  Indeed, astronomers in the 21st
century will use the brightness-distance relation for
Type Ia supervovae to establish the expected slowing.
But, in 1998, Saul Perlmutter and Brian Schmidt will be
surprised, almost shocked, to observe Type Ia super-
novae that are fainter in brightness than expected, indi-
cating that they are located at larger distances than
expected.  Skeptical at first, astrophysicists challenge
the data but eventually are drawn to the improbable con-
clusion that the expansion of the universe began to
speed up again about 5 billion years ago for the first
time since the early inflation.  As a cause of the accel-
eration people will begin a search for some kind of dark
energy that permeates the universe.  They estimate that
it makes up to 73% of the mass-energy of the universe.
Together with the dark matter, the two total about 96%
of the mass-energy of the universe…and both of a mys-
terious and unknown nature!  

The Steady State Universe

One additional cosmological model has received
attention, although it has fallen into disrepute with the
accumulating evidence.  It is called the Steady State
Model of the universe.  

The basic idea of the model is that the part of the
universe we can observe does not change with time.  It
is true that the galaxies are moving apart, but the model
hypothesizes that matter is spontaneously created to fill

in the resulting voids.  This newly created matter coa-
lesces into galaxies and then into stars, so that the den-
sity of matter in any large volume of space remains
essentially unchanged. 

The required rate of creation would be modest,
about one hydrogen atom per 1000 years in a volume
equal to that of a small house.  Thus, the required non-
conservation of mass does not seem large.

However, the Steady State Model has no explana-
tion for the observed microwave radiation that fills the
universe.  The Big Bang Model explains this as the rem-
nant of the radiation from the primordial fireball.  The
Steady State Model also has no way to explain the
observed hydrogen/helium ratio.  It is also inconsistent
with the observed change in expansion rate.

Thus, the Steady State Model does not appear to be
a correct model of the universe.  It is not likely to
receive additional consideration unless new findings
rule out the other model.  

Summary

After many decades of observation, all available
evidence shows that our universe is expanding.  The
galaxies seem to be moving away from some powerful-
ly cataclysmic event, a Big Bang, that occurred about
13.7 billion years ago.  While the Big Bang is pretty
solidly established, there remain many details of the
evolution of the universe yet to be understood.

Historical Perspectives

Is the universe infinite in space and time?
The Aristotelian model of the rotating spheres,

which became the cosmology of Christianity up to the
time of Copernicus and Galileo, was a bounded uni-
verse in space and, in the Christian version, of relative-
ly recent origin.  But the Greek philosophers had never
been of one mind, even though Plato and Aristotle car-
ried the day.  The Stoic philosophers followed Zeno (ca.
4th-3rd century B.C.) and they rejected the bounded
Aristotelian machine for a universe of starry matter with
finite extent, imbedded in a starless void of infinite
extent.  Space, beyond that occupied by the matter, was
empty and without boundary.  On the other hand, the
Epicureans followed Epicurus of Samos (342?-270
B.C.), and they held that the universe was of infinite
extent and filled with worlds throughout.

However, there is a problem with the Epicurean
view if one imagines that both time and space are infi-
nite.  This problem was recognized by Thomas Digges
in 1576, by Johannes Kepler in 1610, and by Wilhelm
Olbers in 1823.  Today we refer to it as Olber’s para-
dox.  If the universe were filled with stars that fill space
in all directions without end, and if we were to look in
any direction, our line of sight would intersect a star.

Figure 26.10.  Comparison of theory and experiment for
the microwave photons left from the Big Bang.  The
black points represent actual measurements.  The black
line is the theoretical prediction.
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Over infinite time, the light would have had, in every
instance, time to arrive from the star in question and the
night sky would be brighter than the sun at noon.  Why
is the night sky, with the exception of a relatively few
points, so black?  (This can be explained by assuming a
universe that is finite in space or time, or both.)

By the time of Newton, the Aristotelian view had
been overthrown by Copernicus, Galileo, and others,
leaving the field to the Stoic and Epicurean cosmologies.
In his lifetime Newton converted from the Stoic view to
the Epicurean. The problem with the Stoic view, when
one understands gravity to be a mutual attraction
between objects with masses, is that if the system is
finite then the mutual attraction will inevitably lead to a
gravitational collapse of all the matter to the center.  

Newton also recognized that the problem was not
completely solved by adopting the Epicurean view.  The
equilibrium that he had created was unstable.  Each
object was in a precarious balance, and any perturbation
would trigger the collapse he wished to avoid.  The sit-
uation was akin to balancing an infinite number of nee-
dles on their ends.  We could do it in principle, but with
the slightest movement then over they would go.
Newton thought that God had avoided this problem by
spacing matter at great distances.  To avoid the collapse
Newton could have envisioned the stars to be in rapid
and chaotic motion, much like molecules in a gas.
However, in Newton’s time when the motion of the
earth itself was accounted for, the stars appeared to be
fixed in space.  Thus, Newton arrived at an infinite uni-
verse, uniformly filled with matter.  The universe was
unchanging, the stars were at rest, and the universe was
in precarious balance.

The view of an essentially static, unchanging uni-
verse persisted through the 18th and 19th centuries.
When Einstein developed his ideas of gravity, relativity,
and spacetime in 1915, the static universe idea was so
strong that he also looked for a static and stable solution
to his equations.  But he ran into exactly the same prob-
lem that had confronted Newton—the balancing of the
needles on end.  To find a static solution, he assumed
that gravity becomes a repulsive force at large enough
distances.  There was absolutely no physical basis for
doing so, other than to find a static solution, but he built
the possibility into his equations.  Later, when it became
clear that the universe was not static, he would say that
that assuming gravity to become repulsive at large dis-
tance was the greatest mistake of his life and he would
remove the possibility from his equations.

It is more than a little ironic, therefore, that when
the acceleration of the expansion of spacetime was dis-
covered in 1998 by Perlmutter and Schmidt that people
returned to Einstein’s equations and found that this
“greatest mistake” was exactly what was needed to
explain the accelerating expansion.  The missing piece
would be returned to his equations where it would now

describe the presence in the universe of “dark energy.”
It thus fell to a Russian, Alexander Friedmann, to

find in the year 1922 two solutions to Einstein’s own
equations that were not static at all, but represented
either an expanding or a collapsing universe.  (Einstein
and William de Sitter would find a third nonstatic solu-
tion in 1931.)  

While Einstein and Friedmann were worrying
about Einstein’s equations, things were beginning to
happen elsewhere that would have great bearing on the
problem.  During the early years of this century people
began the task of building the great 100-inch telescope
at Mount Wilson (1918) and later the 200-inch tele-
scope at Palomar (1948).  One of the workers who
freighted materials to the Mount Wilson site was Milton
Humason, a tobacco-chewing laborer with an eighth-
grade education.  After the telescope was completed, he
stayed on as a handyman and eventually became a
respected astronomer.  After World War I, Humason was
joined by the brilliant and polished Rhodes Scholar
Edwin Hubble.  Together they began studying the spec-
tra of the galaxies and discovered the redshift, that was
soon interpreted as a Doppler shift of rapidly receding
galaxies (ca. 1926).  

When the experimental evidence for the redshift
was joined with Friedmann’s solutions of the Einstein
equations, the Big Bang was born.  In Friedmann’s first
model the universe expands, stops, and then recollaps-
es.  In this model the universe is finite, but without
boundary (like the two-dimensional surface of a globe).
In his second model, the galaxies move apart slowly but
never stop.  The Einstein-de Sitter solution is critically
balanced on the edge between these two possibilities.
In the latter two, space is infinite.  In all three, time has
a boundary—the Big Bang.  The Big Bang is a singu-
larity in spacetime, a place where the curvature of
spacetime is infinite and the concepts of space and time
cease to have meaning.  

STUDY GUIDE
Chapter 26: Cosmology: How the Universe Works

A. FUNDAMENTAL PRINCIPLES
1. The Gravitational Interaction: See Chapter 4.
2. General Relativity: The name given to Albert

Einstein’s extension of the Special Theory of
Relativity to include gravity.  In the theory, the
gravitational force is seen to be a geometrical con-
sequence of the curvature of spacetime by the pres-
ence of mass-energy.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. The Big Bang Model of the Universe: The model
of the universe that accounts for the observed
recession of the galaxies from one another as an
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expansion of spacetime from an earlier epoch of
extremely high density and high temperature.

2. The Steady State Model of the Universe: The
model of the universe, now discredited, in which
the universe expands in an infinite and unchanging
process.  The density of the universe is maintained
by an ongoing creation of small amounts of hydro-
gen that are injected into space.

3. How is the distance to moons, planets, stars and
galaxies determined?

4. How is the relative motion of stars and galaxies
determined?

5. Why do many believe in an expanding universe?
6. What is the difference between Einstein’s interpre-

tation of gravity and Newton’s interpretation of
gravity?

C.  GLOSSARY
1. Absolute Brightness: The actual brightness of a

star as one would judge if all stars were observed
from the same distance (32.6 light-years).

2. Apparent Brightness: The brightness of a star as
it appears as a consequence of its actual distance
from earth.

3. Brightness-Distance Measurement: Name given
to a method for measuring distances to stars in our
galaxy and some stars in nearby galaxies by com-
paring the star’s absolute brightness (inferred from
some observable characteristic of the star such as
its color or pulsation period) to its apparent bright-
ness.

4. Cepheid Variable: A class of pulsating stars for
which the rate of variation of the brightness is cor-
related to the average absolute brightness of the
star.  Knowledge of the absolute brightness of the
stars allows one to determine the distances to them.

5. Cosmological Inflation: A super-rapid expansion
of spacetime in the first 10-32 seconds after the Big
Bang. It is postulated in order to account for the
remarkable uniformity of the universe.

6. Cosmological Redshift: The name given to the
observation that the spectra of sources of light in
virtually all distant galaxies is shifted toward
longer wavelengths than the wavelengths in spectra
of stationary sources.  The Cosmological Redshift
is usually interpreted as a Doppler shift in the
observed light.

7. Cosmology: The study of the origin and evolution
of the universe.

8. Curved Spacetime: Within Einstein’s General
Theory of Relativity, the presence of mass-energy
gives curvature to four-dimensional spacetime in
an analogous fashion to what a heavy ball bearing
would do to a two-dimensional space if placed onto
a stretched rubber membrane.

9. Dark Energy: A still not understood form of ener-

gy thought to permeate the universe and to be
responsible for the observed accelerating expansion
of spacetime over the past 5 billion years.  It is cur-
rently thought to account for 73% of the mass-ener-
gy in the universe.

10. Dark Matter: A still not understood form of grav-
itating mass in galaxies whose presence is evident
in the observed motion of visible interstellar matter
as it revolves about the center of a galaxy.  It is cur-
rently thought to account for 23% of the mass-ener-
gy of the universe.

11. Doppler Effect: The shift in frequency of a wave
as a consequence of the relative motion between
the source and the observer.

12. Expanding Universe: The interpretation that if
the Cosmological Redshift is a Doppler shift, then
the galaxies of the universe are moving apart from
one another, i.e., the universe is expanding.

13. Galaxy: Name given to a gravitational structure of
individual stars, usually numbering in the billions,
and separated from other similar structures by dis-
tances of the order of a million light-years.

14. Hertzsprung-Russell Diagram: A graph of a cor-
relation between the color (temperature) of a star
and its absolute brightness.  Knowledge of the
absolute brightness of stars (as obtained from the
diagram by observation of their color) allows one
to calculate the distance to them.

15. Olber’s Paradox: An  expected, but unobserved
consequence of a universe that is infinite in both
space and time.  If the universe were infinite in
space and time and filled with stars, the starlight
from the stars would be expected to make the night-
time sky as bright as noonday.

16. Radar Ranging:  Name given to a method for
measuring distances to nearby members of the solar
system by bouncing a radio or laser signal from the
object and measuring the time of flight of the sig-
nal.

17. Spacetime: The combination of the three dimen-
sions of space and the dimension of time into a
four-dimensional “world”.  In Einstein’s General
Theory of Relativity, gravitation is understood as a
consequence of the curvature of spacetime caused
by the presence of mass-energy. 

18. Triangulation: Name given to a geometrical
method for measuring distances to nearby stars
within our own galaxy.

D. FOCUS QUESTIONS
1. Describe three procedures for measuring distances

to planets, stars and galaxies.  For each procedure,
indicate the range of distances that can be studied.

2. Consider the Big Bang Model of cosmology:
a. Describe three important observations that can
be explained by the model.
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b. Outline the model.  Include a description of
changes in composition and structure, density, tem-
perature, and size of the universe with increasing
time.
c. What does the model predict about the future
of the universe?

E.  EXERCISES
26.1.  Describe the Doppler effect.

26.2.  The horn of a moving car is sounding.  Use
the Doppler effect to describe and explain the changes in
the tone heard by a pedestrian as the car passes by.

26.3.  Light from hydrogen atoms in a particular
star seems to be bluer than from hydrogen atoms in the
earth’s atmosphere.  What can you conclude?  Explain
your answer.

26.4.  Why would it be important to know the diam-
eter of the earth’s orbit before measuring the distance to
the stars?  

26.5.  Explain how you might measure the height of
a nearby mountain without climbing it.

26.6.  How can electromagnetic radiation be used to
measure the size of the solar system?

26.7.  What is meant by the “cosmological redshift”?

26.8.  Describe the evidence that indicates that the
universe is expanding.

26.9.  If the Big Bang Model were valid, why might
we expect the rate of expansion to become slower as the
matter separated?  What does dark energy do?

26.10.  What does the cosmological redshift suggest
about the universe?  Explain your answer.

26.11.  Summarize the “Big Bang” model of the
universe.

26.12.  Summarize the evidence which supports the
Big Bang Model of the universe

26.13.  Why does it seem unlikely that the Steady
State Model is valid?

26.14.  At approximately what time after the Big
Bang

(a) do nucleons form?
(b) is the neutron/proton ratio frozen at its current
value?
(c) does the microwave radiation separate?

(d) do atoms form?

26.15.  Which of the fundamental interactions in
nature reveals the existence of dark matter? 

26.16.  Describe the Steady State Model of the uni-
verse.

26.17.  Why does Olber’s Paradox suggest that the
universe is either not infinite in time, or not infinite in
space, or both?

26.18.  What is wrong with a universe that is static,
but not infinite? 

26.19.  What is wrong with a universe that is static,
but infinite?

26.20.  Give an example of an unbounded, finite
(closed) space.  Give an example of an unbounded, infi-
nite (open) space.  What essential feature of the universe
is thought to determine whether it is open or closed?  

26.21.  The universe is thought to be expanding.
What is the best evidence for this?

(a) cosmological redshift
(b) background radiation
(c) gravitational slowing of expansion
(d) electrical repulsion
(e) He/H abundances

26.22.  List three observed, physical puzzles asso-
ciated with the cosmologies we have described that
remain unanswered by what we have described.

26.23.  Which one of the following is “acceptable”
in both the Big Bang and Steady State Models?

(a) background radiation
(b) He/H abundances
(c) universe is expanding
(d) expansion rate is slowing
(e) matter is created spontaneously
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Stars have always fascinated humans.  We can
hardly be outside on a clear night without being over-
whelmed by a feeling of awe when contemplating the
beauty and majesty of the heavens.  Our earliest
attempts at science involved possible explanations for
the orderliness that could be observed even without
sophisticated instruments.  As we have come to under-
stand our universe better, it has continued to fascinate us
with an unending chain of surprises.

This chapter will describe the history of individual
stars, beginning with their formation from interstellar
“dust” to the time when they no longer emit light.  We
will not attempt to outline the evidence for this picture
of stellar history, but will simply relate the story as it is
now understood.

We will begin by describing the history of a star
that has about the same mass as the sun.  Those with
more mass or less mass will go through the same for-
mation process, but the time scale will be different.
Later, we will also describe the “old age” of more mas-
sive stars.

From Dust to Star in 10 Million Years

All of space contains matter.  Even the “emptiness”
of the space between galaxies has about one atom per
cubic meter.  About 75 percent of the mass of the uni-
verse appears as hydrogen, with helium making up
almost all of the balance.

Galaxies contain large regions where this interstel-
lar matter is considerably more dense, with perhaps a
million or so atoms per cubic meter.  These immense
“dust” clouds are the formation grounds for stars (Color
Plate 6 and book cover).  A million atoms per cubic
meter sounds like a lot, but the density in these clouds
is still many, many times lower than in the best vacuum
available on earth.  By comparison, ordinary hydrogen
gas at atmospheric pressure contains 1025 atoms per
cubic meter.  1025 is the approximate number of grains
of sand on all the beaches on the whole earth.  A million
grains would be a mere handful.

Temperatures within these interstellar dust clouds
are about –150 °Celsius.  Even so, the atoms are mov-
ing at a high speed, about 1.5 kilometers/second (3,300
miles/hour).  They collide with each other occasionally,

but they are basically free particles in space, moving
independently of one another in random directions.

Occasionally, these random motions occur in such
a way that a large collection of atoms forms a “pocket”
in which the density is about 500 times the average.  If
the pocket is large enough (about 15 trillion kilometers
in diameter, or 1000 times larger than the solar system),
the atoms are held together by their mutual gravitation-
al attraction.  This accidental accumulation of matter is
the beginning of a new star—a protostar.

Each atom of the protostar is attracted to each other
atom by the gravitational interaction.  All these interac-
tions result in each atom experiencing a net force whose
direction is toward the center of the protostar.  The
atoms “fall” together under the influence of these
forces.  As they fall, they lose gravitational potential
energy and gain kinetic energy, moving faster and faster
as they get closer together.

As the atoms move faster and closer together, they
collide more often with each other. Their kinetic ener-
gy becomes “thermalized,” and the temperature of the
collection increases.  The protostar shrinks in about
three million years (a mere twinkling of an eye on a
cosmic time scale) to a ball about the size of the earth’s
orbit.  Its interior temperature rise to about 50,000°C,
and its atoms move at about 35 kilometers/second.  The
gas is still quite diffuse (about 1 percent of the density
of hydrogen gas at atmospheric pressure), but impor-
tant things are happening that affect the future course
of events.

For one thing, these high-speed particles in the inte-
rior of the protostar exert considerable outward pressure
on the outer layers.  This slows their collapse so that it
will take another 10 million years to reach a size only
about twice that of the sun.  In fact the rest of the star’s
history is governed by the interplay between these two
effects: the inward pull of gravity versus the outward
pressure resulting from the thermal motion of the star’s
interior (Fig. 27.1).

The second important development, which occurs
at about this time, is that the atoms become totally ion-
ized.  The collisions at these temperatures are so vigor-
ous that the electrons are removed from the atoms, leav-
ing atomic nuclei (mainly protons) and helium nuclei as
free particles in the interior of the protostar; the gas
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becomes a plasma contained by the gravitational force.
Finally, this large cloud of ionized gas becomes vis-

ible.  It begins to emit electromagnetic radiation as the
charged particles are accelerated during their thermal
collisions in the same way an incandescent lightbulb or
an electric hot plate does.  The charged particles are
accelerated by thermal agitation and accelerating
charged particles always emit electromagnetic radiation.

The emission of light through the electromagnetic
interaction constitutes a significant loss of energy for
the emerging star, and the protostar subsequently col-
lapses (Fig. 27.2).  The energy lost by the emission of
light reduces the temperature and, hence, the pressure of
the interior.  With reduced pressure, the gravitational
force exceeds the outward pressure, and the protostar
collapses further.  The collapse causes a loss in gravita-
tional potential energy because it is converted, as
before, to thermal energy.  This raises the temperature,

and, therefore, the pressure of the interior.  The
increased pressure then balances the inward gravitation-
al force and halts the collapse.  But energy is still being
lost by radiation, so this sequence of events repeats
itself over and over, with the protostar becoming small-
er and smaller as its gravitational potential energy is
converted first to thermal energy and then to radiation.
These processes continue for about 10 million years
until the protostar has shrunk to a size about twice that
of the sun, and with an interior temperature of about 10
million degrees.  However, at this point you would still
not call the protostar a star.  The nuclear furnaces that
will govern most of its life have not yet started.  

From Youth to Maturity in Another 17 Million Years

When the internal temperature of the protostar
reaches about 10 million degrees, a new process begins
that will govern the dynamics of the star throughout the
remainder of its active life:  nuclear fusion.  Nuclear
collisions at these temperatures are violent enough that
the positively charged nuclei come together within
range of the strong force.  The nuclear force can and
does become important.

We will not describe the nuclear reactions in detail,
but the principal result is that four protons combine to
form a helium nucleus.  Two positrons and two neutri-
nos are also emitted for each helium nucleus that is
formed, and there is a significant reduction in nuclear
potential energy.  This is released as kinetic energy and
neutrino energy.  The kinetic energy is quickly distrib-
uted among the particles that make up the star, raising
the temperature and pressure of the stellar interior.  This
source of energy regulates the size of the star as it reach-
es a balance between inward gravitational pull and out-
ward pressure.

The new star continues to contract slightly for
about 17 million years (a small fraction of its total life)
until its interior temperature rises to about 30 million
degrees and its radius approaches that of the sun.  At
this point, the energy released by the nuclear reactions
balances the energy lost by radiation of light and neutri-
nos.  The interior pressure is sufficient to balance the
inward pull of gravity.  The star settles down to a mid-
dle age that will probably last another 10 billion years
or so.

An Adult Life of 10 Billion Years

A star spends most of its life in this mature state of
equilibrium, which is the state we most often see.  Each
star is a seething cauldron of activity, but the balances
of energy and pressure cause it to seem much the same
year after year.  However, the seeds of its demise are
being formed deep inside the star, even from the instant
when the nuclear furnaces are first ignited.

Figure 27.1.  Opposing forces within a forming star.
What force pulls inward?  What force pushes out?

Figure 27.2.  Energy balance in a forming star.  Why
does it emit light?  Where does the thermal energy come
from?
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As protons combine to form helium nuclei, the pro-
ton “fuel” is gradually consumed.  The ratio of hydro-
gen to helium is gradually reduced, and the fraction of
nucleons bound into helium is gradually increasing.
Soon (after 10 billion years or so) there will not be
enough protons to keep the nuclear reactions going.
The release of nuclear energy will slow down and stop,
the temperature and pressure of the stellar interior will
drop, and the inexorable gravitational force will cause
further collapse of the star.  In the meantime, the star
stabilizes with an interior temperature of about 30 mil-
lion degrees and a surface temperature of about 5500°C.  

Incidentally, we never see light directly from the
star’s interior because it is absorbed by the star’s outer lay-
ers.  The light emitted by the star comes from these com-
paratively cooler layers.  The nuclear reactions only take
place in the high-temperature center of the star, a region
that contains about one-fiftieth of the star’s total volume.  

The actual adult lifetime of a star depends in an
unexpected way on the star’s mass.  Stars with the most
mass have the shortest lives because higher interior
pressure and temperature are required to balance the
gravitational compression associated with greater mass.
The rates of the nuclear fusion reactions increase rapid-
ly with temperature, so the larger stars fuse hydrogen to
helium at a much higher rate than do stars with less
mass.  The larger stars have more to begin with, but the
overall effect is that more massive stars use up their
nuclear fuel sooner than their less massive cousins.
This effect is so important that a star with ten times as
much mass as the sun would live only about 100 million
years (100 times shorter than the sun).  On the other
hand, a star with only one-tenth the mass of the sun
would live 100 times longer to a ripe old age of about a
trillion years.

The Star Becomes a Red Giant

As the nuclear hydrogen fuel in the center of the
star is used up, the hydrogen fusion region expands out-
ward, leaving behind a central core of helium in which
no nuclear reactions take place.   This greatly increases
the region of high temperatures and, for the first time
since the collapse began, the pressure outside the hydro-
gen-burning region exceeds the inward gravitational
pressure, and the star expands to about 50 times its nor-
mal size in 100 million years or so.  As it expands, its
outer layers become cooler.  Its color becomes redder,
more like an electric hot plate or stove filament than an
incandescent lamp.  During this stage the star is called a
red giant (Fig. 27.3). 

Meanwhile, the helium core continues to contract
under the influence of gravity.  (Remember that there
are now no nuclear fusion reactions in this region of the
star to prevent the collapse.)  Its temperature increases
to approximately 200 million degrees, which is neces-

sary to initiate the fusion of helium to carbon. This new
energy source increases so rapidly that the entire
nuclear furnace, both hydrogen- and helium-fusion
regions, explodes inside the red giant.  These regions
then become so diffuse that all the fusion reactions stop.

With its nuclear furnaces not operating, the star
quickly cools and collapses back to its original size in a
mere 10,000 years or so.  As the star collapses it expe-
riences a familiar sequence of events:  gravitational
potential energy is converted to thermal energy, and the
temperature of the star’s interior begins to rise.
However, this time hydrogen fusion does not stop the
collapse because the star is mostly helium.  The collapse
continues until the interior is again at 200 million
degrees, at which point helium fusion begins for the
second time.  Once again the star is in equilibrium
where it remains until enough carbon accumulates in
the center so that the helium fusion moves outward.

Depending on its mass, the star may go through one
or more red-giant stages much like the one described
above.  Each time, the nuclei become more massive
than before until, ultimately the nuclear particles reach
their minimum potential energy.  Eventually the nuclear
furnaces all go out, and the star is left without an inter-
nal source of energy.  Each successive expansion and
contraction occurs in a shorter and shorter time, so that
the nuclear furnaces go out only a few million years
after helium fusion first begins.

Death of a Small Star

Small stars with masses similar to that of the sun
will not proceed further than the helium-burning stage.
As the helium moves away from the center of the star,
changes in the outer layers cause these to be “blown”
away as if by a gigantic explosion.  These leave the star
displaying a planetary nebula, one of the prettiest
sights seen through a telescope (Color Plate 7).

When the outer layers of the star are gone, the core
remains as a white-hot, but small, sphere with a central
region composed mainly of carbon nuclei, a larger layer

Figure 27.3.  Structure of a star during the red-giant
phase.  Why does the star expand?
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in which helium fusion is still occurring, and an outer
layer in which no nuclear fusion is taking place.  At this
point the star is almost as small as the earth and is
known as a white dwarf.  

Nuclear fusion gradually stops as helium is used
up.  The white dwarf is a collection of hydrogen, heli-
um, and carbon nuclei together with enough electrons
so that the whole is electrically neutral.  It continues to
collapse until the electrical repulsion of the particles
balances the inward gravitational force.  As the nuclear
fusion diminishes, the white dwarf gradually cools for a
very long time until it no longer emits light.  It has
become a black dwarf, a mere cinder in space.  Its den-
sity, however, is extremely high.  After all, it is an object
about the size of the earth with a mass near that of the
sun.  One cubic inch of such material would weigh 10
tons near the earth!  The surface gravity near a white or
black dwarf is about a million times that on earth.

Death of Massive Stars

Massive stars (those with masses several times that
of the sun) proceed to a somewhat different end.  After
their hydrogen and helium fuels are expended, they col-
lapse gravitationally until their central temperatures are
about 600 million degrees Celsius.  At this point, carbon
fusion begins to form more massive nuclei.  A new
cycle of fuel consumption, expansion, and contraction
begins.  Such processes may continue until nuclei with
masses near iron are formed.  However, the iron nucle-
us is the most tightly bound of the nuclei, and further
fusion can only occur at the expense of the free kinetic
energy of the pieces being fused.  With the formation of
iron, the fusion fire cannot free additional nuclear
potential energy to sustain itself.  The “fire” at the cen-
ter of the star goes out.  The core collapses and then
rebounds, sending a shock wave outward toward the
surface of the star.  The compression of the shock wave
generates great heat.  A conflagration (supernova)
occurs in which nuclei beyond iron in the Periodic Table
are formed and hurled out into space to become the
material of succeeding generations of stars such as our
own sun (Color Plate 8).  At the center a neutron star
is formed.

Even if the mass of the remnant is no more than a
few times the mass of the sun, the reduced size of the
object nevertheless creates gravitational forces that are
strong enough to force a combination of electrons and
protons in the matter to form neutrons.  In many
respects the resulting object is like a giant nucleus,
although it contains several times the mass of the sun.
The density is such that a pinhead-size ball of such mat-
ter would weigh in the region of a billion tons if it could
be brought to the surface of the earth.

Neutron stars (about 10 miles in diameter) are
much too small to be seen directly through a telescope.

But astronomers do see objects which they call pul-
sars—objects observed as very precisely timed bursts
of radio waves and x-rays that flash periodically from a
very compact region of the sky.  They have long been
thought of as rapidly spinning neutron stars.  The neu-
tron stars have super-strong magnetic fields that cause
charged particles to accelerate and emit the radiation.

Neutron stars are thought to be the end product of a
supernova explosion.  Supernovae were observed with
the naked eye in the years 1054, 1572, and 1604.  The
supernova of 1054 (reported by Chinese astronomers)
occurred in the sky where astronomers now see a rapid-
ly expanding cloud (the Crab Nebula, Color Plate 8) and
where x-ray astronomers see a pulsar that flashes every
0.033 second.  Supernovae often occur in other galaxies
but are usually only visible by telescope and are so dis-
tant they are difficult to study in detail.

For the first time since 1604, astronomers in 1987
were exposed to a supernova visible to the naked eye in
the southern hemisphere.  But for the first time in histo-
ry the astronomers had telescopes and neutrino detec-
tors to study the exploding star.  Theory predicts a neu-
trino burst as the red-giant star collapses and explodes.
The neutrino burst was seen by several detectors on
earth, but a check of star maps revealed that before
exploding the star was a very large, bluish star (a “blue
giant”) rather than a red giant.  This unexpected detail
can rather easily be accommodated by theory.  The pul-
sar, if one is actually there, is apparently not detectable. 

Black holes are even more massive and more exot-
ic than neutron stars.  It was one of the crucial tests of
General Relativity to observe the bending of the path of
light from a star as it passed the sun on its way to earth
(Fig. 27.4).  The bending of light for a star with as small
a mass as our sun is slight.  Imagine light emerging from
a star as in Figure 27.5.  As the star collapses, its surface
gravity increases and the path of emerging light is more
severely bent until the cone of emission eventually clos-
es and no light can escape.  Using our analogy of the rub-
ber sheet in Chapter 26, it is as if the spacetime region is

Figure 27.4.  A two-dimensional analogy of the way
massive objects give rise to curvature in spacetime.
Light bending near the surface of the sun (greatly exag-
gerated in the diagram) was crucial evidence for
Einstein’s General Theory of Relativity.
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pinched off and goes out of existence (Fig. 27.6)
We don’t know of any force that can halt the col-

lapse of a black hole down to a point.  Indeed, if a mech-
anism to halt the collapse is imagined, it invariably
requires adding additional mass-energy to the system to
exert the force—and this only aggravates the collapse.
Thus, in theory, if a body of mass is compressed within
a critical radius, the subsequent collapse is inevitable.

Black holes are also too small to be seen directly,
but, in principle, we can see matter in the space just out-
side the black hole.  The gravitational fields surround-
ing a black hole are extremely intense.  In those
instances where another star is orbiting a black hole, gas
may be pulled from the other star into the black hole.
The process is so violent that an enormous amount of
energy as electromagnetic radiation is emitted in the
radio and x-ray regions of the spectrum.  Very intense
emitters, including objects called quasars, are observed

by astronomers, and these are modeled fairly well by
black holes.  There are simply no other credible expla-
nations at present for such objects.  Black holes may
have only a few solar masses, but supermassive black
holes may contain from one million to ten billion solar
masses and the region immediately surrounding them
may exceed the brightness of rather bright galaxies by
factors ranging from 100 to 1000.

A modest (million solar masses) black hole is also
thought to be at the center of our own galaxy where it
accretes gas, dust, and entire stars from the galaxy’s
central regions.  We can tentatively say that black holes
have been (indirectly) observed to the extent that black
holes are inevitable in theory and no credible alternative
explanations have yet been found for some x-ray emit-
ters, for quasars, and for the core of our galaxy.   

Summary

Rather than being unchanging and everlasting, stars
are formed from elemental materials in the universe and
proceed through a predictable cycle of events.  Each star
begins as a collection of atoms attracted to each other by
gravity.  As the atoms fall toward each other, they gain
kinetic energy that in turn becomes thermal energy.  This
finally makes the star a star.  Its history is determined by
the balance or imbalance of the inexorable inward grav-
itational pull and the outward pressure of its high-tem-
perature interior.  All of the fundamental interactions
(forces) are involved in the complex sequence of events.

Most stars, after emitting as much energy as is
available, end their visible existence as white dwarfs
and then become black dwarfs, intensely dense but non-
luminous collections of matter.  Stars with more mass
may become spectacular supernovas before reducing
themselves to neutron stars.  The most massive stars are
thought to become black holes in which gravity is so
strong that light itself cannot escape (Fig. 27.7).

Figure 27.5.  The emission cone for light emerging from a massive, collapsing star is narrowed as the surface gravity
increases.  Finally, no light emerges and a black hole is formed.

Figure 27.6.  A two-dimensional analogy of the way a
black hole is formed in spacetime.
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Figure 27.7.  A summary of the fates of stars of varying
masses.  The least massive, like our sun, become white
dwarfs.  Neutron stars have about three to five solar
masses.  More massive stars may become black holes.

Historical Perspectives

Pericles, the leader of Athens at its most glorious
period, brought Anaxagoras (488-448 B.C.) to Athens to
add to the cultural life of the city.  However, Anaxagoras
held the unorthodox view that the sun was a giant, red-
hot stone that was about the size of Greece.  He also
thought that the moon shone by reflected light and had
mountains as well as inhabitants, views which denied
the divinity of the moon.  His impiety landed him in
enough trouble that he had to be rescued by his patron.  

But even then people were thinking about the sun
and the stars and wondering what they were.
Democritus (ca. 400 B.C.), who invented the atom, also
proposed a long time before the telescope was invented
that the Milky Way consisted of unresolved stars.  Of
course, Galileo confirmed that view when he turned his
new telescope on the heavens in 1610.  By the 17th cen-
tury it was a quite widely held view that each of the
“innumerable stars” in the infinite void were the suns of
planetary systems like our own.

Aristarchus of Samos (ca. 310-230 B.C.) was one
of the scholars at the great Library of Alexandria.  He
was probably the first person who believed that the
earth, with the other planets, moved about the sun.
From the size of the earth’s shadow on the moon during

a lunar eclipse, he concluded that the sun was several
times larger than the earth and that it was 19 times more
distant than the moon.  But it was an idea whose time
had not come; it would be 1800 more years before
Copernicus in 1543 would revive and confirm the idea.
Meanwhile, Cleanthes, head of the Stoic school of phi-
losophy, thought that Aristarchus ought to be indicted
for impiety.

In 1750 Thomas Wright (1711-1786) wondered if
the stars themselves formed a system just as the planets
form a solar system around the sun.  He imagined the
Milky Way as such a system moving around a governing
body at the center.  In 1755, German philosopher
Immanuel Kant (1724-1804) expanded on Wright’s sys-
tem by speculating on the nebulae.  The small white neb-
ulae were objects that the telescopes revealed to be dif-
fuse, cloudlike objects apparently sitting among the
pointlike stars.  Kant conjectured that these, like the
Milky Way, were vast systems of stars.  In this view, these
“island universes” all revolved around a common center.

William Herschel (1738-1822) was a German who
went to England and became a musician in the
Hanoverian Guards, while also being an expert tele-
scope maker who both sold and used the instruments he
made.  Eventually he caught the attention of King
George III and became the king’s astronomer.  His care-
ful observations revealed clusterings of stars, which he
interpreted to give the disklike shape of the Milky Way
with our solar system at the center.  He believed that
beneath its fiery exterior the sun had a cool, solid sur-
face suitable for its inhabitants!  The view that the sun,
moon, and planets were inhabited was not uncommon in
the early 1800s, but it declined by the end of the centu-
ry as more evidence of the inhospitable environments of
these places was accumulated.

But what were the stars?  Even with a telescope the
stars appear to be points of light.  Probably the single
most important innovation after the telescope itself came
in 1823 when Josef Fraunhofer used a prism at the focus
of a telescope to break the light of a star into its spectrum
of colors.  What he observed were the black lines of an
absorption spectrum (see Chapter 15), which gave the
first evidence for the actual composition of the stars.
Fraunhofer and his successors developed methods to tell
what elements were present in the surface of the star
(from comparisons with laboratory spectra), the tempera-
ture and pressure of the environment producing the spec-
tra (from the laws of thermodynamics as they apply to the
excitation and ionization of atoms), the translational and
rotational motions of the star (from the Doppler shifts),
and the presence or absence of magnetic fields—all this
from the light emitted by atoms on the surface.

However, the sun was still a puzzle.  It was emitting
unbelievable amounts of energy.  William Thomson
(Lord Kelvin) entered the evolution controversy after
the appearance of Darwin’s theory in 1859, arguing that
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the sun, with then-known sources of energy, could sus-
tain its current luminosity for at most 30 million years.
This amount of time was much less than the supporters
of evolution thought necessary for their interpretation of
things.  Thomson’s reputation was sufficient that he
could not easily be discounted, and a very lively debate
ensued until the end of the 19th century.  It was not until
1938 that Hans Bethe would develop the model based
on the fusion of hydrogen into helium that we use today.
The fusion model is more complex than we have indi-
cated in this chapter and could not be developed until
accurate measurements could be made of the probabili-
ties of a number of nuclear reactions.  The model at last
allowed astrophysicists to compute self-consistent mod-
els of the sun and stars in which nuclear energy release
in the core compensates for the loss of energy through
surface luminosity.

STUDY GUIDE
Chapter 27:  The History of a Star

A.  FUNDAMENTAL PRINCIPLES
1. The Gravitational Interaction: See Chapter 4.
2. The Electromagnetic Interaction: See Chapter 4.
3. The Strong Interaction: See Chapter 2.
4. The Conservation of Mass-Energy: See Chapter 9.
5. The General Theory of Relativity: See Chapter

26.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. Where are stars “born”?
2. What occurs during the protostar phase?  Why?
3. What occurs during the mature phase of a star?

Why?
4. What occurs during the red-giant phase of a star?

Why?
5. What occurs during “old age” and the “death” of a

star with small mass?
6. What occurs during “old age” and the “death” of a

more massive star?
7. What occurs during “old age” and the “death” of a

very massive star?

C.  GLOSSARY
1. Black Dwarf: The nonluminous end state result-

ing from the death of a white dwarf.
2. Black Hole: A gravitationally collapsed object of

such great density that ordinary radiations, such as
light, cannot escape from within, but which never-
theless produces great amounts of radiation from
the accelerated matter that surrounds the black
hole.

3. Dust Cloud: Within a galaxy, vast regions of mat-
ter in the form of dust, gas, and plasma.

4. Mature Star: A star in the very long-lived stage of

its existence when it is fusing hydrogen into heli-
um.

5. Neutron Star: The model of a pulsar which
accounts for its radiation being emitted from a
rapidly spinning object of small size (a few miles in
diameter) made of very dense nuclear matter (most-
ly neutrons).

6. Planetary Nebula: A halo of material that has
been thrown off an exploding star that is going into
its white dwarf stage.

7. Protostar: A collapsing dust cloud, pulled in on
itself by gravity, that has not yet reached the tem-
perature at its core that is required to ignite fusion.
The earliest stage in the formation of a star.

8. Quasars: Literally, quasi-stellar radio sources.
Very intense emitters of electromagnetic radiation,
the quasars are yet unexplained objects that are
thought to be very distant, primitive structures of
the early universe.

9. Red Giant: A large, relatively cool (reddish) star
with a collapsing center and an expanding outer
shell.  The red-giant phase is a later stage in the
lifetime of a star that occurs when fusion subsides
at the center (resulting in collapse at the center) but
otherwise spreads outward from the core (causing
an expanding outer shell).

10. Supernova: The cataclysmic explosion that marks
the death of a star of relatively large mass (several
times the mass of our sun) which has reached the
iron limit in fusion.

11. White Dwarf: A very hot, white star of relatively
modest mass (comparable to the mass of our sun)
that is incapable of igniting the fusion processes
that lead to the heavier elements and will therefore
die once its current hydrogen and helium fusing
processes are exhausted.

D. FOCUS QUESTIONS
1.  For the three categories of stars listed below:

a. Name and state the fundamental principles that
govern the history of the star (see Section A above).
b. In terms of these principles, describe each
phase of the history of the star from “birth” to
“death”.  

1)  The least massive stars, including stars like
our sun.
(2) Stars with three to five times the mass of
our sun.
(3) The most massive stars.

E.  EXERCISES
27.1.  What forces cause the particles making up a

protostar to collapse?

27.2.  Why does the temperature of a protostar
increase as the protostar gets smaller?
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27.3.  Why does a protostar emit light?  Where does
the energy come from, and how is it converted to light?

27.4.  Why do protostars of large mass contract to
stars more rapidly than those with less mass?

27.5.  Why does a protostar become smaller as it
emits light?

27.6.  Why does a star stop collapsing when its
internal temperature first reaches about 10 million
degrees?

27.7.  Why does a star emit light?  Where does the
energy come from, and how is it converted to light?

27.8.  Describe the balance of forces that stabilizes
the size of a star during its hydrogen fusion stage.

27.9.  Describe the balance of energy that occurs
during the hydrogen fusion stage of a star.

27.10. Why is energy released when hydrogen
nuclei combine to form helium nuclei?

27.11. Why does a very massive star complete its
hydrogen-burning phase more rapidly than a less mas-
sive star?

27.12. What source causes a star to expand and
become a red giant?

27.13. Why does the surface of a star cool as it
expands to become a red giant?

27.14. Why is a red giant red?

27.15. The helium nuclei formed during the hydro-
gen-fusion phase collect near the center of the star.
Why would this be expected to occur?

27.16. Why does it require a higher temperature for
helium fusion in a star than it does for hydrogen fusion.

27.17. Why do the “nuclear fires” go out in small-
er stars after helium burning but continue in larger stars
until iron nuclei are formed?

27.18. Why is the surface gravity of a white dwarf
so high?

27.19. Why do more massive stars eventually
become neutron stars, while less massive ones do not?

27.20. What is a “white dwarf”?  Why is a white
dwarf white?

27.21. Why does a white dwarf gradually cool and
eventually become a black dwarf?

27.22. What is a “black hole”?  Why is a black hole
black?

27.23. What is the difference between a neutron
star, a white dwarf, and a black hole?

27.24. The planet Jupiter seems to be made mostly
of hydrogen.  Why isn’t Jupiter a star?

27.25. Where do the heavy elements in the earth’s
crust come from?

27.26. What observed objects are modeled as neu-
tron stars?

27.27. What observed objects are modeled as black
holes?  What evidence leads us to believe black holes
actually exist?

27.28. Pick the following set of star name, energy
source, size, and lifetime that are consistent.

(a) protostar, gravity, small, long
(b) normal, H, medium, short
(c) red giant, C, large, short
(d) normal, He, medium, long
(e) white dwarf, He, small, long

27.29. A black hole was once a star with mass
(a) equal to that of sun.
(b) a small fraction that of sun.
(c) about 90 percent that of sun.
(d) many times that of sun.
(e) about twice that of sun.
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In the final few chapters we shall consider the plan-
et earth.  We shall make observations about it and apply
to them the natural laws and the physical and chemical
principles we have learned previously.  From these data
we shall build models (or theories) that explain how the
earth came to be the way it is.  If our models are partic-
ularly good, they will not only explain the past but also
allow us to predict some things about the future of our
planet.

The models cannot be arbitrary, however; they
must be consistent with what we observe, both now and
in the future.  No crystal ball permits us to foresee
observations that future scientists will make, but those
future observations are the data from which refinements
to our models will be made.  Theories that require too
much revision may simply be discarded and replaced by
better ones, but they will at least have served as step-
ping-stones to more refined theories.

In general terms, we know quite well what the earth
looks like and how it behaves today, and the theories we
build to reconstruct its development must lead to a plan-
et that looks and behaves as ours does.  Whether the the-
ories do that successfully will depend in large measure
on how we envision the beginning of the earth.  If we
choose the wrong sort of beginning, then correct ideas
about the development of the earth may not predict its
present state; whereas theories that do predict its present
state may, nonetheless, be incorrect.  Moreover, theories
about the evolution of the earth should also be capable
of dealing with the development of other planets, per-
haps with different conclusions, owing to the variety of
conditions that prevail on those bodies.  Alternatively,
we would have to believe that each planet had an inde-
pendent origin, and it would then probably be beyond
our ability to understand how it all came about.  We
must first, then, consider the origin of the sun and its
companions in space—the solar system.

The Solar System

Our sun is a rather ordinary star—compared to
other stars, neither very large nor very small, neither
very bright nor very dim.  Like other stars, the sun is
thought to have formed from an accreting cloud of dust
and gas, condensing under the influence of gravity into

a protostar, and finally becoming a star as nuclear reac-
tions in its core began converting hydrogen to helium.
The sun certainly was not among the first generation of
stars to form after the Big Bang:  First, a star of its size
would long since have exhausted its fuel if it were that
old; and second, it contains enough of the heavier ele-
ments that, according to our current models of stellar
evolution, it is enriched by material disseminated by
supernovae of earlier generations.

The sun is surrounded by a system of planets (see
Fig. 28.1) and other, smaller bodies with a number of
characteristics that suggest a common origin.   For
example, the densities of the planets show a general
decrease with distance from the sun; that is, the densest
planets are nearest to the sun.  All of the planets revolve
in the same direction about the sun and, with the excep-
tion of Pluto, all of them have orbits that are nearly cir-
cular and nearly in the same plane, which is called the
plane of the ecliptic. With one exception, the spin axes
of all the planets are inclined less than 30° to the plane
of the ecliptic, and all but two rotate around those axes
in the same direction: Venus spins on its axis in the
opposite direction from the others, and Uranus is tipped
so that its rotation axis is almost in the plane of the
ecliptic (that is, it rolls, rather than spins, around the
sun).  Other evidence that points to a common, coherent
origin for the solar system could be cited, but the point
is that our models of the very early earth must also
include the sun and the other planets—and must, inci-
dentally, be flexible enough to account for exceptions
like the inclination of the orbit of Pluto.

During the middle of the 18th century, two theories
about the origin of the solar system emerged:  the cata-
strophe theory and the nebular theory.  Comte Georges-
Louis Leclerc de Buffon (French naturalist, 1707-1788)
first suggested that the material that formed the planets
was ejected from the sun when it was struck by a comet.
(Early ideas about the sizes and compositions of comets
were not very accurate!)  A variation on this theme was
that a passing star drew the material from the sun by the
force of gravity.  These sorts of theories, collectively
called catastrophe theories, required unusual and vio-
lent events to explain the solar system; and, inasmuch as
such events would be very infrequent in the galaxy, they
predicted the existence of planets to be exceptional.

28.  Planet Earth
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The nebular hypothesis, which was initially proposed
by Immanuel Kant (German philosopher, 1724-1804)
and independently some years later by the Marquis
Pierre-Simon de Laplace (French mathematician, 1749-
1827), viewed planetary formation as a natural part of
normal stellar evolution and so predicted that planets
should, with high probability, accompany most stars.

The nebular theory is the currently preferred
model, but it did not reach that status without difficulty.
The theory originally proposed that a star formed from
a slowly rotating mass of gas and dust.  As gravity
pulled material toward the center of mass, the rotation
rate increased for the same reason that a skater rotates
faster when she pulls in her arms.  (The principle is
called the conservation of angular momentum and is
a conservation law similar to those we covered earlier in
this text.  If a spinning object contracts in a direction
perpendicular to the axis of rotation, then it must spin

faster to satisfy this conservation law.  Distributing the
mass further from the axis of rotation results in a slow-
er rate of spin.)  As the rotation rate of the condensing
star increased, rings of matter were thought to be
thrown off and eventually to condense to become plan-
ets.  Formulated in this way, the nebular theory was
doomed for at least two reasons.  First, calculations
show that matter thrown off a spinning star would dissi-
pate into the interstellar medium rather than condense to
form planets.  Second, the theory predicts that most of
the angular momentum of the solar system should
reside in the sun;  in fact, most of it resides in the plan-
ets, and the sun spins too slowly for the solar system to
have formed in this way.

The current formulation of the nebular hypothesis
also begins with the condensing cloud of gas and dust,
but then diverges from the old theory (see Fig. 28.2).  As
the cloud rotated, there would be no restriction on its

Pluto
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Earth
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Figure 28.1.  A view of the solar system.  Planetary orbits are drawn to scale, but the sizes of the planets and sun are not.
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flattening along the axis of rotation, and so it would
become a rotating disc.  Within that disc, random varia-
tions in density would naturally occur, and gas and dust
particles rotating about the protosun would begin to
form clumps.  These would grow by gravitational
attraction of nearby clumps until finally the central star
would be surrounded by a disc of orbiting chunks of
matter called planetesimals, each one perhaps hundreds
of kilometers across, which would further condense to
form protoplanets. Finally, a few relatively large bod-
ies—the planets—would sweep up all of the planetesi-
mals within their gravitational reach.  Some of the
smaller chunks might have become satellites (moons)
for the larger ones.  The problem with angular momen-
tum is not completely overcome by this new view of the
nebular hypothesis, but the discovery of the solar wind
(a stream of particles constantly spewed outward by the
sun) provides one known way in which angular momen-
tum is transferred away from the sun.  There may also
be other ways.  It is quite possible that the early sun
rotated considerably faster than it does at present (once
in 25 earth-days) and that it is slowing to conserve
angular momentum as it ejects material.

There is some observational evidence—admittedly
tentative, but nonetheless tantalizing—to support the
nebular hypothesis.  From the southern hemisphere one
can see a star named beta Pictoris (a Greek letter fol-
lowed by the name of the constellation it is in).  Figure
28.3 shows how that star appears when the bright light
from it and others in the field of view has been blocked
out; a faint disk of matter, seen edge-on, is clearly visi-
ble.  This looks very similar to what we would expect to
see in a forming star with planets, according to the neb-
ular theory.  In addition, a few other nearby stars seem
to wobble ever so slightly or to display distinctively
broadened lines in their spectra, suggesting that they are
pulled by the gravity of unseen objects that accompany
them—possibly planets.

Figure 28.3.  Beta Pictoris, a star seen from the southern
hemisphere of the earth, has a disk of gas that surrounds
it and that is visible by a special technique that blocks
out interfering light from stars.  From our location in the
galaxy, we see the disc edge-on.  It extends from the
central star over ten times the distance from the sun to
Pluto.  (After B. A. Smith and R. J. Terrile, Science, vol.
226, p. 1422.)

In the following section, we shall take a brief tour of
the planets, ending with the earth.  More has been
learned about these bodies from space probes in the last
several decades than was known in all previous time.
Not only shall we see that the nebular hypothesis
accounts for many of the properties of these planets, but
also that it is flexible enough to accommodate some very
singular catastrophic events that must be invoked to
explain some of what we see.  In this sense, the current-

Figure 28.2.  A series of sketches depicting the leading
theory for the formation of the solar system.  They
show, schematically, the interstellar dust and gas con-
densing to form a protostar that flattens, transferring
angular momentum to the surrounding disk of material.
The disk proceeds from clumps of aggregated dust to
planetesimals to protoplanets, finally resulting in a star
surrounded by planets.
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ly accepted model of the formation of the solar system is
a blend of the nebular and the catastrophe theories.

A Brief Tour of the Planets

The planets are generally divided into two groups:
the terrestrial planets and the Jovian planets.  The ter-
restrial planets are the four that are closest to the sun
(Mercury, Venus, Earth, and Mars); they are rocky in
composition, denser than the other planets, and relative-
ly small.  The Jovian planets are the next four out from
the sun (Jupiter, Saturn, Uranus, and Neptune); they are
largely gaseous in composition, have low densities, and
are very large.  Pluto, the planet with the largest orbit, is
much like the terrestrial planets; it is thus an anomaly,
but one that can be explained by current ideas about its
formation.  Color Plates 9 through 12 show some of the
planets.

Mercury is the planet nearest the sun.  If we define
an astronomical unit (AU) as the average distance of
the earth from the sun, then the average distance of
Mercury from the sun is 0.4 AU.  Less than half the
diameter of the earth, it is a small, rocky planet pocked
by craters (Color Plate 9) that are remnants of the plan-
etesimal bombardment that occurred as the planets were
forming.  Because Mercury has a high temperature and
a small mass (and hence a weak gravitational field), it
has retained neither water nor, for all practical purpos-
es, any atmosphere; thus erosion has never occurred on
Mercury, and these early craters have never been worn
away as they have on earth.  There are also features that
appear to be lava flows, suggesting that Mercury once
underwent an episode of intense heating and partial
melting.

Venus is a mysterious planet because it is covered
by a dense atmosphere that prohibits direct observation
of the surface.  It is about the same size as the earth and
about 0.7 AU from the sun.  The atmosphere consists of
dense clouds of carbon dioxide with sulfuric acid and
very small amounts of water vapor.  The greenhouse
effect (the rise in temperature when heat [infrared radi-
ation] produced by incoming sunlight is unable to
escape because carbon dioxide is opaque to infrared
radiation) has resulted in a surface temperature of about
475 °C—very uncomfortable indeed!  Radar maps
made by a space probe that orbited Venus for over a
decade reveal the presence of large plateaus, craters,
volcanoes, and several types of exotic features not
entirely like any found on earth.  The planet rotates in a
direction opposite to that of the other planets, and a sat-
isfactory explanation can only be guessed; perhaps
Venus had an off-center collision with a very large plan-
etesimal during its formative stages and this set it rotat-
ing “backward.”  (Such ideas may be correct, but they
require speculation about unusual and unpredictable
events, and such speculation inevitably makes scientists

uncomfortable because there is no way to either prove
or disprove that the events ever happened.)

Skipping the earth for the moment, we proceed out-
ward to Mars, the red planet, which revolves about the
sun at an average distance of 1.5 AU (Color Plate 10).
Because it is smaller than the earth and has only about
one-tenth the mass, Mars has retained only a thin atmos-
phere consisting mostly of carbon dioxide.  The Martian
landscape possesses sand dunes, impact craters, gigan-
tic canyons, and extinct volcanoes that dwarf any on
earth; the largest, Olympus Mons (Fig. 28.4), would
cover the state of Utah and rise 25 kilometers (15 miles)
above it!  Among the most intriguing features are some
that so resemble stream channels that no other explana-
tion seems reasonable.  With an average surface tem-
perature of -53 °C, there is no liquid surface water on
the planet now (though there is frozen water under the
surface), but during its younger days, Mars must have
experienced erosion from running water.  Speculation
about life on Mars has always been popular, especially
because some areas of the surface get darker during the
Martian summer, but none of the three unmanned space-
craft (one Soviet, two U.S.) that landed on Mars during

Figure 28.4.  Olympus Mons, a Martian volcano that
rises 25 kilometers (15 miles) above the surface of the
planet.  The outline of the State of Utah is superimposed
for scale.
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the 1970s detected any signs of life in the atmosphere or
in the soil.  However, an announcement was made in the
summer of 1996 that a meteorite found on earth, but
which originated in a large impact on Mars, contained
possible evidence of fossil bacteria—an intriguing hint
about what might once have been.  Whereas the two
innermost planets have no satellites, Mars is circled by
two small, rocky moons.

Beyond Mars, we move outward to the Jovian plan-
ets—giants compared to the terrestrial planets and dif-
ferent from them in nearly every significant way.
Jupiter, the first, is 5.2 AU from the sun and more than
eleven times the diameter of the earth.  If it were the
same density as earth, it would be 1400 times more
massive than our planet; in fact, it is only about 300
times more massive because its density is less than one-
fourth that of earth and only a little more than that of
water.  During the formation of the solar system,
according to the nebular theory, the lightest gases—
hydrogen and helium—would have been driven away
from the inner planets by the young, hot star.  At the dis-
tance of Jupiter, energy from the sun would not have
been intense enough to strip away these gases; so
Jupiter, with the other Jovian planets, consists mostly of
hydrogen (with lesser amounts of helium and other ele-
ments) compressed by the intense gravitational field
produced by that much mass.  Below a thin skin of gas,
the hydrogen is probably in a liquid state.  Roughly
half-way to the center of the planet, pressures and tem-
peratures are such that metallic hydrogen, a form
unknown on earth, should form.  There may well be a
rocky or metallic core, but it does not account for much
of the total mass of the planet.  Seen through a telescope
or in photographs sent back by the Voyager spacecraft
(Color Plate 11), Jupiter is a beautiful sight with its vari-
colored cloud belts spread out parallel to the equator by
very rapid planetary rotation (once in only ten hours).  

Jupiter has 16 satellites, four of which are large
enough to be seen from earth with a good pair of binoc-
ulars.  These four are roughly the size of earth’s moon,
and two of them have cratered areas much like our satel-
lite’s.  There are other features that are not similar to any
on our moon, though.  One of Jupiter’s satellites has
areas covered with curious grooves the size of the
Appalachian Mountains.  Another has a smooth surface
of ice covered with cracks.  The one closest to Jupiter is
deformed by enormous tides, and molten sulfur from
active sulfur volcanoes covers its surface.  Strange
worlds, these.

Next comes Saturn, arguably the most beautiful
sight in the solar system (Color Plate 12).  It is nearly
twice as far from the sun (9.5 AU) as Jupiter and has
about one-third the mass and half the density.  With a
diameter nearly ten times that of earth, Saturn is certain-
ly among the giant planets.  Besides at least 18 moons, it
is circled by a system of rings that look solid and opaque

(yet somehow delicate) from earth but comprises as
many as 1000 individual ringlets, each one consisting, in
turn, of rock and ice in chunks a few meters across to
dust-size.  The ring system is extremely thin, only two to
five kilometers thick, and over 400,000 kilometers from
inner to outer edge.  (Put another way, if Saturn’s rings
were only as wide as this page, they would be less than
three one-hundredths as thick!)  Like Jupiter, Saturn is
composed mostly of hydrogen, liquid not far below the
surface and probably becoming solid and metallic deep
in the interior.  The moons of Saturn, like those of
Jupiter, show some strange phenomena (like water-ice
volcanoes), but its largest satellite (Titan) has a feature
known on only one other satellite (Triton, circling
Neptune) in the solar system:  an atmosphere.  Nitrogen
(the same gas that makes up four-fifths of our own
atmosphere) comprises nearly all of it, with a little
methane and some other hydrocarbons.

At 19.2 AU from the sun is Uranus, a planet so far
away that it looks like a faint, structureless, greenish
disk even in a good telescope, although Voyager 2 pro-
vided us some much better views.  Though half the size
of Saturn, it is still one of the four giant planets.  The
oddest thing about Uranus is that its axis of rotation
(that is, the line between its north and south poles) is
inclined only about 8° to the plane of the ecliptic; it lays
on its side and rolls around the sun.  In 1977 Uranus
passed in front of a distant star and revealed an unex-
pected phenomenon:  As the planet approached the
image of the star, the star blinked out five times before
passing behind it, then it reappeared on the other side
and blinked out five more times as the planet moved
away. The interpretation of this behavior was clear—
Uranus is surrounded by a system of thin rings, invisi-
ble but not undetectable from earth.  Subsequent occul-
tations and the Voyager 2 photographs have revealed
that there are a total of ten rings in the Uranian system.
(Jupiter, incidentally, has a single narrow ring, too, that
was discovered during the Voyager 1 mission.)

Besides Uranus’ five major satellites that were
known from earth-based observation, the Voyager 2
encounter revealed ten others, all small and within the
orbit of the innermost major moon.  Like the moons of
Jupiter and Saturn that were also investigated during
Voyager missions, these satellites are different from one
another; one of them has a strangely wrinkled and
scarred surface unlike anything so far seen elsewhere in
the solar system.  It seems that each new encounter by a
space probe reveals surprising images that challenge
our conservative, terrestrial prejudices about how
worlds ought to be.

Little is known of the eighth planet, Neptune, cir-
cling the sun at 30 AU.  Although it was discovered in
1846 by applying Newton’s Laws to irregularities in the
orbit of Uranus, a dim, small, blue-green dot was all that
we saw until Voyager 2 reached the planet in August
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1989.  It is about the size of Uranus and very likely sim-
ilar in composition—mostly hydrogen, methane, heli-
um, water ice, and ammonia ice.  It has two moons
known from earth-based observations: one about the
size of our moon and traveling in a nearly circular orbit,
but circling Neptune in a backward direction relative to
the planet’s rotation; and the other quite small and in a
very elongated elliptical orbit.  These orbital curiosities
suggest that both were probably stray bodies captured
by the gravity of Neptune, rather than bodies that
formed along with it.  As on one of Saturn’s moons, an
atmosphere has been detected on the larger satellite of
Neptune.  The Voyager 2 spacecraft detected six other
satellites and a system of three thin rings about
Neptune.  Neptune is the windiest of the planets, with
gales reaching speeds near that of sound.

Pluto, on the edge of the solar system and not dis-
covered until 1930, is shrouded in mystery.  Even in the
largest telescopes, it appears as only a point of light
moving extremely slowly among the “fixed” stars.
Pluto is only about two-thirds the diameter of earth’s
moon and is thus more like the terrestrial than the
Jovian planets.  It travels about the sun in a very ellipti-
cal orbit that averages 39.5 AU in radius, but actually
comes closer to the sun at its closest approach than does
Neptune.  In fact, during the last two decades of the 20th
century Pluto is the eighth planet from the sun and
Neptune is the ninth.  Besides its strange shape, the orbit
is inclined to the plane of the ecliptic by 17°, over 10°
more than any other planet.  Pluto’s single known satel-
lite circles the planet in a plane nearly perpendicular to
the planetary orbit itself.  These facts led to the once-
popular hypothesis (speculation might be a more appro-
priate term) that Pluto and its single known satellite are
moons that escaped from Neptune.  The escape could
have been caused by the nearby passage of some ran-
dom large body moving through the early solar system;
but such a body would have left no trace of its exis-
tence, and it is unlikely that such a theory could ever be
proven.  Besides, recent calculations predict that such
an occurrence would likely have disintegrated both bod-
ies.  Unfortunately, neither Voyager 2 nor any other
planned space probe will fly by Pluto, so we may never
know more than we can learn by looking from earth.

The Moon

Before we end our tour by returning to our own
planet, the focus of the remaining chapters, we stop to
consider our nearest celestial neighbor, the moon.
Considering how long we have been looking at the
moon, even traveling there, it might seem as if we
should know much more about it than we know about
the more distant planets.  Often in science, though, the
availability of more data simply generates more ques-
tions, and the answers come slowly.  We know a great

deal about the moon, but the answers to some of the
most interesting questions—those about its origin—are
still elusive.  Before considering what we don’t know,
we’ll look at what we do know.

The moon is bone dry and has no atmosphere
because its gravity is insufficient to hold gases.  Thus,
there is nothing to moderate the temperature, which
ranges from  over 100°C when the sun is overhead to
lower than -100°C during the lunar night.  The moon
revolves once on its axis in the same time that it rotates
once about the earth, so it always keeps the same side
toward us, and its days and nights are both nearly 15
earth days long.  (When the moon is “full,” it is essen-
tially opposite the sun from us, and it is midday for the
center of the side toward us.  When the moon is “new,”
it is up during the day, and thus on the same side of the
earth as the sun; the same features that we saw at the
“lunar midday” two weeks before are now at “lunar
midnight.”)

From the earth, two strikingly different kinds of
topography are visible even without a telescope or
binoculars.  Some areas are comparatively bright and
white, while others are darker gray.  The brighter areas
are the lunar highlands and they are the most ancient
lunar terrains.  The darker regions are called maria (sin-
gular, mare—Latin for sea, although they contain no
water), and they consist of relatively thin veneers of
lava erupted into large, shallow basins after the forma-
tion of the highlands.  A good pair of binoculars or a
small telescope will reveal that the highlands are heavi-
ly cratered (Color Plate 13), and the maria are consider-
ably smoother.  Even the maria contain some craters,
though, and some of these have rays that emanate from
them—like the spokes of a wheel—and cover the maria
around them.  These observations permit the following
generalization of lunar history.

Like the other planets and satellites in the solar sys-
tem, the moon formed by accretion of planetesimals
(although the different models of lunar origin, which we
shall discuss later, attribute the accretion to different
causes).  Early in the moon’s history, planetesimals of
all sizes rained down upon its surface, generally pulver-
izing the landscape and adding mass to the young moon.
During this time the surface became literally saturated
with craters.  In each collision, the moon absorbed the
kinetic energy of an incoming planetesimal and con-
verted it to internal (thermal) energy in the same way
that pounding on a nail heats it.  Eventually enough heat
was generated to melt the crust and form a molten
“ocean” over the entire surface.  The less dense volatile
compounds, like water and carbon dioxide, came to the
surface and were lost to space, and the less volatile
remainder solidified.  The last stage of the bombard-
ment phase was still going on, of course, though it was
tapering off, so the new crust was re-cratered, and a few
very large meteor impacts created shallow basins many
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tens of kilometers across.  (Some meteors are chunks of
rock that orbit the sun as remnants of the early solar sys-
tem—pieces that were not swept up by the formation of
the larger bodies—while others are the icy remains of
disintegrated comets.)  Later, molten rock, perhaps
reheated by radioactive decay, pushed its way through
the thin crust over the large, shallow basins and flooded
them, creating the maria.  Finally, the last of the craters,
including those in the maria, were formed; the rays that
emanate from some of these consist of debris
“splashed” out from the impact site.  Although small
meteors must still occasionally hit the moon, no new
craters large enough to be seen from earth have been
observed since the telescope was invented.  (Many
meteors hit the earth’s atmosphere, but they are burned
up by friction, becoming “shooting stars.”)

Five theories purporting to explain the origin of the
moon have been popular at one time or another—from
a scientific point of view, at least.  One is that the moon
developed as an equatorial bulge on a very rapidly spin-
ning young, molten earth, and was “thrown off” into
orbit (in the sense of Newton’s first law—it simply
escaped from the earth when gravity could not hold it
in).  Several drawbacks—problems with conservation
of angular momentum, small differences in the chem-
istry of moon rocks and earth rocks, and others—make
this theory, the fission model, a very unlikely possibili-
ty.

The binary accretion model holds that the earth
and the moon were accreted separately from the same
cloud of material in the primitive solar nebula.  Minor
differences in the chemical compositions of the two
bodies are difficult to explain in terms of this idea, but
the fact that the ratios of the various oxygen isotopes are
the same for both the earth and the moon suggests that
the earth and moon formed in at least the same region of
the solar nebula.  

According to the capture model the moon was a
wanderer that came within the earth’s gravitational pull
and was caught; some difficulties in the detailed dynam-
ics of such a capture, as well as the oxygen-isotopic
similarities, constitute problems for this idea.  

A fourth idea, the tidal disintegration model,
requires incoming planetesimals to be disintegrated by
the gravity of the enlarging earth and reaccreted to form
the moon; this theory suffers from problems involving
angular momentum.  

Finally, there is recent enthusiasm for a collisional
model in which the early earth is rammed by a large
(Mars-size) planetesimal, and so the material of the
moon comes partly from that body and partly from the
earth.  This theory looks promising (as have the others at
various times), but many of the theoretical details have
not yet been worked out sufficiently to test them.  None
of the theories appear fully satisfactory at this point, and
it is possible that the truth lies in some combination of

them or in some idea that no one has yet suggested.

The Earth

As we leave the moon, our final destination captures
our attention.  Looming large in the black lunar sky, the
earth looks unlike any planet or satellite we have seen in
the solar system.  It obviously possesses an atmosphere,
for we can see clouds as white swirls against the back-
ground of the planet’s surface.  Unlike clouds we have
seen elsewhere, however, these are made of water
vapor—a substance absolutely indispensable to life, yet
notably scarce throughout the rest of the solar system.
Most of the atmosphere is nitrogen, but one-fifth is
another gas uncommon in the solar system—oxygen,
contributed virtually entirely by living plants.

We are struck by how blue the earth is (Color Plate
14).  The blue, of course, is liquid water in the oceans.
Nowhere else have we encountered a body on which liq-
uid water is stable at the surface.  Earth happens to lie
just within the inner edge of the continuously habitable
zone (CHZ), a shell around the sun inside of which a
planet would lose its water because of strong solar radi-
ation and outside of which temperatures would be too
low to sustain life.  If the earth were just 5 percent clos-
er to the sun, we could not live here.  The CHZ probably
extends to just beyond the orbit of Mars; but for reasons
we can’t go into here, a planet as small as Mars cannot
produce an atmosphere capable of supporting complex
life forms.  A planet as large as earth might, but it would
be unable to support human life at that distance from the
sun.  Hence, the size of the earth and its distance from
the sun have combined to yield a planet uniquely suited
to life.  In making this observation we do not suggest in
any way that this is happenstance or accident.  We do
suggest that, intentional as this uniqueness is, it was
brought to pass by means that are essentially natural and,
incomplete as our current theories may be, they at least
propel us in the direction of understanding.

As we near the earth, it is apparent that there are
two essentially different types of surfaces.  One is the
liquid surface of the oceans (the hydrosphere, or
“water sphere”), and the other is the solid surface of the
continents (the lithosphere, the brittle outer shell).  For
our present purposes, we are not particularly interested
in the water of the oceans but rather in the solid rocks
that make up the floors of them, so we shall ignore the
hydrosphere.  Each type of surface—the continents and
the ocean floors—has features not found in the other,
and, while it may be a few chapters further before we
understand all of what we see, it is worth pointing out
these features here so that we at least know some of the
questions we ought to be asking. 
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The Continents

We have become accustomed to seeing impact
craters on virtually any solid surface in the solar system;
on earth they seem strangely rare, although a search
turns up a few.  Meteor Crater in Arizona is a beautiful
example of such a feature (Fig. 28.5).  A couple of oth-
ers—or at least features that may be very large and
ancient meteor impact craters—are discernible in
Canada in the vicinity of Hudson Bay.  How different is
the surface of the earth from that of the moon!  It is this
very comparison, though, that provides insight into the
difference.  The moon has no atmosphere and no water
to alter the surface.  On the earth, erosion is a continual
process that wears away surface features.  There is no
reason for us to believe that the earth did not experience
a period of intense bombardment in its formative era,
just as the moon did, but the evidence is largely worn
away.  This leads to a question that needs to be investi-
gated in subsequent chapters:  If the process of erosion
wears away high areas of the continents, why are there
still mountains?  Is erosion so slow that there has not
been time to wear the mountains away, or are there
processes that oppose erosion and build mountains?

Figure 28.5.  Meteor Crater, Arizona.  Theoretical mod-
els of the early history of the earth suggest that our plan-
et was once as cratered as the moon but that erosion has
obliterated the direct evidence.

There are three genetically different sorts of rocks
present on earth—igneous, sedimentary, and meta-
morphic—and each kind consists of natural chemical
compounds called minerals. Most of the common min-
erals are silicates (that is, they contain the SiO4

4– mole-
cular ion) or carbonates (containing the CO3

2– molecu-
lar ion).  The names for the rocks imply something
about the processes that produced them.  The English

word igneous comes from the Latin word for fire;
igneous rocks result when molten rock solidifies.
Molten rock is called magma when it is underneath the
surface of the earth and lava when it is erupted onto the
surface.  So igneous rocks are formed when magma or
lava crystallize.  While we are accustomed to thinking
of freezing as a process associated with cold, freezing
for molten rock is anywhere from 600 °C to 1200 °C,
depending on the chemical composition of the melt.
Typical igneous rocks that you might have seen are
granite and basalt (Fig. 28.6).  The minerals that form
the basalt are too small to be seen without magnifica-
tion, but the different white, gray, and black minerals
that constitute the granite are visible.

Figure 28.6.  Typical igneous rocks:  A granite (left) and
a basalt (right).  Notice the separate minerals that con-
stitute the granite.  The basalt is also made of distinct
minerals, but they are too small to be seen without mag-
nification.  

Sedimentary rocks are formed when debris eroded
from other rocks is transported (mostly by running
water), accumulates in basins, and is gradually buried
by later sediment.  Eventually the pressure of overlying
sediment compacts the deep material, and it is cement-
ed together by minerals precipitated from groundwater.
The nature of this process most often results in layered
rocks, like some kinds you may have seen in canyons
and mountains.  Alternatively, some kinds of sedimen-
tary rocks form by chemical precipitation from bodies
of water.  Some common sedimentary rocks are sand-
stone, shale, and limestone (see Fig. 28.7).

Sometimes igneous or sedimentary rocks are buried
deep in the earth and subjected to intense heat and pres-
sure.  Under such conditions the minerals of which they
are made may become unstable and undergo chemical
reactions.  The products of those reactions (which gener-
ally also involve fluids) are other minerals that are stable
under the new conditions.  The resulting rocks are called
metamorphic rocks because they have been changed.
(Metamorphic rocks themselves can be re-metamor-
phosed, too.)  Some metamorphic rocks you might have
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heard of are slate, gneiss, and marble; these are, respec-
tively, metamorphosed shale, granite, and limestone.
Figure 28.8 shows how these typically appear.

Despite the widely differing appearances and
chemical compositions of all the sorts of rocks found on
the continents, the average rock type is essentially gran-
ite.  This means that if one put representative amounts
of all the continental rocks into a crucible and allowed
them to crystallize after being melted, the result would
be something very much like granite.

The continents all have different shapes, but all
have essentially the same sort of anatomy, and general-
izations we make about one will apply to all of the oth-
ers.  Because most of us are familiar with the geograph-
ical names and features of North America, we shall use
North America as our model continent.  We find that
North America has two essentially different major phys-
iographic regions (Fig. 28.9):  the craton (consisting of
the shield and the stable platform) and the fold moun-
tain belts.  The craton is that part of the interior of a con-
tinent that has been geologically quiet for a long time
(meaning the last several hundreds of millions of years
of earth history).  Thus, it has long been relatively free
from earthquakes and the sort of deformation that have
produced the present mountain ranges.

The Continental Shield

In the northern part of North America, encircling
Hudson Bay, is a region of very ancient, very eroded
rocks known as the shield. It gets its name from the fact
that its profile would somewhat resemble the gently
rounded shape of a warrior’s shield—high in the center
and sloping toward the edges.  It is not in the geograph-
ic center of North America, but in a geologic sense it is
the core of the continent.  The oldest rocks to be found
on the continent are in the shield.  Structurally, it con-
sists mostly of igneous and metamorphic rocks that are

the roots of ancient mountains long since worn away.
The rocks are now a vast lowland, mostly less than 50
meters above sea level.  Some continents have more
than one shield (which tells us something about how
continents formed in the first place, but we shall discuss
that more in another chapter).

The Stable Platform

To the west and south of the Canadian shield is a
part of the craton in which the shield is covered by a
veneer of sedimentary rocks.  This is the stable plat-
form. The sediment has come from erosion of the
shield itself and from the mountain ranges that surround
the stable platform.  The rocks are approximately 1000
meters thick on the average, and except for gentle warp-
ing that produced broad, shallow basins and broad, low
domes, they are essentially flat and horizontal.  Only in
a few places do rocks of the shield protrude through the
sedimentary cover, but deep wells assure us that it is
there, nonetheless.  Like the shields, the existence of
stable platforms is common to all continents.

Fold Mountain Belts

Bordering the stable platform are the fold mountain
belts.  They are called fold mountains because the
rocks that constitute them are warped into folds, in the
same way that a carpet shoved against a wall would be
warped into alternating “up-folds” and “down-folds.”
(We point out that the mountains themselves are not
necessarily the “up-folds” and the valleys the “down-
folds.”  The folding is seen in the internal structure of
the mountain belts, not necessarily in their topography.)
They are called “belts” because they occur in long, lin-
ear (or mildly curved) ranges.  The Appalachian
Mountains stretch from Georgia into Maine and
beyond; the Rocky Mountains extend from Alaska

Figure 28.7.  Typical sedimentary rocks:  (a) sandstone,
(b) shale, and (c) limestone.

Figure 28.8.  The metamorphic rocks:  (a) slate, (b)
gneiss, and (c) marble. 
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south into Central America, and they even appear to
continue down the west coast of South America as the
Andes Mountains.  You are familiar, too, with the long
belt of mountains that begins as the Pyrenees between
Spain and France, continues eastward as the Alps, then
becomes the Caucasus, the Zagros, and finally the
Himalayas.  Some mountain ranges are higher and more
rugged than others, but the geologic importance of a
fold mountain belt is not in its topography; it is in the
structure of the rocks, which indicates that they have
been folded and deformed by huge horizontal (com-
pressional) forces in the lithosphere over long expanses
of time and are not as rigid and immobile as they appear
during the short duration of human experience.

The Continents Reconsidered 

Based on the observations of continental anatomy
we have just made, some obvious questions come to
mind.  Even if the shields are not in the geometrical cen-
ters of the continents, they are surrounded by the stable
platforms, and those are rimmed by fold mountains.

This suggests some sort of predictable scenario for the
formation of continents.  What is it, and why are there
continents at all?  What makes the continents different
from the ocean basins, other than their elevations with
respect to sea level?  Why are the mountains distributed
in the way they are, instead of at random all over the
surfaces of continents?  Why don’t mountain belts cross
through the cratons?  What is the origin of forces large
enough to produce fold mountain ranges?  We shall
address such questions in the succeeding chapters, but
not until we have first considered the geologic features
that characterize the ocean basins.

The Ocean Basins

Despite their appearance on a map of the world, the
continents do not actually stop at the shorelines.  If the
water of the oceans were removed, we would find that
the rocks just seaward of the present shorelines are con-
tinuations of the rocks of the continent and are quite dif-
ferent from the rocks of the ocean basins themselves.
This continental border that happens to be below pre-

Shield

Stable platform

Fold mountain belts

Figure 28.9.  The major physiographic divisions of the North American continent.  The shield and the stable platform
together make up the craton.  Other continents possess the same features, although the numbers of them vary from one
continent to another.
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sent-day sea level is called the continental shelf.
Toward the ocean from the continental shelf is a

region transitional to the ocean floor called the conti-
nental slope. Beyond the continental slope are the
rocks that make up the ocean basin.  They are basalt.
Notice that we did not say “basaltic,” in the sense that
continental rocks were “granitic “ (granite only on the
average).  Except for the thin layer of sediment that cov-
ers them and has nothing at all to do with the origin of
the ocean floor, these rocks are basalt, period.  To be
sure, they vary slightly in chemical composition from
location to location in the world, but their similarity is
much more striking than any differences.  

We shall discuss the issue of geologic time in a later
chapter and learn how it is possible to determine the
ages of rocks.  For now, let us just postulate that such a
thing can be done.  When the ages of the rocks of the
ocean floor are determined, a surprising result is
obtained:  None of the rocks are older than the most
recent 5 percent of earth history. In contrast, the ages of
continental rocks span nearly all of earth history, from

the newest rocks formed in recent volcanic eruptions to
the most ancient rocks known on earth.  Put another
way, if all the years of earth history were represented by
a hundred-meter dash at a track meet, the rocks of the
continents would be strewn all along the track; but the
rocks of the ocean floors would be found only within 5
meters of the finish line.

Figure 28.10 depicts the locations of the principal
physiographic features of the ocean floor; in outward
appearance they are at once similar to and different
from the features of the continents.  There are large flat
areas and hills called abyssal plains and abyssal hills,
respectively. There is a major mountain chain that is
long and linear but does not consist of fold mountains;
this is the oceanic ridge. Island chains are more com-
mon than single, isolated islands and are of two types:
island arcs that are gently curved and always accompa-
nied by deep oceanic trenches, and linear island
chains that often continue underwater at one end as
seamounts.

Midocean ridge Trench Island arc

Linear island chain
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Abyssal plain

Figure 28.10.  Locations of the major physiographic features of the ocean floor. Linear island chains include
seamounts.  Abyssal hills are omitted for clarity but extend for hundreds of kilometers on either side of the oceanic
ridge.
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The Deep Ocean Floor

Most of the ocean floor is covered by small hills only
a few hundred meters higher than the surrounding
seafloor.  These are known as the abyssal (meaning “very
deep”) hills, and they are actually the most common land-
forms on earth.  They become smaller and smaller with
distance away from the oceanic ridge because the low
areas between them become filled with sediment.  In
some places (particularly where a great deal of sediment
from a nearby continent is available), they are complete-
ly covered over to give the remarkably flat abyssal plains.

The Oceanic Ridge

Winding around the globe like a giant snake is a
range of mountains called the oceanic ridge.  (Note that
it is not always in the middle of the ocean; but it is often
called the “midocean ridge” anyway, because it was
first discovered in the Atlantic Ocean where it is in the
middle.)  This is actually the longest mountain chain in
the world and is considered by many geologists to be
the single most important geologic feature on the plan-
et.  It projects above sea level only at a few islands like
Iceland.  Like the rest of the seafloor, the oceanic ridge
is made of basalt; and unlike the continental mountain
chains, it is not the product of compressional forces in
the lithosphere.  Most of the heat that leaves the interi-
or of the earth does so through the oceanic ridge system.

The ocean ridge is much broader than it is tall
(about 1400 kilometers wide and only 3 kilometers tall
at most), and a central rift valley runs lengthwise down
its center. It is cut by many fractures that are essential-
ly perpendicular to its length.  Thus, it is a great curvi-
linear swell that encircles the planet.

Island Arcs and Other Island Chains

Perhaps you have noticed that island chains are
more common than isolated islands, particularly in the
Caribbean Sea and the Pacific Ocean.  Some of these
chains, such as the Aleutians off Alaska, the Japanese
islands, and the Marianas, are broadly curved, or arc-
shaped and are called island arcs. These are all vol-
canic islands, and they are invariably flanked on one
side by deep oceanic trenches, the deepest surface fea-
tures of the earth.  The most well-known is the Marianas
trench, which descends to over 11 kilometers (nearly 7
miles!) below sea level.  The island arcs are the sites of
numerous, frequent, and strong earthquakes.

Another type of island chain is represented by the
Hawaiian Islands and others that are nearly parallel to it
in the Pacific Ocean.  These are not arc-shaped, they are
never accompanied by deep ocean trenches, and they
are not prone to large earthquakes.  But they are vol-
canic.  Often these linear island chains continue under-

water at one end as former islands that are now below
sea level owing to erosion and subsidence of the
seafloor around them.

The Oceans Reconsidered

As in the case of the continents, our observations of
the ocean basins have generated a number of questions.
How could such a vast expanse of nearly identical rock
have developed?  Why are the rocks of the continents so
varied in comparison?  Why are island arcs shaped as
they are, and why are they always adjacent to deep
trenches?  What is the difference between an island arc,
with its associated trench, and a linear chain, like the
Hawaiian Islands?  What is the origin of the oceanic
ridge?  Why are the ocean floors of uniformly young
geologic age?  Were there any oceans during the ancient
eras of geologic time?  If so, what happened to the rocks
of their floors?  If not, then why are there oceans now?

Summary

Never in all of history has there been a more intel-
lectually stimulating time to live.  We have sent expedi-
tions to the moon and other planets in our solar system
and have begun to find evidence of other planetary sys-
tems in the universe.  We have seen worlds that are
bizarre (to say the least) when measured against our ter-
restrial expectations.  But not all of our discoveries have
concerned worlds alien to our own.  We have learned
much more about the earth than any previous generation
has known and have found it to be different in some
very important ways from other planets we know about.
Its oxygen-rich atmosphere and surface water are
unique in our solar system.

The earth appears to be geologically quite “alive.”
Active volcanoes dot its surface, earthquakes occur in
large numbers, and mountain ranges are evidently pro-
duced by active processes that require gigantic horizon-
tal forces—forces that must be absent on bodies like the
moon and Mars, where there are no fold mountains and
the numerous craters are all circular and undeformed.
The similarities among continents, their interior cratons
and surrounding mountain belts, suggest that they
undergo predictable developmental stages.  The ocean
floors contrast sharply in both structure and age with the
continents and are characterized by abyssal plains and
hills, the oceanic ridge, trenches, island arcs, and linear
island chains.  Moreover, the sorts of rocks that make up
the continents and ocean basins are strikingly different.

The earth is like a gigantic engine, with the energy
required to run some parts of it coming from within and
the energy required to run other processes coming from
without.  To understand how the engine works and to
begin uncovering the answers to some of the questions
that have been posed in this chapter, we need to first
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establish the appropriate time scale for understanding
the development of our planet and then to determine
what the interior of the earth is like and how it affects
what we see on the outside. 

STUDY GUIDE
Chapter 28: Planet Earth

A.  FUNDAMENTAL PRINCIPLES
1. Conservation of Angular Momentum: In the

absence of any net torque (“twist”),  the angular
momentum of an object revolving about an axis is
conserved, i.e., the product of the mass, the speed,
and the distance from the object to the axis of rev-
olution is a constant in time.  See Chapter 7.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. The Nebular Hypothesis as a Model for the
Formation of the Solar System: The model in
which a condensing cloud of gas and dust flattens
into a disc as it condenses.  Inside this disc random
variations in density would form planetesimals
orbiting around the protostar.  These planetesimals
would condense by gravitational attraction to form
protoplanets which would eventually form planets.
The core of material at the center of the system
becomes a star.

2. The Fission Model of Lunar Formation: A theo-
ry of the formation of the moon in which it splits
from a rapidly spinning earth, much like the fis-
sioning of a nucleus.

3. The Binary Accretion Model of Lunar
Formation: Theory in which the earth and moon
separately accrete in close proximity within the
original nebula of the solar system.

4. The Capture Model of Lunar Formation:
Theory in which the moon forms elsewhere in the
nebula, but wanders into proximity and is captured
by the earth’s gravity.

5. The Tidal Disintegration Model of Lunar
Formation: Theory in which infalling planetesi-
mals are disintegrated by the gravitational field of
the enlarging earth and then reaccreted to form the
moon.

6. The Collisional Model of Lunar Formation:
Theory in which the early earth is struck by a large
planetesimal, whereupon the ejected debris from
both planetesimal and earth condense to form the
moon.

7. What are the main features of the moon?
8. What are the main features of the continents and

the ocean basins?
9. What are the three broad classes of rocks found on

the earth?

C.  GLOSSARY
1. Abyssal Hill: Small hills on the flanks of an

oceanic ridge.
2. Abyssal Plain: Large, flat area on the ocean floor

where layers of sediment have covered the original
seafloor topography.

3. Astronomical Unit (AU): A unit of measurement
of distance.  An astronomical unit is the average
distance of the earth from the sun, about
93,000,000 miles.

4. Atmosphere: All of the mixture of gases (air) sur-
rounding a planet.

5. Catastrophe Theory: A class of theories that
seeks to explain phenomena in terms of an event of
gigantic proportions and relatively short duration.
The collision theory of the moon’s formation is a
catastrophe theory.

6. Continent: The granitic part of the earth’s crust.
The continent is divided into three major structural
parts: shield, stable platform, and folded mountain
belts.

7. Continental Shelf: The continental border which
happens to be below present-day sea level.

8. Continental Shield: The region of very ancient,
very eroded rock on the continent.  The shield con-
sists mostly of igneous and metamorphic rocks that
are the roots of ancient mountain belts that have
worn away.

9. Continental Slope: The transitional region from
the continental shelf to the ocean floor.

10. Continuously Habitable Zone (CHZ): An imag-
inary shell centered on a star in which the condi-
tions for life are thought to exist.

11. Deep Oceanic Trench: The deepest surface fea-
ture on the earth, a very deep, arc-shaped channel
in the ocean floor.  Example:  The Marianas Trench.

12. Fold Mountain Belt: Long, linear or mildly curv-
ing regions of the continent where the rocks are
warped into folds by huge compressional forces in
the lithosphere over long expanses of time.

13. Greenhouse Effect: The trapping of the incoming
energy of sunlight within the atmosphere of a planet,
causing the surface temperature of the planet to
increase.  The high surface temperature of Venus is
thought to be a consequence of the greenhouse effect.

14. Hydrosphere: All of the water on or near the sur-
face of a planet.

15. Igneous Rock (examples: granite, basalt):  Rocks
that have been deposited on the surface of the earth
by volcanic activity (extrusion) or that have crys-
tallized beneath the surface from molten magma
that has been intruded into surrounding rock. 

16. Island Arc: A broadly curved, or arc-shaped, chain
of volcanic islands flanked on one side by deep
oceanic trenches.  Examples:  The Aleutian Islands,
Japan.
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17. Jovian Planets: The large, gaseous outer planets
of the solar system (Jupiter, Saturn, Uranus,
Neptune).

18. Lava: Molten rock on the surface of the earth.
19. Linear Island Chain: Volcanic islands that form a

fairly straight line, often continuing underwater at
one end as former islands that were eroded as the
seafloor subsided.  Example: Hawaiian Islands.

20. Lithosphere: The rigid, brittle outer shell of the
earth.

21. Lunar Highlands: The brighter, ancient, heavily-
cratered terrain of the earth’s moon.

22. Magma: Molten rock underneath the surface of
the earth.

23. Maria: The darker terrain of the earth’s moon,
which consists of relatively thin veneers of lava
erupted into large shallow basins on the moon’s
surface.

24. Metamorphic Rock (examples: slate, gneiss,
marble):  Rocks that have been subjected to
intense heat and pressure which cause the minerals
in them to undergo chemical reactions; the result is
a “new” rock different from its precursor.

25. Meteors: Chunks of rock that orbit the sun as rem-
nants of the early solar system.  Meteors that enter
the earth’s atmosphere are heated by friction and
called shooting stars. Remnants of meteors that
reach the earth’s surface are called meteorites.
Large meteorites leave meteor impact craters on
the surface of a planet or moon.

26. Mineral: A naturally occurring, inorganic, crys-
talline solid.

27. Moon: A small “planet” revolving around a larger
planet—a natural satellite.

28. Ocean Basin: The ocean floor. The ocean floor is
composed primarily of basalt.  The ocean floor has
five structural parts: oceanic ridge, abyssal hills,
abyssal plains, continental rises, and continental
slopes.

29. Oceanic Ridge: A range of mountains on the
ocean floor caused by upwelling of magma.

30. Plane of the Ecliptic: The plane (defined by the
earth’s motion about the sun) in which, to good
approximation, all planets of the solar system
(except Pluto) revolve. 

31. Planetesimal: Chunks of matter hundreds of kilo-
meters across that orbit around a protosun, accord-
ing to the nebular hypothesis.

32. Protoplanet: Small planet-sized bodies of matter
formed when planetesimals collide and adhere to
one another by gravitational attraction.

33. Protostar (or Protosun): The early stage of a star
where no fusion is yet taking place, the only light
coming from electromagnetic processes.

34. Rayed Crater: Impact craters appearing on the
maria of the moon which have rays (debris in the

shape of spokes of a wheel) emanating from them.
35. Sedimentary Rock (examples: sandstone, shale,

limestone):  Rocks formed when (1) debris eroded
from other rocks is transported, accumulates in
basins, and is gradually buried by later sediment
that compacts it; (2) chemical precipitation from
water occurs; or (3) organic material accumulates.
These rocks have been deposited in layers and
buried.

36. Solar System: A solar system consists of one or
more stars surrounded by a system of planets and
other smaller bodies such as comets and asteroids.

37. Solar Wind: A stream of particles (such as pro-
tons, electrons, etc.) constantly spewed outward
into the solar system by the sun.

38. Stable Platform: The region of the continent
where the shield is covered by a veneer of sedi-
mentary rock.

39. Terrestrial Planets: The small, rocky inner plan-
ets of the solar system (Mercury, Venus, Earth,
Mars).

D. FOCUS QUESTIONS
1. Consider the earth:

a. Outline the main elements of the nebular
hypothesis leading to the formation of the earth and
the other planets.
b. Describe the main features of both the conti-
nents and the ocean basins.
c.  Describe the three main kinds of rocks found
on the earth and give at least one example of each
kind.

E.  EXERCISES
28.1.  Which of the following lists contains a fea-

ture not found in the oceans?
(a) trenches, abyssal hills, ocean ridges
(b) ocean ridges, island arcs, trenches
(c) abyssal plains, stable platforms, ocean ridges
(d) island arcs, trenches, linear island chains

28.2.  Explain the difference between catastrophe
theories and nebular theories of the origin of the solar
system.

28.3.  When angular momentum is conserved, 
(a) stationary objects begin spinning.
(b) spinning objects always spin faster.
(c) spinning objects may either speed up or slow
down.
(d) large objects spin faster than smaller ones.

28.4.  How do the origins of igneous, sedimentary,
and metamorphic rocks differ?
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28.5.  Describe the essential anatomy of a conti-
nent.

28.6.  Continents contain
(a) granitic rocks.
(b) folded rocks.
(c) stable platforms.
(d) all of the above.
(e) none of the above.

28.7.  Describe the spatial relationships among the
major features of the ocean floor.

28.8.  Compare the compositions of the ocean
basins and the continents.

28.9.  The Jovian planets
(a) are rocky in composition.
(b) are larger than the terrestrial planets.
(c) are closer to the sun than the terrestrial planets.
(d) are denser than the terrestrial planets.
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It is not uncommon for people to think of time in
two conceptually different ways and yet consciously dis-
tinguish between them only rarely.  When inquiring
about the time of mail delivery, we may be told that mail
comes at 1:00 p.m., or that it arrives just after lunch.
When we ask when a baby was born, the reply might be
that she was born November 21 of last year or that she
was born the week before Thanksgiving.  In casual con-
versation, we would probably consider the two answers
to each question essentially equivalent, but there is a dif-
ference.  The first response in each example establishes
the absolute timing of an event—a specific time or date.
The second response in each establishes only a sequence
of events; one identifiable event is followed by another,
but the exact time or date of neither event is specified.

Despite the immense span of time over which geo-
logic events have been going on, they can be dated in
the same two ways.  We can say that a particular gran-
ite body is 17.2 million years old, or we can observe that
it is younger than, say, some limestone layer in contact
with it.  In the first case, we must have carried out some
experimental technique that has yielded a specific age
for the granite; in the second, we have made some
observations that confirm only that the limestone exist-
ed before the granite, although we do not know when
either was formed.  The first kind of determination is
called absolute dating, and the second is called rela-
tive dating.  Both are of great use in geology.

Absolute dating requires expensive and sophisticated
laboratory equipment and painstaking effort, but the tech-
niques of relative dating can often be applied successfully
by simple observation in the field.  We shall begin our dis-
cussion of geologic time with relative dating.

The Principles of Relative Dating

A prerequisite to successful relative dating of rocks
and geologic events is that we understand, in a rudi-
mentary way, how rocks originate.  Recall from Chapter
28 that igneous rocks are formed when molten material
cools and crystallizes; thus igneous rocks are those that
have been deposited on the surface of the earth by vol-
canic activity or those that have crystallized beneath the
surface from molten magma that has been intruded into
surrounding rock.  Sedimentary rocks consist either of

the erosional debris of older rocks, or of chemical pre-
cipitates or organic material; they have been formed as
this sediment has been deposited in layers and buried.
Metamorphic rocks have been significantly altered by
intense heat and pressure; thus, they are modified pre-
existing rocks that are in essentially the same locations
relative to their surroundings as before metamorphism.

Given these basic definitions, most of the princi-
ples upon which relative dating are based are almost
intuitive:

(1) The Principle of Original Horizontality.
Sediment is deposited in layers that are essen-
tially horizontal (see Fig. 29.1), and thus the
sedimentary rocks that form from them origi-
nate as essentially horizontal strata.  If sedi-
mentary rocks are tilted, folded, or otherwise
deformed, we can assume with confidence that
the deformation occurred after the deposition
and lithification of the sediment.

Figure 29.1.  Sediment tends to accumulate in horizon-
tal layers, even if initial layers cover irregularities in the
surface.  Recognition of this leads naturally to the
Principle of Original Horizontality.

(2) The Principle of Superposition. Consider
Figure 29.2, which shows a sequence of sedi-
mentary rocks in cross section (that is, a “cut-

29.  Geologic Time
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away” view).  If the rocks formed in the way
that has been indicated above, then it is obvious
that the layers at the bottom are older than the
ones at the top.  It is not necessarily true that
deposition has been uninterrupted, however.
Most sediment is deposited in bodies of water,
so if this section of sedimentary rocks was at
some time raised above sea level (by geologic
forces that will be discussed in a later chapter),
some layers that had previously existed might
have been entirely stripped away by erosion
before conditions allowed deposition to
resume.  We also assume in using this principle
that the rocks are right side up; the same forces
that can raise the earth’s crust can severely
deform it, and if a sequence of rocks has been
completely overturned, then failure to recog-
nize that will lead to an erroneous result by
application of the Principle of Superposition.

Figure 29.2.  In this sequence of sedimentary strata, the
oldest layers are those on the bottom, and the layers are
progressively younger toward the top.  This is the
Principle of Superposition.

(3) The Principle of Cross-Cutting Relations. If
one rock unit cuts across or through another,
then the one that is cut must have existed first
and must, therefore, be the older of the two.
The same is true of a fault, which must be
younger than the rocks it cuts through.  Figure
29.3 illustrates the principle, and no specialized
geologic training is required to understand it.
Even so, cross-cutting relationships can be very
complex, and careful observation is often
required to unravel a sequence of events.  The
principle can be applied at all scales, from
faults that have moved rocks on one side hun-

dreds of kilometers with respect to the rocks on
the other side, to small cracks in mineral grains
as seen under a microscope.

Figure 29.3.  In this cross section the rock sequence
labeled A is truncated by the sequence labeled B, and
fault C cuts through A but not B.  The conclusion reached
by applying the Principle of Cross-Cutting Relations is
that the oldest feature is A because it is cut by both B and
C; the next oldest is fault C, because it cuts A but not B;
and sequence B cuts across both sequence A and fault C,
so it must be the youngest of the three.

(4) The Principle of Inclusion. One kind of rock
cannot contain inclusions (fragments) of anoth-
er kind unless the inclusions existed first.
Inclusions are therefore always older that the
rocks that contain them.  Suppose that erosion
exposed a sandstone that became weathered as
it was exposed to the elements and then, subse-
quently, limestone sediment was deposited
over that.  Pieces of the sandstone that had
become included in the limestone sediment
would reveal that the sandstone was the older
rock.   This is a particularly useful way to deter-
mine if a sequence of sedimentary layers is
right side up or overturned, as shown schemat-
ically in Figure 29.4.

So far, we have determined that even quite complex
geologic sequences can be deciphered by applying a few
simple ideas.  The remaining technique of relative dating
involves fossils, and its application does require special-
ized training.  Fossils will be discussed in some detail in
Chapter 33; for now, it is necessary only to understand
that they are the remains of once-living organisms and
are found in many common sedimentary rocks.  

For many years during the late 18th and early 19th
centuries, a British civil engineer named William Smith
(1769-1839) worked around quarries and canals that
had been excavated in the rocks of southern England.

A

B

C
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He observed that the rock layers occurred in a consistent
vertical sequence, that they contained fossils, and that
the fossils in the various layers were different.  His care-
ful study enabled him to characterize the rock layers by
the fossils found in them, so that if he were shown fos-
sils obtained at the surface, he could predict not only
what kinds of rocks would lie beneath the surface, but
also how deep they would be.  Over the subsequent cen-
tury and a half, similar observations throughout much of
the world have resulted in our fifth principle of relative
dating:

(5) The Principle of Faunal Succession. A fauna
(flora) is a group of animals (plants) that are
somehow associated, and the Principle of
Faunal Succession holds that the assemblages
of fossil animals (or plants) found in sedimen-
tary rocks are diagnostic of the ages of the
rocks.  The fossil assemblages typically vary
from the bottom to the top of a sequence of sed-
imentary rocks, because some of the organisms
represented by the fossils became extinct while
others evolved.  Experience has shown that
assemblages that disappear never reappear in
younger (that is, more recent) rocks.  Thus, for
one trained in the science of paleontology (the
study of fossils), it is possible to look at a group
of fossils from a rock and determine, from the
fossils alone, the age of the rock relative to
rocks that contain different fossils.  Figure 29.5
illustrates this principle. 

Fossils often reveal a great deal about the geologic
environment in which a rock formed, and the paleontol-
ogist must consider the kind of rock being examined
when searching for fossils.  Failure to find marine fos-

sils in a freshwater limestone does not suggest that those
fossils are absent from rocks of the time period repre-
sented, but only that they are not present in freshwater
limestones.  Again, we shall consider fossils as a spe-
cialized topic in Chapter 33.

Examples of Relative Dating

With the exception of the Principle of Faunal
Succession, you can apply the principles of relative dat-
ing to successfully determine a sequence of geologic
events, despite the fact that you may never have had any
geologic training beyond this sketchy introduction.  All
you must remember is that (1) sedimentary rock layers
are essentially horizontal to begin with, (2) the ones at
the bottom of an undisturbed sequence are oldest, (3)
rocks cut by other rocks are the older of the two, and (4)
rocks containing inclusions of other rocks are younger
than those from which the inclusions came.

Now consider Figure 29.6, which shows a hypo-
thetical geologic cross section of a small part of the
earth’s crust.  Formations A and B consist of sedimenta-
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Figure 29.4.  Even though these beds have been over-
turned by forces acting on the crust of the earth, the
inclusions of sandstone in the limestone show the lime-
stone to be the younger rock layer.
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Figure 29.5.  A schematic illustration of the Principle of
Faunal Succession.  Arrows indicate the sedimentary
layers in which each type of fossil is found and, there-
fore, the lengths of time during which each type of ani-
mal existed on the earth in this hypothetical location.
By noting the types of fossils found at any given level,
a relative age is determined.  Depending on the lengths
of time represented by various fossils, this age may be
quite precise or only approximate.
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ry rocks, C is an igneous body consisting of solidified
magma, and D is the present land surface, including the
canyon.  The geologic story told by the cross section is
shown in the small illustrations on the right, each of
which may be thought of as a “snapshot” taken  after
some significant event in the geologic history of this
region.  The “snapshot” in frame 1 shows formation A
as originally deposited in essentially horizontal layers.
This is followed in frames 2 and 3 by the folding and
erosion of this formation.  In frame 4, formation B is
deposited on the erosional surface; and then, in frame 5,
the entire section is tilted and a new erosional surface is
carved.  In frame 6 the magma is injected to form the
igneous body, and finally the present erosional surface
is developed in frame 7.  The relative ages are clearly A,
B, C, and D from oldest to youngest.

Even sequences of events that have occurred on the
moon or other bodies in the solar system can be deci-

phered using the principles of relative dating.  (Because
the moon has never supported life, our lack of expertise
with the Principle of Faunal Succession is no disadvan-
tage to us there.)  Figure 29.7 is a photograph of a lunar
terrain in the region of Mare Humorum, the darkish oval
just above center.  Mare Humorum is a huge basin some
400 kilometers long made by meteor (planetesimal?)
impact in the lunar southern highlands, the densely
cratered lighter terrain surrounding the mare.  Some of
the larger craters cut across the margin of the basin, for
instance at locations marked A.  At locations marked B,
lava that later filled the basin invaded and partially
filled some of those craters.  The fault marked C cuts
through the lava flows.  Small craters marked D are in
the solidified lavas; close examination will reveal dif-
fuse white patches on the lavas around some of them—
material ejected from the impact sites, like the rays seen
in Color Plate 13.  From these observations, we can say

1
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Figure 29.6.  Shown on the left is a hypothetical geologic cross section containing  sedimentary formations A and B,
igneous body C, and the erosional surface D.  On the right is a series of “snapshots” depicting the geologic story told
by the cross section.
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that the highlands must be oldest, followed by the
Humorum basin.  After creation of the basin, impact
craters of moderate size continued to be formed in and
around it, and then the mare lavas were erupted onto the
floor of the basin and into some of these craters.  Last,
the faulting occurred, along with impacts yielding small
craters.  Because the fault and the small craters both cut
the second-oldest feature, but do not come in contact
with each other, we cannot tell which of the two came

first.

Figure 29.7.  The region of Mare Humorum in the lunar
southern hemisphere.  See the discussion in the text for
an explanation.

The Geologic Column

As the science of geology developed in the early
19th century, it became possible to define various arbi-
trary divisions of rocks by the fossils they contained.
Often these divisions were given names based on geo-
graphic or historical features of the areas in which they
were described.  Thus Cambrian, Ordovician, Silurian,
and Devonian rocks were named after the Roman name
for Wales, two ancient British tribes, and the English
county called Devonshire, respectively.  Cambrian rocks
were identified as those in which the earliest, very abun-
dant fossils of marine invertebrates were found; the pres-
ence of certain key fossils identified other rocks as
Ordovician, or Silurian, or Devonian, and so forth.  Thus
evolved the Geologic Column, shown in Figure 29.8.

Note that the Geologic Column is divided into
periods, which are grouped into four eras—the
Cenozoic, the Mesozoic, the Paleozoic, and the
Precambrian.  The first three literally mean recent life,
middle life, and ancient life, the names referring to the

similarity (or dissimilarity) between modern life forms
and the fossils in rocks of those ages.  The Precambrian
Era is characterized by very rare fossils—mostly
impressions of soft-bodied creatures, single-celled
organisms, and other very primitive life forms.  The
Paleozoic Era is characterized by abundant marine
invertebrates; but fish, amphibians, and reptiles, as well
as land plants, also appear in the fossil record of that
era.  Reptiles flourished during the Mesozoic Era (it was
the age of the dinosaurs), but it also saw the emergence
of birds, mammals, and flowering plants.  We are now
in the Cenozoic Era, and the fossils of those rocks, as
well as presently living organisms, testify that it is the
age of the mammals.

Because the Geologic Column evolved conceptual-
ly over many years, before there were any techniques
for determining the absolute ages of rocks, none of its
developers knew how long any of the periods were or
even whether they were all of the same length.  They are
shown in Figure 29.8 as if they were of equal duration,
but we shall see later that this is far from the case.  Even
so, the use of fossils enabled geologists to identify rocks
as, say, Mississippian in age, and know that they were
therefore younger than Devonian rocks, even if there
were no cross-cutting relationships or other relative-dat-
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Figure 29.8.  The Geologic Column, showing life forms
typical of each era, as determined from the fossil record.
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ing indicators visible in the area.

Absolute Time

While the principles of relative dating yield impres-
sive results, they fail to answer some of the questions
that are scientifically and philosophically the most
interesting:  When was this sediment deposited?  When
did that volcano erupt?  How old is the earth?  To
answer questions like these requires more than deter-
mining a sequence of events, and we now proceed to
consider absolute dates for geologic phenomena.

People of virtually all civilizations have considered
the earth to be ancient, but the precise meaning of that
imprecise word has proved elusive.  In 1654 Archbishop
James Ussher proclaimed that the world had been creat-
ed in 4004 B.C., a date calculated by analyzing genealo-
gies from the Old Testament.  (A short time later a
Biblical scholar at Cambridge, Dr. John Lightfoot, iden-
tified the exact time of creation as 9:00 a.m. on October
26 in that same year!)  A 6000-year-old earth may sound
ancient, and in terms of human generations it is; but
even from a scriptural viewpoint Ussher’s method is
faulty because the measurement of Adam’s age presum-
ably did not begin until after the creation was finished.
Moreover, there is compelling evidence that the earth is
very much older than that.  The hardy bristlecone pines
of Wheeler Peak, Nevada, show patterns in their annual
growth rings that document over 9,000 years of contin-
uous existence (although no single tree is that old).  In
the sedimentary Green River Formation of Utah and
Wyoming, over six million years of annual lake deposits
can be counted.  That is a thousand times longer than the
age Bishop Ussher advocated, but even six million
years appears to be a substantial underestimate because
relative dating techniques reveal that the Green River
Formation is near the top of the Geologic Column.

Uniformitarianism

Aside from the catastrophic events associated with
volcanoes, earthquakes, or floods, geologic processes
are almost imperceptibly slow, and you have probably
taken little notice of the changes they bring.  Yet the
changes come as even the most sluggish processes
relentlessly modify the earth.   As James Hutton (1726-
1797), a Scottish gentleman farmer with a geologic bent,
contemplated erosion, deposition of sediment, and other
natural processes, he realized that given sufficient time
and the assumption that they also operated in the past
much as he then saw them, these processes could
account for all of the geology he saw about him.  (You
may recognize in this concept something reminiscent of
the postulate of time symmetry introduced in Chapter 1,
and, indeed, time symmetry is the basis for Hutton’s con-
clusions.)  Hutton’s conclusion was in stark contrast to

the common practice then of ascribing the earth’s surface
features largely to one catastrophic event after another.

Hutton’s contention that geologic processes were
predictable consequences of immutable natural laws
was popularized and spread by other authors as the
Principle of Uniformitarianism, and in a form not too
dissimilar to the one accepted by most geologists today:
Uniformitarianism postulates that (1) natural laws do
not change with time; (2) there is a cause-and-effect
relationship between the laws and the geologic process-
es that operate on the earth; and (3) the rates of process-
es need not be considered constant because they are
governed by physical conditions that may change, but
understanding of the natural laws and the processes that
result places realistic limits on those rates.

The Principle of Uniformitarianism is often sum-
marized as “The present is the key to the past,” meaning
that geologic processes operating today have probably
always operated in the same way; therefore, the study of
those modern processes can lead to correct interpreta-
tions of ancient geologic features.  While this conveys a
generally correct impression of what uniformitarianism
is all about, it is not entirely accurate.  For instance,
there is good reason to believe that the early atmosphere
of the earth was quite unlike the atmosphere that
presently surrounds us, and so some chemical reactions
between atmosphere and rocks that occur today may not
have occurred then and vice versa.

Early Estimates of the Age of the Earth

Based on the Principle of Uniformitarianism, some
interesting methods of estimating the age of the earth
were devised during the 19th century.  One method
assumed the oceans were originally freshwater and the
salt now present was produced by erosion and carried in
by rivers.  It further assumed that erosion rates had
always been about constant, resulting in a calculated
age of 90 million years for the earth.  What was not
appreciated at the time was that there are very thick
beds of rock salt beneath the surface in many areas of
the world, and this is salt not accounted for by measur-
ing the salinity of the oceans.  Evidently, this method
produced estimates that were too small.

Another approach was to estimate the total thick-
ness of sedimentary rock that is present in the crust of
the earth and then determine how long it would have
taken to deposit that much sediment.  It was assumed
that rates of erosion and deposition had been relatively
constant throughout the history of the earth, but there is
no real basis for this assumption.  Further, the estimates
of total thickness varied widely, and there was no way
to account for sedimentary rock that had been eroded
and redeposited.  Ages ranging from 3 million to 1500
million years were calculated by this method.

Perhaps the most influential early estimate was
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made by Lord Kelvin (1824-1907), a British physicist.
After assuming that the earth had originated in a molten
condition, he did a rather straightforward calculation to
determine how long would be required for it to cool to
its present state.  He had to estimate the thermal proper-
ties of the rocks in the interior of the earth (about which
virtually nothing was known in those days), so his cal-
culations were rough; but he concluded that the earth
could not be much older than 100 million years.
Further, his estimates of the temperature of the sun lim-
ited the duration of habitable conditions on earth to
between 20 million and 40 million years.  This baffled
and worried geologists, who intuitively sensed that this
estimate had to be far too short; but in the face of sound
mathematics produced by a renowned scientist, their
intuition was not convincing.

In fact, there were two serious errors in Kelvin’s cal-
culations, but he was not responsible for either of them.
In the first place, radioactivity had not yet been discov-
ered, so he was unaware that there are radioactive ele-
ments inside the earth that produce heat as they decay;
thus, heat had not been lost as rapidly as he had sup-
posed.  Second, he assumed that the sun burned in a con-
ventional way (that is, by combustion), because nuclear
fusion had not yet been discovered either.  Had he
known about fusion, he would not have determined such
a limited life span for the sun and the resulting short hab-
itable time span on earth.  The geologists were right
about his results, but only later did they understand why.

Radiometric Dating

In 1896, Antoine-Henri Becquerel accidentally
exposed a photographic plate by placing a piece of ura-
nium ore on top of it and thus introduced the scientific
world to radioactivity.  Radioactivity, you will recall
from Chapter 24, is the spontaneous decay of unstable
nuclei by any of several processes.  It takes place at a
rate that is unique but constant for each radioactive iso-
tope.  As experiment and observation revealed the
nature of radioactive decay, it became apparent that it
could be used as a geologic clock—a means of deter-
mining the age of a rock containing radioactive iso-
topes.  Here is how.

Consider the uranium isotope 238U, often written as
uranium-238.  It decays to a daughter product that is
also radioactive, and which then decays to yet another
radioactive isotope, and so on through a complex series
of alpha and beta decays that finally arrive at lead-206,
which is a stable isotope that undergoes no further
decay.  The entire 238U to 206Pb decay sequence has a
half-life of 4.5 billion years.  Given that a half-life is the
time required for one-half of the amount of parent iso-
tope present to decay to the daughter product, it is a
simple exercise to construct the decay curve of Figure
29.9.  This graph would work for any radioactive iso-

tope by changing only the time period corresponding to
a half-life.

The vertical axis of the decay curve shows the frac-
tion of original parent isotope remaining.  At “time
zero” there is no daughter product yet, so the fraction is
1.  After one half-life, the fraction is 1/2 because half of
the original parent is left.  Likewise, after two half-lives,
the fraction is 1/4, and so on.  If we had some way of
determining how much uranium-238 there was in a rock
originally and how much is left at present, we could
divide the latter by the former to obtain the fraction.  We
could then draw a horizontal line from that value on the
vertical axis, intersect the decay curve, and draw a ver-
tical line from that intersection to the horizontal axis,
where we would read the age of the rock.

All of the information needed to perform this task
can be obtained by experiment.  The various isotopes of
an element all behave identically in chemical reactions,
so a chemical analysis for uranium and for lead would
be insufficient.  But we could analyze for each isotope
by using a mass spectrometer (see Chapter 15), and that
is exactly what is done.  The total amount of parent iso-
tope (uranium-238 in this example) originally present is
determined by adding the amount of uranium-238 rep-
resented by its daughter product (lead-206) to the
amount of uranium-238 currently in the rock.

You may have recognized that this procedure
requires the assumption that the rock, as originally
formed, had no lead-206, so that all of that isotope now
present can be ascribed to uranium decay.  This assump-
tion is not always valid, but there are ways (which are
beyond the scope of this book) to determine how much
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Figure 29.9.  The decay curve for 238U to 206Pb.
Actually, by changing the number of years per half-life,
the same curve could be used for the decay of any
radioactive isotope.  If we could determine that the frac-
tion of parent remaining in a rock was 0.80, then the age
of the rock would be 0.30 half-lives, or 1.35 billion
years for the 206Pb clock.
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of the lead-206 is  “original” and to correct for that.  
In order to be useful as a geologic clock, a radioac-

tive isotope must meet certain requirements.  First, it
must have a sufficiently long half-life that the rocks still
have a measurable amount of parent isotope in them.
Second, the parent isotope must be relatively abundant
in common minerals so that the rocks will contain
enough of it to be useful.  Several qualifying isotopes
exist, and the most commonly used parents and daugh-
ters are listed in Table 29.1, along with their half-lives.
The experimental procedures required to measure
minute quantities of isotopes are demanding and diffi-
cult, and whenever possible, two or more “clocks” are
used on the same rock to verify the results.

You will observe that carbon-14 has a very short
half-life compared to the other parent isotopes.  It is dif-
ferent from the other clocks in other ways, too.  It only
works for dating objects that have once been alive.
Carbon-14 is produced naturally in the atmosphere, and
a living organism continuously replaces what decays.
When the organism dies, however, the carbon-14 is no
longer replaced, and the amount remaining reveals how
long ago the organism died.  After a few half-lives, there
is not enough 14C left to measure accurately, so the
method is limited to organisms that died within the last
70,000 years or so.  It is thus not universally useful in
geology but is well suited to archaeology and recent
Cenozoic geology.

The Geologic Column Revisited

With the ability to determine absolute ages of
rocks, we are now almost ready to place ages on the
Geologic Column and turn it into a quantitative tool.
But first we have to ask ourselves the question, “What
are we actually dating when we determine a radiometric
age?”  For igneous rocks, we are ideally determining
time since crystallization from the magma or lava, and
this corresponds to what we would likely have meant
intuitively by “the age of the rock.”  Some radiometric
clocks are more sensitive to heat than others, though, so
some will give us the time since the igneous body
cooled below a certain temperature.  This can be very

Parent Daughter Half-life
isotope isotope (years)

rubidium-87 strontium-87 47.0 billion
thorium-232 lead-208 14.1 billion
uranium-238 lead-206 4.5 billion
potassium-40 argon-40 1.3 billion
uranium-235 lead-207 713 million
carbon-14 nitrogen-14 5730

Table 29.1.  Radioactive isotopes used in absolute dating of rocks.
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Figure 29.10.  The modern geologic timescale.
Absolute ages are obtained from radiometric dating, and
the periods are shown with correct relative durations.



287

useful information, but we do have to understand the
clocks well enough to properly interpret the “age.”
Thus, the “age” of a metamorphic rock may be the time
since the metamorphic event, not the time since the ori-
gin of the premetamorphic rock.  A sedimentary rock
generally consists of sediment from several sources, and
so an “age” determined from such a rock would not
mean very much.

For these reasons, the types of rocks on which most
of the Geologic Column is based—sedimentary rocks—
are not the sort that can usually be used to find absolute
dates for the time scale.  However, by dating igneous
rocks and noting their relative-dating relations to fossil-
bearing sedimentary rocks, it is possible to bracket the
absolute ages within which the fossils lived.  By contin-
ually refining the measurements, we can “zero in” on
the absolute ages of key fossils and establish dates for
the beginning and end of each of the geologic periods.
Figure 29.10 shows the modern geologic timescale,
with absolute dates and the lengths of the periods shown
to scale.

The Age of the Earth

We return now to a consideration of the age of the
earth.  The oldest terrestrial minerals that have so far
been radiometrically dated come from Australia and
yield an age of 4.2 billion years.  These minerals are
part of younger sedimentary rocks now, but their pres-
ence testifies of rocks that existed on the earth at least
4.2 billion years ago.  This establishes a lower limit on
the age of the earth, but the planet could be much older
than that because (1) erosion or other processes that
modify the surface of the earth could have obliterated
rocks older than that, and (2) there might be older rocks
somewhere that have simply not yet been radiometri-
cally analyzed.

Meteors, you will recall from the last chapter, are
pieces of rock that orbit the sun and frequently strike the
earth.  If they survive their fiery trip through the atmos-
phere and land on the surface, we call them “mete-
orites.”  They are thought to be remnants from the for-
mation of the solar system and to be of essentially the
same age as the sun and planets.  There are several types
of meteorites, but the oldest ones turn out to be uni-
formly about 4.6 billion years old, as determined by
radiometric dating.

During the Apollo space program of the late 1960s
and 1970s, men traveled to the moon and returned with
samples of rock from its surface.  Like the meteorites,
there are differences between one lunar rock and anoth-
er, and all are not the same age.  As implied by Figure
29.7, the moon, like the earth, has a long and complex
history; and we are not surprised that lunar rocks vary in
age.  The oldest ones, however, also yield radiometric
dates of about 4.6 billion years.

Considered together, all of this suggests that the
solar system came into being about 4.6 billion years
ago, and that is the current best estimate of the age of
the earth.

Summary

Geologic time is measured in both relative and
absolute terms.  Absolute dating is more informative,
but also more expensive, time consuming, and techni-
cally demanding.  Relative dating is accomplished in
essentially two ways:  Either the principles of original
horizontality, superposition, cross-cutting relationships,
and inclusions are applied to determine a sequence of
events, or the law of faunal succession is used by
experts in paleontology.  Absolute dating techniques
have provided estimates for the ages of subdivisions of
the Geologic Column, so that fossils may now be used
to yield approximate absolute dates for the rocks in
which they occur.

Absolute (radiometric) dating, most often applied
to igneous rocks, depends on the radioactivity of certain
natural isotopes that occur in rocks.  In order to be use-
ful as a geologic clock, an unstable isotope must have a
half-life sufficiently long that after substantial periods
of time there is still enough left to measure accurately,
and it must be abundant enough in rocks to allow accu-
rate analysis of both parent and daughter product.  A
decay curve, in which the fraction of remaining parent
isotope is plotted against the number of half-lives
elapsed, can be constructed without reference to any
experimental data at all.  Once this is done and the frac-
tion of parent material remaining in a given specimen is
determined by experiment, the curve will yield the num-
ber of half-lives elapsed.  Multiplying by the number of
years per half-life for the given isotope (also determined
by experiment) yields the age of the rock in years.
There are various corrections that must be applied in
practice, depending on which isotopes are being used,
and usually agreement between dates obtained by two
different methods is sought.

Radiometric dating of terrestrial materials yields 3.8
billion years as the age of the oldest rocks and 4.2 billion
years as the age of the oldest minerals (which now hap-
pen to be part of a younger sedimentary formation).
Meteorites of the oldest kind consistently turn out to be
4.6 billion years old, as do the oldest rocks from the
moon.  Because it is likely that erosion and other process-
es that operate on earth have destroyed the earliest rocks
of our planet, we take the age of the earth to be 4.6 bil-
lion years, the same as the moon and the meteorites.
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STUDY GUIDE
Chapter 29: Geologic Time

A.  FUNDAMENTAL PRINCIPLES
1. Time Symmetry and Causality: See Chapter 1.

Time symmetry and causality become the essential
features of Uniformitarianism in this chapter.

2. Uniformitarianism: The idea that (1) natural laws
do not change with time; (2) there is a cause-and-
effect relationship between the laws and the geo-
logic precesses that operate on the Earth; and (3)
the rates of processes need not be considered con-
stant because they are governed by physical condi-
tions which may change, but understanding of the
natural laws and the processes that result places
realistic limits on those rates.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. How do many geologists view the importance of
catastrophism and uniformitarianism in under-
standing the history of the earth?

2. What principles make it possible to determine the
relative ages of geologic events?

3. What principle makes it possible to estimate the
absolute age of a geological event?

4. What are the main conclusions reached about the
geological and biological history of the earth  after
applying the principles of both relative and
absolute dating?

5. When did the Precambrian Era begin and end?
Paleozoic Era?  Mesozoic Era?  Cenozoic Era?
What events mark these boundaries?

6. Are fossils rare?  How are fossils preserved?  What
do fossils teach us?

C.  GLOSSARY
1. Absolute Dating: The determination of a specific

time, age, or date in geologic history.
2. Cambrian Period: The beginning subdivision

(period) of the Paleozoic Era.  During the Cambrian
period, life-forms began to flourish.  Trilobites
appear.

3. Catastrophism: The idea that geologic features
are caused by unique cataclysmic events that are
noncyclical and of relatively short duration in time.

4. Cenozoic Era: The era of the Geologic Column
we are now in, characterized by mammals and
flowering plants.  The era began 66 million years
ago.

5. Cross-Cutting Relations (Principle of ): A prin-
ciple of relative dating which observes that if one
rock unit cuts across or through another, then the
one that is cut must have existed first and must
therefore be the older of the two rock units.

6. Daughter Product: The isotope to which the

radioactive parent isotope decays.
7. Era:  The Geologic Column is subdivided into

eras; eras are subdivided into periods;  periods are
subdivided into epochs.

8. Faunal Succession (Principle of): A principle of
relative dating which observes that assemblages of
fossil animals (fauna) or plants (flora) found in
sedimentary rocks are diagnostic of the ages of the
rocks.  Extinct assemblages never reappear in
younger, more recent rocks.

9. Geologic Column: A division of rocks in the
earth’s crust by age according to the fossils they
contain.

10. Igneous Rock: See Chapter 28.
11. Inclusion (Principle of): A principle of relative

dating which observes that inclusions (rock frag-
ments) are always older than the rocks that contain
them.

12. Isotope:  See Chapter 24.
13. Mesozoic Era: The second-youngest era of the

Geologic Column, characterized by reptiles and
dinosaurs.  This era lasted from 245 million years
ago to 66 million years ago.

14. Metamorphic Rock: See Chapter 28.
15. Original Horizontality (Principle of): A principle

of relative dating which observes that sediment is
deposited in layers that are essentially horizontal
when originally formed.

16. Paleontology: The study of fossils.
17. Paleozoic Era: The second-oldest era of the four

eras in the Geologic Column, characterized by
abundant marine invertebrates and fish.  This era
lasted from 570 million years ago to 245 million
years ago.

18. Parent Isotope: The original, undecayed radioac-
tive isotope used in radiometric dating.

19. Precambrian Era: The oldest era of the Geologic
Column, characterized by very rare fossils, mostly
impressions of soft-bodied creatures, single-celled
organisms, and other very primitive life.  This era
began with the formation of the earth and ended
570 million years ago.

20. Radioactive Half-Life: See Chapter 24.
21. Radiometric Dating: Use of radioactive isotopes

to determine the age of a rock by determining the
ratio of parent isotope to daughter product and cal-
culating, based on the parent isotope half-life, the
time needed to obtain this ratio.

22. Relative Dating: The establishment of a sequence
of events without specifying an exact time or span
of time in geologic history.

23. Sedimentary Rock: See Chapter 28.
24. Superposition (Principle of): A principle of rela-

tive dating which observes that, for rocks formed in
layers, the bottom layers are older than the top lay-
ers, unless the sequence of rocks has been com-
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pletely overturned.
25. Uniformitarianism: See “Fundamental

Principles” above.

D. FOCUS QUESTIONS
1. Consider the Geologic Column:

a. Name and state in your own words five princi-
ples of relative dating.
b. Sketch the Geologic Column showing the four
eras and representative life forms found in the
rocks of each era.
c. Describe the general process of radiometric
dating.
d. Indicate on your sketch of the Geologic
Column the absolute dates of the beginning of each
era as determined from radiometric dating.

E.  EXERCISES
29.1.  How are relative dating and absolute dating

different in concept?

29.2.  Which of the following choices is not used in
relative dating?

(a) radioactive isotopes
(b) the Principle of Superposition
(c) the Principle of Cross-Cutting relations
(d) the Principle of Inclusion

29.3  If a sedimentary rock layer lies on top of a
lava flow dated radiometrically at 44 million years, but
is itself cut by an igneous body dated at 27 million
years, its age

(a) is less than 27 million years.
(b) is more than 44 million years.
(c) is the average of 27 and 44 million years, or
35.5 million years.
(d) is between 27 and 44 million years.

29.4.  Why are the geologic time periods not of
equal length?

29.5.  Explain how the same decay curve can be
used for any radioactive isotope, regardless of the
length of its half-life.

29.6.  To be useful as geologic clocks, radioactive
isotopes must be

(a) extremely rare and have long half-lives.
(b) extremely rare and have short half-lives.
(c) fairly common and have long half-lives.
(d) fairly common and have short half-lives.

29.7.  What two factors limit the usefulness of car-
bon-14 dating in geology?

29.8.  How do the radiometric ages of meteorites

and lunar rocks affect our thinking about the age of the
earth?

29.9.  A fault that cuts through a sedimentary rock
layer is

(a) younger than that layer.
(b) older than that layer.
(c) either (a) or (b), depending on how the
absolute dating turns out.
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Sometime during your childhood you may have
begun digging a hole in the ground with the intention of
digging through to the other side of the earth.  Sooner or
later (probably sooner) you became bored with the pro-
ject and turned to other amusements, never aware of
how utterly preposterous your undertaking had been in
the first place.  Even the deepest mines and drill holes
penetrate only a fraction of one percent of the thickness
of the earth.  Exposed rocks that originated “deep” with-
in the crust of the planet were really formed only 20 or
25 kilometers down—not much compared to the 6400
kilometer depth to the center!  Occasionally rocks that
may have come from as deep as 200 kilometers are car-
ried upward by ascending magmas and erupted onto the
surface.  Although such samples of the interior do give
us important information, they are neither distributed
evenly enough over the surface nor are they nearly
numerous enough to provide us with a complete picture.
Our information must come mostly from instruments
that probe the interior without actually going there—
indirect evidence. 

The Density of the Earth

In Chapter 10 density was defined as mass divided
by volume.  If we could determine the density of the
earth, that might give us some clues about its internal
structure.  It appears that the volume should be easy
enough to find because we know the earth’s size and
shape, but finding the mass looks more difficult.  The
way it is done is a bit indirect, but it has been possible
for nearly two centuries.

The method requires first that the universal gravita-
tional constant, G, be found.  Recall that this is the con-
stant in the equation for gravitational force (Chapter 4).
Sir Henry Cavendish (English physicist and chemist,
1731-1810) used what is now called a Cavendish bal-
ance for determining relative densities, and while he
probably did not actually determine G, the Cavendish
balance can be used for this purpose.  It consists (Fig.
30.1) of two small gold or platinum spheres mounted on
opposite ends of a lightweight metal bar, which is sus-
pended by a very fine wire.  The wire has a mirror
mounted on it, and a light reflected from the mirror onto
a scale reveals even the smallest twisting of the wire.

As two large lead spheres are brought near the small
spheres, the gravitational attraction between the small
and large spheres twists the wire.  Because the force
required to twist the wire any given amount can be
determined experimentally, the force is known, as are
the two masses and the distance between attracting
spheres.  All that remains is to solve for G in the equa-

tion F ! GmM/d2.

Figure 30.1.  The Cavendish balance, which can be used
for determining the universal gravitational constant and,
from that, the mass of the earth.

With G now determined, we can calculate the mass
of the earth.  The force exerted by the earth on a one-
gram mass can be measured quite accurately, as can the
distance between the mass and the center of the earth.
Now knowing F, G, m, and d, we can solve for M, the
mass of the earth, and then divide by the volume to get
density, which turns out to be 5.5 grams per cubic cen-
timeter (g/cm3).  The range in the densities of common
rocks at the surface of the earth is about 2.5 g/cm3 to 3.5
g/cm3, with an average of about 2.7 g/cm3.  If the mean
density of the planet is higher than the density at the sur-
face, then density must increase with depth.  Since we
know that pressure increases with depth (because of the
increasing weight above), it comes as no surprise that
density does also.

Figure 30.2 shows two possible models that are

30.  The Interior of the Earth
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consistent with this observation.  Either the density
could increase relatively continuously with depth, or the
earth could consist of discrete layers whose densities
increase with depth discontinuously.  Our determination
of the average density does not discriminate between
the two models.  (It may occur to you that a third model,
a layered one in which some of the deeper layers are
less dense than the more shallow ones, could be con-
structed to yield the proper average density.  This, how-
ever, would create an unstable situation called a “densi-
ty inversion,” in which the less dense layers underneath
would tend to flow slowly and rise upward over a long
period of time while the heavier layers above would
break up and sink.)

Figure 30.2.  Two models of the interior structure of the
earth that are consistent with the density measurements.
In model (a) density increases smoothly toward the cen-
ter of the earth.  In model (b) the earth consists of dis-
crete layers, each denser than the ones above it.

Seismic Waves and the Structure of the Earth

Although the earth seems hard and brittle to us, it is
actually a giant elastic sphere (but only slightly
deformable compared to, say, a rubber ball).  When seg-
ments of the earth’s lithosphere are subjected to stresses
(the nature of which we shall discuss later), they react by
bending—to a point.  When they reach a condition of
strain at which they can bend no further, they rupture
abruptly and then rebound somewhat like a rubber band
that has just been pulled apart.  The phenomenon is
called “elastic rebound,” and it is illustrated in Figure
30.3.  The break along which the failure of the lithos-
phere occurs is called a fault.  (Because of elasticity,
faults do not need to involve extremely large segments
of the lithosphere or to extend through its entire thick-
ness.)

When rocks break abruptly, either at the surface or
(more typically) in the subsurface, shock waves are gen-
erated.  These are seismic waves (seismos is Greek for
earthquake), and they occur in three essentially different
types.  Recall that we identified three types of waves in

Chapter 13—compressional waves, shear waves, and sur-
face waves.  Seismic waves are of all three types, but for
historical reasons geologists call two of them by different
names.  Early seismologists observed that three kinds of
waves, each with its own identifiable characteristics,
arrived at their instruments after an earthquake.  The ones
that arrived first (compression) were called primary
waves, now shortened to P waves.  The next to arrive
(shear) were the secondary waves, or S waves.  The last
were the surface waves.  While surface waves do the bulk
of the damage during an earthquake, they travel only near
the surface, and they therefore tell us little about the inte-
rior of the earth.  It is important to understand that all three
types of seismic waves are produced simultaneously and

(a) (b)

(a)

(b)

(c)

Figure 30.3.  (a) A road crosses an unstressed block of
lithosphere (the earth’s brittle outer shell).  (b) Forces in
the earth bend the lithosphere.  (c) When the lithosphere
can no longer accommodate the strain, it breaks,
rebounding elastically, along a fault.  (Deformation is
exaggerated here for emphasis.)
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travel in all directions outward from the hypocenter.       
The hypocenter is the point in the subsurface

where the disturbance actually occurred.  The location
of an earthquake referred to in a news account is the
point on the surface directly above the hypocenter and
is called the epicenter (see Fig. 30.4).  The speeds of
the P waves and the S waves not only differ from each
other but they also change with the properties of the
rocks through which they travel.  Essentially, the stiffer
and/or more dense the rocks, the faster the waves travel
through them, and that makes it possible to learn some-
thing about the interior of the earth by analyzing the
speeds of waves that pass through different parts of it.

Figure 30.4.  Some seismologic terminology.  The dis-
turbance is caused when rocks move at a fault which,
because the earth is elastic, may not extend all the way
to the surface and be visible.  The location of the dis-
turbance (that is, the origin of the seismic waves) is the
hypocenter, sometimes called the focus.  Directly above
that is the epicenter.  The arrows represent the directions
of seismic waves and are perpendicular to the wave
fronts.  Henceforth, we shall use arrows to represent the
waves.

Seismic waves are detected by seismometers (liter-
ally, “earthquake measurers”), which display the effects
of earthquakes on charts called seismographs (“earth-
quake writers”).  Figure 30.5 shows how a seismometer
works in principle, although modern instruments are
more sophisticated and do not look much like this.  The
large mass is attached to the bedrock of the earth through
a wire hung from a frame.  Underneath the mass is a
cylindrical drum bearing the recording chart, which is
also attached to bedrock.  A pen on the mass can write on
the chart.  When the earth shakes back and forth in a

direction parallel to the length of the recording cylinder,
everything moves with it except the inertial mass, which
remains stationary (Newton’s First Law, Chapter 3)
because there are no horizontal forces acting on it.  The
result is that the pen creates a record of the movement on
the chart.  In order to completely determine the nature of
ground-shaking, three seismometers must be used:  two
oriented perpendicular to each other that record horizon-
tal motion and one that records vertical motion.  This lat-
ter seismometer, using a design analogous to our crude
model, would have the mass hung from a spring and the
pen and chart to the side of it.

Figure 30.5.  A crude seismometer design that illustrates
the principles involved.  Modern instruments operate on
the same principles, but are considerably more sophisti-
cated.

As long as seismic waves stay within a medium
whose elastic properties do not vary in any direction,
they travel in straight lines.  However, if seismic waves
travel through media with different elastic properties
(that is, from rocks of one elasticity to rocks of another,
or through rocks with elasticity that is gradually chang-
ing with depth), they experience refraction—a phenom-
enon we recall from our previous discussion of wave
behavior.  The difference is suggested by Figure 30.6.
Early seismic investigations showed that waves arriving
at seismographs farther and farther from an earthquake
were progressively earlier and earlier than expected,
based on speeds calculated from waves that traveled
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shorter distances.  Because the waves that traveled far-
ther must have traveled through greater depths than
those that traveled lesser distances (by either model in
Fig. 30.6), they must have traveled faster as they got
deeper.  It follows that the rocks must have become
stiffer and/or more dense with depth  and that the waves
therefore followed the curved sorts of paths shown in
Figure 30.6b.  It turns out that the rocks also become
denser as they become stiffer.  

However, a general increase in density is not all of
the story.  Early in this century a Croatian seismologist
named Adrija Mohorovicic (1857-1936) compared the
travel times of seismic waves arriving at seismometer
stations less than 200 kilometers and more than 200
kilometers from earthquakes in eastern Europe.  He dis-

covered that the data revealed a discontinuity in the
seismic wave velocities a few tens of kilometers below
the surface.  A seismic discontinuity is a distinct and
abrupt change in the velocities of seismic waves (and
therefore in the stiffnesses and densities of the rocks)  as
opposed to a smooth and gradual change.  Mohorovicic

(a)

(b)

Figure 30.6.  The behavior of seismic waves in hypo-
thetical planets made of (a) material with constant elas-
tic properties and (b) material that gradually and con-
tinuously becomes stiffer or more dense with depth.
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Figure 30.7.  (a) The seismic shadow zone for P and S
waves for a hypothetical earthquake in Alaska is shad-
ed.  Inside the shaded ring, on the opposite side of the
planet from the epicenter, only P waves are received, so
this is a shadow zone for S waves only.  (b) The inter-
pretation of the seismic shadow zone.  Dark arrows rep-
resent the paths of P waves, and light ones represent the
paths of S waves.  The darker inner sphere must be liq-
uid because S waves are not transmitted through it, and
it is called the core.  Note that the solid inner core, dis-
cussed in the text, is not shown because the absence of
S waves does not require it, and the evidence for it is not
given on this diagram.
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had discovered the base of the layer we live on and con-
firmed that the earth consists of at least two layers. The
upper one is called the crust, and the one underneath it
is called the mantle.  The boundary between them is
named in his honor—the Mohorovicic discontinuity,
generally shortened (for obvious reasons) to the Moho.
The continental crust is fairly thick (30-40 kilometers
under stable platforms  and as much as 60 kilometers
under mountain ranges) compared to the oceanic crust
(about 5 to 10 kilometers).

Near this time, Beno Gutenberg (German-
American seismologist, 1889-1960) was puzzling over
different data.  Observations of seismograph records for
strong earthquakes occurring long distances from seis-
mometer stations showed an even more interesting
behavior:  In a broad band 103° to 143° from any earth-
quake epicenter, no seismic waves were detected at all,
and beyond 143°, only P waves were recorded.  Figure
30.7 depicts the observation and the interpretation.  The
band of seismic nonresponse is called the shadow zone.
The P waves that would have emerged within it have
been refracted away by some very significant disconti-
nuity, to emerge beyond 143° from the epicenter.  The
complete absence of S waves beyond 103° from the epi-
center indicates that the discontinuity is a boundary
between the solid mantle and a layer below, called the
outer core, that is liquid.  (Remember that S waves are
shear waves, and shear waves can be propagated only in
a solid.)

As early as 1936, examination of seismograph
records for earthquakes around the world showed that a

few weak P waves arrive within the shadow zone by
reflection from a discontinuity within the liquid core,
and anomalously early arrivals of P waves traveling
through the center of the earth revealed that discontinu-
ity to be a boundary between the liquid outer core and
a solid inner core, at a depth of about 5100 kilometers.
Figure 30.8 depicts what the seismic data have shown us
about the gross structure of the earth to this point in our
discussion.  It is, indeed, a layered planet with a very thin
crust, a thick mantle (about 84 percent of the volume
altogether), and a core that is liquid on the outside and
solid in the center.  We shall return to one further very
important seismic observation later on, but we now turn
to other indirect evidence about the earth’s interior to see
what can be inferred about its chemical composition.

The Composition of the Crust

We live on the crust, so it is directly accessible and
we know quite a bit about its composition.  In Chapter
28 we learned that continental and oceanic crust are
markedly different.  The continental crust consists of a
wide variety of rock types—igneous, sedimentary, and
metamorphic rocks of all sorts—but is granitic on the
average.  The rocks consist mostly of fewer than 20
common minerals, most of which are silicates (that is,
they contain the SiO4

4– molecular ion).  The oceanic
crust also consists almost entirely of silicates, but with
a lower overall proportion of silicon.  Contrasting with
the variety of rock types found in the continental crust,
the oceanic crust is virtually all basalt—a single specif-
ic type of rock.  The density of the continental crust is
around 2.7 g/cm3 on the average; that of the oceanic
crust is about 3.0 g/cm3.

The Composition of the Mantle

The lavas erupted by volcanoes vary considerably
in composition and come from a substantial range of
depths.  The ones that come from the deepest locations
sometimes carry with them chunks that do not resemble
rocks normally found at the surface of the earth.  They
consist of silicate minerals, but in proportions not found
in crustal rocks; chemically, there is less silicon and
more magnesium than found in the crust.  These pieces
have come from the upper mantle and, while they might
have undergone some changes on the way up, they are
essentially samples of that layer.  The rock type is called
peridotite.

Occasionally, large meteors are not entirely burned
up as they encounter the atmosphere of the earth, and
pieces of them land on the surface as meteorites.  Most
meteorites generally belong to one of two broad class-
es:  iron meteorites and stony meteorites.  It is thought
that they are remains of one or more planet-size objects
that disintegrated early in the history of the solar system

Solid
inner
core

Liquid outer
core

Mantle

Crust

Figure 30.8.  The layered structure of the earth, as
revealed by seismic data.
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and now orbit the sun as swarms of debris.  If this is cor-
rect, then they may represent samples of a planet some-
what like the earth.  The stony meteorites turn out to
consist mostly of peridotite.  Further, the stony mete-
orites account for 80 to 90 percent of the meteorites
seen to fall and collected thereafter (although the iron
meteorites, which stand out because of their unusual
appearance, account for most of the accidental finds in
which no meteor was seen to fall).  This percentage is
about as expected if meteorites come from a planet with
a mantle five or six times as voluminous as its core, as
is the case with the earth.

Laboratory experiments done under very high pres-
sures and temperatures show that the minerals compos-
ing peridotite cannot be stable at the depths of the lower
mantle; these minerals must undergo chemical reactions
that produce denser minerals at least at two different
depths.  In fact, seismic evidence reveals two zones of
rapid change from lower to higher seismic velocities
between depths of 300 and 700 kilometers, and it is
thought that these represent the two sets of reactions
predicted by laboratory experiments.  Below that, the
seismic velocities simply increase gradually to the base
of the mantle.  The chemical composition of the lower
mantle is probably nearly the same as that of the upper
mantle, but the atoms have rearranged themselves by
these chemical reactions to form denser, more stable
compounds called dense oxides.

The Composition of the Core

No pieces of the core have ever been entrained in
volcanic lavas or otherwise reached the surface of the
earth, so it might seem as if we could only speculate
with great uncertainty about its composition.  However,
there are some observations we can make that put con-
straints on what that composition is likely to be, and
there are other observations that suggest possible com-
positions.  Among these are the magnetic field of the
earth, the compositions of iron meteorites, and the aver-
age density of the earth.

The earth possesses a magnetic field that behaves
somewhat as if the planet had a large permanent magnet
within its core.  Inasmuch as the inner core is solid, it
may occur to you that it might be made of magnetized
iron (or of something else that can become magnetized),
but there is a good reason that this cannot be so.  If we
were to heat a piece of magnetic iron to a high enough
temperature, it would lose its magnetism; that tempera-
ture is called the Curie temperature, and for iron it is
760 °C.  The temperature of the core of the earth is
much higher than the Curie temperature for any sub-
stance, and so nothing in the core could be permanently
magnetized.  However, an electrical current in a wire
also creates a magnetic field, so perhaps electrical cur-
rents could generate the earth’s field.  How could such

currents exist in the core?  The answer is that the outer
core is liquid with temperatures that vary from top to
bottom, and therefore it must experience convection.  If
the core were made of some molten metal, then the
metal atoms flowing as convection currents would con-
stitute a moving electrical conductor, and a magnetic
field would result.

Remember that there are two major classes of
meteorites, the stony meteorites and the iron meteorites,
and that the stony meteorites provide evidence for the
peridotitic composition of the upper mantle.  The iron
meteorites are thought to be the remains of the cores of
disrupted planet-size bodies, and they may therefore be
similar in composition to the core of the earth.  They are
mostly iron, alloyed with lesser amounts of nickel.
Such a composition would, as a convecting liquid,
account for the magnetic field.

Because the average density of the earth is about
5.5 g/cm3, and we have already concluded what the den-
sities of the crust and mantle are, the density of the core
must be a value that would provide the proper average
density of the earth.  The density of liquid iron (“light-
ened” by a small amount of one or more elements of
lower atomic number) at the extreme pressures that
exist at the depth of the core would be 10 or 11 g/cm3,
and the density of the solid would be 12 to 14 g/cm3.
These turn out to be about the values needed to provide
the observed average density of the earth.

Taken together, all of this is strong circumstantial
evidence that the core of the earth consists mostly of
iron, molten in the outer region but solid in the center.

It might seem strange that the inner core, which is
deeper and thus hotter than the outer core, would be
solid; whereas the cooler outer core, made of essentially
the same thing, would be molten.  There are two reasons
for this.  First, the inner core is not only hotter, but also
under greater pressure.  Recall from Chapter 10 that the
difference between a solid and a liquid was in the dis-
tances and forces between the atoms or molecules that
constituted them; in a solid the atoms were closer togeth-
er, and there were bonding forces (Chapters 20 and 21)
that held them together.  At the pressures of the inner
core, the metal atoms are forced close enough together
that they form a solid.  The other reason addresses why
the outer core stays liquid.  When a liquid solidifies, we
say that it “crystallizes.”  In order to get water to crys-
tallize and become ice, energy must be removed from
the water.  The same is true of any other liquid, includ-
ing the liquid iron of the outer core.  The heat energy
removed is called the latent heat of crystallization.  As
the heaviest atoms of the outer core (mostly iron atoms)
slowly fall toward the center of the earth and reach the
inner-outer core boundary, they crystallize, releasing the
latent heat of crystallization.  That heat keeps the outer
core molten (and also produces the convection currents
that generate the magnetic field).
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Summary of the Chemical Layering of the Earth—
Differentiation

The earth is a differentiated planet, which means
that it is divided into layers of different chemical com-
positions.  We have seen (in Chapter 28) that other plan-
ets appear to be differentiated, too.  In the earth, there is
a core that consists mostly of iron (the inner and outer
core may have slightly different compositions but, to a
first approximation, they are the same), a mantle that
consists of dense oxides (lower mantle) and peridotite
(upper mantle),  and a crust consisting in some places of
basalt (oceans) and in others of many rock types that
have the average composition of granite (continents).
Outside of the crust, we have the hydrosphere (the
water that covers much of the earth’s surface) and final-
ly the atmosphere (consisting of gases).  

Note that the densities of these various layers
change from densest at the center to least dense at the
outside of the earth.  This is intuitively satisfying—we
would somehow like the “heaviest” material to be clos-
est to the center of the planet, and it is.  This is what is
meant by a differentiated planet—not just that it is lay-
ered, but that the densest layers are on the inside.
Moreover, the layers are chemically different from one
another.  That differentiation should come about seems
logical, but just how it came about is a question we shall
address in Chapter 34.

The Mechanical Layering of the Earth

Mechanical layering means layering in which
mechanical properties, like rigidity (stiffness or elastic-
ity), change abruptly across a boundary even though
chemical composition may not.  The only boundary of
that sort we have encountered thus far is the one
between the inner core and the outer core; on the inside
of the boundary matter is solid (rigid) and on the outside
it is liquid (nonrigid), but the composition is essentially
constant across it.  As one consequence of that change
in mechanical properties, convection currents are gener-
ated in the outer core, with the result that the earth has
a magnetic field.  There is yet one other mechanical
boundary with consequences just as profound as the
magnetic field.

About 70 kilometers under the surface (the depth
varies somewhat from place to place), seismic waves
encounter a layer in which they suddenly travel more
slowly than in either the rocks above or those below.
This layer extends to a depth of approximately 250 kilo-
meters and is sometimes called the low velocity zone by
seismologists.  The top of the low velocity zone is in the
upper mantle and is not a boundary between different
types of rock (as is, for example, the Mohorovicic dis-
continuity between the crust and the mantle).  Rather, it
is a boundary between solid peridotite and peridotite

that is partially molten—perhaps only 1–10 percent liq-
uid, but enough to make the rock plastic.  (Here, the
word plastic means nonrigid, deformable, and capable
of flowing in response to pressure that is applied
through long periods of time.  Think of some substance
like Silly Putty which, when rolled into a ball and left
on a table overnight, becomes flattened just by the force
of gravity.  This substance is not what you would usual-
ly think of as a fluid, but it will flow by slow deforma-
tion—that is, it is plastic.  The low velocity zone is cer-
tainly not like “silly putty” in any other way, but it is
plastic.) 

Because the low velocity zone is a weak, soft layer
in the earth, it is called the asthenosphere (from the
Greek astheneia, meaning weak), and Figure 30.9
shows why it exists.  The curve that shows how the tem-
perature of the earth changes with depth tends to flatten
out, so that the temperature changes more slowly as
depth increases.  At depths between about 70 and 250
kilometers below the surface, this curve crosses into the
shaded area, which represents the range of temperatures
and pressures at which solid peridotite begins to melt.
(Like most rocks, peridotite consists of more than one
mineral, each of which has its own melting point at any
given pressure, and that is why the boundary between
solid and liquid peridotite is a band, rather than a sharp
line.)  When the temperature curve crosses below that
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Figure 30.9.  The white curve shows how temperature
and pressure are related in the earth.  The shaded band
is the range of temperatures and pressures within which
peridotite begins to melt.  Between depths of about 70
and 250 kilometers, the temperature is within the region
of partial melting of peridotite.  This results in the low
velocity zone, or asthenosphere.
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band with increase in depth, peridotite is again solid,
owing to the higher pressure, even though the tempera-
ture in the earth is higher.

Floating on this partially molten asthenosphere is
the lithosphere, the rigid outer shell of the earth that we
have identified previously but have never precisely
defined.  Now we can recognize that the lithosphere
consists of all the solid earth above the asthenosphere—
the entire thickness of the crust plus the outermost part
of the mantle that is too cool to be partially molten.  The
continents are thus part of the lithosphere, and we shall
find later that the lithosphere is cracked into several
large segments that jostle about and rub against one
another.

A cross section of the earth showing the various
mechanically distinct layers is shown at the top of
Figure 30.10.  Below the cross section is a graph depict-

ing the variation in the velocities of P and S waves as
they traverse these layers.  Notice particularly the
decrease in velocity for both types of waves just below
the lithosphere and the absence of S waves beyond the
lower mantle.

Isostasy

It is obvious to you that the continents are higher in
elevation than the ocean basins, and part of the reason is
that the oceanic lithosphere is denser and therefore
floats deeper in the underlying asthenosphere.
However, that is not the entire explanation.  Seismic
observations show that the continental crust is a few to
several times thicker than the oceanic crust.  In fact, the
thickest parts of the continents are where the highest
mountains are. 

Recall in Chapter 6 that we discussed buoyancy
and Archimedes’ Principle, and we learned that objects
that float in fluids displace an amount of fluid that
weighs the same as they do.  For this reason, icebergs
float only partially immersed in water, and thicker ice-
bergs protrude higher above the water than thinner ones.
This principle is not restricted to objects floating in
water.  One can think of the crust as “sinking” until it
has displaced a weight of mantle equal to its own
weight.  The oceanic crust is, on the whole, denser and
thinner, so it tends to float lower.  The continental rocks
are less dense and thicker, and so float higher.  Fold
mountain ranges on the continents are very thick, and so
they are also quite high.  

This concept of gravitational equilibrium is called
isostasy.  It is simply a special application of the con-
cept of buoyancy.  Because the base of the lithosphere
(i.e., top of the asthenosphere) is at a fairly uniform
depth, the concept of isostasy implies that blocks of the
lithosphere that have equal areas on the surface of the
earth also have equal masses.

Figure 30.11 summarizes the relationships among
continental crust, oceanic crust, mantle, lithosphere, and
asthenosphere.

Figure 30.11.  The relationships among continental
crust, oceanic crust, mantle, lithosphere, and asthenos-
phere, approximately to the correct vertical scale.
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Figure 30.10.  The top of this figure shows a cross sec-
tion through the earth, with the various mechanically
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waves vary with depth in the earth.  Notice that the
change from one mechanical layer to another is signaled
by a relatively abrupt change in seismic velocities.
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Summary

The earth is a differentiated planet, consisting of
layers that become progressively less dense proceeding
from the center out.  The densest part, a solid iron (or
iron-nickel) inner core, is surrounded by a liquid outer
core of nearly the same composition.  Outside of that is
the mantle, which consists mostly of oxygen, silicon,
magnesium, and iron, these atoms forming compounds
called dense oxides in the lower mantle and forming the
rock called peridotite in the upper mantle.  Surrounding
the mantle is a thin crust consisting of granitic rock
(continental crust) or basalt (oceanic crust).  The divi-
sion into core-mantle-crust is a chemical differentiation,
and the division of the core as solid and liquid is
mechanical (i.e., the mechanical properties change
across the boundary, but the chemical composition does
not).  Another mechanical division differentiates the
lithosphere, a brittle outer shell consisting of the crust
and cool uppermost mantle, from the asthenosphere, a
zone below the lithosphere in which the peridotite of the
mantle is partially molten and plastic.  The existence of
the lithosphere and the asthenosphere has a profound
effect on the way the earth works, and we shall now
begin to consider that.

STUDY GUIDE
Chapter 30: The Interior of the Earth

A.  FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. Is it possible to “weigh” the earth?
2. What can be deduced by studying the “magnetic

effects” of the earth?
3. What can be learned about the interior of the earth

by “listening” to earthquakes?
4. What is the current view of the structure, composi-

tion, density, and other physical properties of the
earth’s interior?

C.  GLOSSARY
1. Asthenosphere: A zone in the upper mantle where

the peridotite is partially molten so it can be
deformed and flow.  (The asthenosphere is also
referred to as the low velocity zone.)

2. Atmosphere: See Chapter 28.
3. Cavendish Balance: Equipment used to determine

relative densities and the universal gravitational
constant, G.

4. Crust: The uppermost layer of the earth, consist-
ing of silicates of two general types: continental
and oceanic crust.

5. Curie Temperature: A particular elevated tem-

perature above which a magnetic substance loses
its bulk magnetic properties.  The Curie tempera-
ture of iron is 760 °C. 

6. Dense Oxide: Compounds which have the same
chemical composition as peridotite but, due to the
temperatures and pressures of the lower mantle,
have their atoms rearranged by chemical reactions
to form denser, more stable compounds.

7. Fault: A fracture in a rock structure along which
portions of the earth have moved relative to one
another.

8. Hydrosphere: See Chapter 28.
9. Hypocenter: The point in the subsurface of the

earth where the disturbance (earthquake) actually
occurred.  The point on the surface of the earth
above the hypocenter is called the epicenter.

10. Inner Core: The layer of the earth directly under-
neath the liquid outer core consisting of solid iron
and nickel.

11. Isostasy: Gravitational equilibrium (balance of
forces) of the earth’s crust.  The crust sinks until it
displaces a weight of mantle equal to its own
weight and thus “floats” in the mantle at rest.

12. Latent Heat of Crystallization: Heat released
when liquid matter crystallizes into its solid form.

13. Lithosphere: The rigid outer shell of the earth
which consists of the crust and the outermost part
of the mantle that is too cool to be partially molten.

14. Mantle: The layer of the earth directly underneath
the crust, consisting of peridotite in the upper man-
tle and dense oxides in the lower mantle.

15. Mechanical Layering: Layering in which
mechanical properties, such as rigidity, change
abruptly across a boundary even though chemical
composition may not.

16. Outer Core: The layer of the earth directly under-
neath the mantle, consisting of molten (liquid) iron
and nickel.

17. Peridotite: A rock type that makes up the upper
mantle; it contains less silicon and more magne-
sium than is found in the rocks of the crust. 

18. Primary Wave: Often shortened to P waves, they
are compression seismic waves and arrive at the
remote detectors (seismometers) first.

19. Secondary Wave: Often shortened to S waves,
they are shear seismic waves and arrive at the
remote detectors (seismometers) after the primary
waves.

20. Seismic Discontinuity: Any depth in the earth at
which seismic wave velocities experience a distinct
and abrupt change.  The Mohorovicic discontinu-
ity (Moho) is a seismic discontinuity that marks the
boundary between the crust and the mantle.

21. Seismic Wave: Shock waves generated in the
earth when rock breaks abruptly during an earth-
quake.
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22. Seismometer: An earthquake-measuring device.
The graphical record of the earthquake produced by
a seismometer is called a seismograph.

23. Shadow Zone: A zone in which there is little or no
seismic wave detection from a given earthquake
event.  It extends in a 40°-wide band around the
earth, 103° to 143° from the epicenter of the earth-
quake; the locations of the shadow zones are dif-
ferent for all earthquakes, if the locations of the epi-
centers are different.

24. Silicate Rock: A rock made of minerals which
contain the SiO4

4– molecular ion.  Granite and
basalt are examples of silicate rocks.

D. FOCUS QUESTIONS
1. Consider what has been learned from seismic

waves about the interior of the earth:
a. Sketch curves showing the changes in speed of
both primary and secondary waves as a function of
depth below the earth’s surface.
b. Sketch the interior layers of the earth showing
the relationship of these layers to the observed
wave speeds.  Describe the physical characteristics
of each layer.
c. Describe the shadow zones for both primary
and secondary waves and explain why they occur.

E.  EXERCISES
30.1.  From the average density of the earth, we

know that
(a) the interior of the earth is of uniform density.
(b) density increases with depth in the earth.
(c) the earth is a layered planet.
(d) density decreases with depth in the earth.

30.2.  Seismic P waves are 
(a) compressional waves.
(b) shear waves.
(c) surface waves.
(d) none of the above.

30.3.  Seismic waves travel in curved paths through
the earth but make abrupt changes in direction and
speed at seismic discontinuities.  Why?

30.4.  What are the principal seismic discontinuities
in the earth?

30.5.  If the outer core and inner core are of essen-
tially the same composition, why is the inner core solid?

30.6.  The earth is a differentiated planet.  What is
meant by that?

30.7.  From center to surface, the chemically dis-
tinct layers of the earth are

(a) inner core, outer core, mantle, crust.
(b) core, mantle, lithosphere.
(c) inner core, outer core, lower mantle, upper
mantle, crust.
(d) core, mantle, crust.

30.8.  Why are fold mountain belts topographically
high?

30.9.  The asthenosphere consists of
(a) completely molten peridotite.
(b) partially molten peridotite.
(c) completely solid peridotite.
(d) rock that is either granitic or basalt, depending
on location.
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In 1620, Sir Francis Bacon (English philosopher,
1561-1626) noted in his book Novum Organum that the
coasts on either side of the Atlantic Ocean appeared to
parallel one another.  He may not have been the first to
make this observation, for it was readily apparent even
on the crude maps of that day.  During the succeeding
three centuries such observations multiplied.  To
Benjamin Franklin the correspondence between coast-
lines was so striking that he speculated, far ahead of his
time, that the surface of the earth might be a cracked
shell whose fragments were driven about by the move-
ments of a dense fluid on which they floated.  Near the
end of the 19th century, Eduard Suess (Austrian geolo-
gist, 1831-1914) noted many geologic similarities
between Africa, South America, and India and proposed
the fragmentation of a supercontinent, but envisioned
that the oceans had formed by the foundering of blocks
of crust between the present landmasses.

All of this set the stage for the man who became the
champion of an idea that would eventually revolution-
ize the way we look at the earth.  The man was German
meteorologist Alfred Wegener, and the idea was that the
continents are mobile blocks of crust capable of moving
thousands of kilometers around the globe:  continental
drift.  While at this point we could simply rehearse the
modern version of this theory, there are at least two
good reasons for delaying that part of the story.  First,
while the observations in favor of continental drift were
not accumulated all at once, they turn out to make a
rather impressive and fascinating body of evidence, and
you deserve the opportunity to decide for yourself how
convincing you think it is.  Second, the entire story pro-
vides one of the best examples of how science works—
how it presses, often ponderously, toward the truths it is
capable of seeking, sometimes taking wrong turns but
slowly correcting its own errors as it goes, always with
the hope that the revised theories will reflect a deeper
understanding of reality than did the old ones.

Wegener was educated in German schools and
received a degree in astronomy in 1905.  While pursu-
ing that degree, however, his interests in meteorology
and geology grew, and he took a position as a lecturer in
meteorology at the University of Marburg.  He record-
ed that he first began entertaining thoughts about conti-
nental drift (a concept that he called “continental dis-

placement”) in 1910 when he, like others before him,
considered the parallelism of the coastlines across the
Atlantic Ocean.  He felt the whole idea of moving con-
tinents a bit improbable at first, but then accidentally
ran onto an old scientific paper suggesting some corre-
spondences between fossils on opposite sides of the
Atlantic as evidence of an ancient land bridge between
South America and Africa that had foundered and sunk.
The concept of isostasy (see Chapter 30) was well
enough understood by then for Wegener to know that
the sinking of large blocks of continental crust was not
likely, but the fossil correlations intrigued him.  He
began in earnest to gather data of all sorts concerning
geologic similarities on different continents, and in
1912 he presented a lecture in which he first outlined his
ideas about “continental displacement.”  He followed
that in 1915 with a book, The Origin of Continents and
Oceans, in which the comprehensive theory was
described.

During his lifetime, Wegener was highly respected
for his work in climatology and paleoclimatology
(ancient climates), but he is remembered for continental
drift.  Nevertheless, the reception then given his theory
was cool at best (ridicule and scorn were not uncommon
reactions), and when he died in an ill-fated climatolog-
ical expedition to Greenland in 1930, the theory of con-
tinental drift was not faring at all well in the scientific
community.  Before learning why not, we shall examine
the evidence in favor of the theory.

The Fit of the Continents

The most obvious and compelling evidence for
continental drift consists of the shapes of the continents.
The fit of some continents is readily apparent on casual
observation of a world map, but it is even more striking
when they are juxtaposed.  Figure 31.1 shows how well
South America and Africa match at the edges of their
continental shelves (which, you will remember from
Chapter 28, are the actual edges of the continents).  The
fit was optimized by computer in the early 1960s and
turned out to be better than even the proponents of con-
tinental drift had expected.  There are a few regions at
which the two continents overlap, and this would be of
great concern if they were not generally areas in which

31.  From Continental Drift to Plate Tectonics:  The Evidence
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major rivers empty into the sea and deposit their sedi-
ment.  Because such sediment would have been deposit-
ed during relatively recent times, the “overlaps” would
not have existed before the continents separated.  In
addition, it is not unlikely that some deformation would
have occurred at, or subsequent to, rifting apart of these
huge landmasses.

South America and Africa are not the only conti-
nents that fit together remarkably well at their shelf
boundaries.  As later figures will show, India,
Antarctica, and Australia join them in the south with
North America and Eurasia to the north to form a mas-
sive supercontinent.  Wegener named this large land-
mass Pangaea, a word derived from Greek and mean-
ing “all earth.”  Figure 31.2 shows Pangaea as he envi-
sioned it.  The ensuing seven decades have produced
remarkably few major changes.

Continental Structure

When we reviewed the major structural features of
the continents (Chapter 28), we found that all contain
one or more shields, stable platforms, and fold moun-
tain belts.  The shields, which are the ancient geological
(although not necessarily geographical) cores of the
continents are surrounded by the stable platforms.  Yet
there are some shields that end abruptly at coastlines.
Figure 31.3 shows the shield areas on South America
and Africa, with the continents arranged as in Figure
31.1.  Note how remarkably well shield regions that end
at the coastline of one continent appear to continue on

South

America

Africa

Figure 31.1.  The close fit of South America and Africa, matched at the edges of their continental shelves.

Pennsylvanian
Time

Tertiary
Time

Early
Quaternary

Time

Figure 31.2.  Pangaea and continental drift, as proposed
by Wegener in the third edition of his book.  Heavy lines
outline the landmasses as he envisioned them, while
lighter lines show present-day boundaries simply to aid
in identification.
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the other, despite the fact that the continents were
arranged using the continental shelves, with no regard
for the locations of shields.

The curved lines adjacent to the shields represent
structural trends.  These are the directions of major
geologic structures such as zones of deformed rocks and
fold mountain belts, and they appear to be continuous
across the continental boundaries, as if they had once
been connected.  Not only that, but the ages of the rocks
also match, as do localities of economic mineral
resources such as tin, iron, and diamond deposits.

We have used South America and Africa to demon-
strate geologic continuity across continental boundaries
because we began with them in discussing the fit of the
continental shelves.  Had we chosen to examine other
continental boundaries, the results would have been
similar.  For example, the Appalachian Mountains of
eastern North America continue across the British Isles
and into the Fennoscandian Peninsula when the North
Atlantic Ocean is “closed” to bring North America,
Greenland, and Europe together.

Could the continuity of structural trends, as well as
the fit of the continental shelves, all be coincidence?

Paleontological Evidence

For Wegener, one of the keys to continental drift
was similarities in fossils, particularly in the five
southern landmasses:  South America, Africa,
Antarctica, India, and Australia.  Some of the fossils

involved are the remains of ancient land plants, and
others represent animals of various sorts.

One of the most well-known is a group of plants

Shields

Structural trends

Figure 31.3. Structural features of South America and Africa, with the two continents arranged so that the continental
shelves match best.

(a)
(b)

(c)

(d)

Figure 31.4.  Fossil leaves from plants that constitute
the Glossopteris flora.  Glossopteris itself is on the left
and was about 20 centimeters long.
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called the Glossopteris flora.  A “flora,” in biological
terms, consists of the plants of a particular area, envi-
ronment, or time period; so these are fossil plants that
are typically found in association with one another, and
the genus Glossopteris is the characteristic fossil for
which the flora is named (Fig. 31.4).  During Wegener’s
lifetime this flora was known from rocks of the Permian
Period in South America, Africa, India, Australia, and
Madagascar; it has since been found in Antarctica and
the Falkland Islands, again in Permian rocks.  It is diffi-
cult to imagine how the seeds of these plants could have
been spread across thousands of kilometers of open
ocean, so Wegener reasoned that the oceans must not
have separated these southern landmasses during the
Permian Period.

Fossils of animals, too, are common to at least
some of the southern landmasses.  During the Permian
Period there existed a small freshwater reptile called
Mesosaurus whose fossils are found in similar rocks in
South Africa and in Brazil.  A bit later, during the early
Triassic Period, a medium-sized reptile called
Lystrosaurus left its remains in what are now Brazil,
South Africa, India, Antarctica, and China.  (Just how
eastern Asia may have fit into Pangaea is still inade-
quately understood.)  Neither of these animals were
capable of traversing large bodies of water, yet their fos-
sils are now separated by oceans.

Paleontological evidence from North America and
Eurasia is less spectacular than that from the southern
continents, but it is there nonetheless.  Consider, for
example, the small, bottom-dwelling marine animals
known as trilobites (Fig. 31.5).  During the early
Paleozoic Era, the trilobites on the North American side
of the heavy line were quite different from those on the
European side, as judged from the fossils found in rocks
of that age.  Note, however, that the line doesn’t quite
divide North America from Europe.  There are places
where “North American” trilobites are found in early
Paleozoic rocks of what is now Europe and other places
where “European” trilobites are found on the edge of
present-day North America.  As we look at trilobites of
more and more recent rocks, however, we find that the
differences in the two populations decrease and largely
disappear by the middle of the Paleozoic Era.  In
Wegenerian terms, it appears that the closing of the
ancient Atlantic Ocean to form Pangaea resulted in the
interbreeding of trilobites previously separated by the
sea and that the reopening of the Atlantic when the
supercontinent fragmented did not take place exactly
along the pre-Pangaean boundaries; some of what used
to be one continent ended up with the other. 

Examples like these show clearly why Wegener
was so impressed with the paleontological evidence for
continental drift.

Paleoclimatic Evidence

Rocks contain clues about the climatic or environ-
mental conditions under which they formed, or to which
they have been subjected over the eons of geologic
time.  For example, fossil plants in sedimentary rocks
can often be identified as typical of tropical, subtropi-
cal, or temperate climates; coal beds are the remains of
plants that flourished in warm, swampy, coastal envi-
ronments;  some rocks consist of chemical precipitates
(such as rock salt), suggesting the evaporation of poor-
ly circulating bodies of water such as lakes or land-
locked seas; current ripple marks left in sediment can
later reveal not only the environment of deposition but

Europe
Greenland

AfricaNorth America

South America

Figure 31.5.  During the Cambrian and Ordovician
Periods, trilobites on different sides of the heavy line
looked quite different, as shown.  During the Silurian
and Devonian Periods, they gradually became identical.
Note that the line separating the early trilobites wanders
back and forth across the boundaries of what are now
widely separated continents.  Could it be that these ani-
mals interbred as the Atlantic Ocean closed to form
Pangaea, and that the later separation produced slightly
different boundaries than the continents previously had?
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also the direction of the water flow.
Among the more distinctive indicators of ancient

climates are the deposits left by continental glaciers,
great sheets of ice that cover thousands of square kilo-
meters.  We’ll learn more about those in Chapter 34; for
now, we just need to know that glaciers require a cold
climate and that they leave characteristic deposits of
sediment that can be recognized as glacial in origin.
You have probably heard of the Great Ice Age of the
northern hemisphere—the one we often associate with
woolly mammoths, saber-toothed tigers, and the like.
That glacial event was comparatively recent in geolog-
ic terms, but there was another ice age that occurred
much earlier.  Evidence of it is found in Permian rocks
of the southern hemisphere, distributed as shown in
Figure 31.6.  Consider the arrangement of these glaciat-
ed areas as they appear on a present-day world map.  It
seems to make no sense.  For instance, if eastern South
America was cold enough to support glaciers, why not
the Andes Mountains to the west, which are much high-
er and therefore colder?  If the Indian subcontinent had
glaciers, then why not the Himalayas?

Figure 31.7 shows Pangaea, again with the conti-
nents arranged so that their shelves fit best.  Note that
the areas affected by the Permian glaciation are now
contiguous.  Not only that, but the directions in which
the ice moved (which can be determined by features in
the glaciated rocks) are now consistent.  This is no less
remarkable than the continuation of structural features
and trends that we saw earlier and that could hardly be

the result of coincidence.
Figure 31.8 shows the overall climatic picture of

the earth during the late Paleozoic Era, as determined
from the rocks of that age.  This climatic distribution is
unexplainable on the basis of the present arrangement
of landmasses in the world.

Figure 31.6.  The present distribution of rocks glaciated by the Permian ice age.  Arrows show the directions of ice
movement.

Figure 31.7.  The distribution of rocks affected by the
Permian glaciation, with Pangaea reconstructed so that
the continental shelves fit best.  The arrows show the
directions of ice movement.
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Paleomagnetic Evidence

When volcanoes erupt basaltic lava (that is, lava
that will crystallize to form the black volcanic rock,
basalt), there are generally some crystals already in it
that have formed below the surface, but most of it is liq-
uid and only becomes crystalline as heat is lost to the
surroundings.  Eventually (hours to months, depending
on the thickness of the lava), all of the liquid crystallizes
to form minerals.  One of the minerals present is called
magnetite, an iron oxide that is magnetic enough to
respond strongly to a magnetic field.  There is never a
large amount of it in basalt, but what there is provides
us with a way of detecting the orientation of the earth’s
magnetic field during the time the lava was erupted.

The magnetism of magnetite originates in the spins
of the electrons in orbitals surrounding the iron nuclei,
and above its Curie temperature magnetite is not mag-
netic.  (Recall that we have encountered the Curie tem-
perature before, in Chapter 30.)  The temperature of lava
erupted from a volcano is very high, but as the solidified
lava cools it passes through the Curie temperature and
the magnetite becomes magnetic.  In doing so, its elec-
trons arrange themselves so that their spin axes line up
with the direction of the earth’s magnetic field at the
time, creating a permanent magnetic field in the rock.
Once the rock cools through the Curie temperature, the
magnetic field is “frozen” in, and it does not change with
respect to the rock itself, even if the rock is moved or the
earth’s field shifts.  A device called a magnetometer can

be used to detect the direction of this field in the rock,
and if that direction does not coincide with the present
magnetic field of the earth, then the rock has either been
moved or the earth’s field has changed directions.

Figure 31.9 depicts, in a schematic way, what is
found when the magnetic fields of late Paleozoic lava
flows are measured in South America, Africa, and India.
The directions toward late Paleozoic north are inconsis-
tent—the arrows do not point to the same places on the
earth.  The nature of the earth’s field, originating as it
does in the core, requires that there be only one north
pole at a time, so these results do not make sense.  But
look what happens if these landmasses are placed
together in our standard Pangaean orientation.  The
north arrows now all point to a single location.  Again,
the strong indication is that the continents were once
located in different relative positions on the earth than
they are in now.

Wegener’s Hypothesis:  Mechanism, Test, and
Rejection

Continental fits, structural continuities, paleontol-
ogy, paleoclimatology, and paleomagnetism all point
toward a single answer.  With his evidence in place and
absolutely convinced that the continents did drift about,
Wegener had only one important conceptual problem
left to solve:  There needed to be some mechanism for
moving them.  He knew that the continents consist of
rock that is less dense than that of the ocean basins, so he

Arid low-latitude climate

Tropics

Arid low-latitude climate

Glaciers

Figure 31.8.  Late Paleozoic climates of the world, as determined from the geologic evidence found in rocks of that age.
As with several previous figures, the continents have been arranged to match the edges of the continental shelves.
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reasoned that the continents must slide through the
underlying oceanic rocks much as a raft moves through
water.

Unfortunately for Wegener, he was an empiricist
rather than a theoretician—that is, he was best at build-
ing theories out of observations but not particularly
good at supporting those theories with the necessary
mathematics.  It did not take long for Sir Harold Jeffreys
(1891-1989), an eminent British physicist with a formi-
dable scientific reputation, to carry out some rather ele-
mentary calculations and show beyond doubt that the
ocean floor is much too rigid for continents to be shoved
through it by any force imaginable.  It was clear that
Jeffreys was not mistaken, and no one could propose a
more reasonable mechanism for separating the conti-
nents.  To many geologists and scientists of other fields,
it seemed almost as though the very validity of the evi-
dence itself rested on the need for an acceptable mech-
anism, and there didn’t seem to be one.

Jeffreys spent years in the face of mounting evi-
dence trying to scuttle the concept of continental drift,
and for a long time his efforts were largely successful.
He was joined by a host of geologists and other scien-
tists who considered the whole idea, to quote one of
them, “utter damned rot.”  Most of the evidence that

came forth early in the debate was found in the southern
hemisphere, and some South African geologists
(notably Alexander Du Toit, 1878-1948) did much to
foster Wegener’s ideas there.  For a time, the theory was
considered acceptable south of the equator but heresy
north of it; however, the great majority of geologists
were European and North American, so continental drift
fell into disfavor with the bulk of the scientific commu-
nity.  Despite its general rejection, the theory was far
from forgotten, and heated debates about the evidence
went on for decades.  At an auspicious meeting of 14
eminent geologists in 1928,  five supported the theory
outright, two supported it with reservations, and seven
were unalterably opposed to it.  It was not, to say the
least, greeted unanimously as the solution to the grand
mysteries of geology!

Seafloor Spreading

To this point in our story, both advocates and critics
had concentrated their attention on the continents.
Because little was known about the seafloor except that

(a)

(b)

Figure 31.9.  (a)  The orientations of the magnetic fields
of lava flows of late Paleozoic age, with the present ori-
entation of continents.  (b) The same magnetic fields,
with the continents assembled in the Pangaean fashion.

Asthenosphere

Lithosphere

Figure 31.10.  Rifting, such as that in the oceanic ridge
system, is produced by tensional forces.
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it was quite different in composition from the continents,
it was largely ignored on both sides of the debate.
During the 1950s and 1960s, however, it became tech-
nologically possible to map the ocean floor in great
detail, and so the oceanographers set about the task.
Among the features they found was a great sinuous ridge
that girdled the globe, poking above sea level only at
places like Iceland and a few other islands.  The ridge
runs down the center of the Atlantic Ocean, having a
shape remarkably similar to the boundaries of the conti-
nents on either side, and from there proceeds between
the landmasses that were supposed to have formed
Pangaea.  Detailed investigation revealed that the ridge
has a central rift valley that runs along its length.
Looking elsewhere in the ocean basins, geochronolo-
gists found that none of the basalts dredged from the
ocean floor are older than Mesozoic, and geophysicists
found large concentrations of deep earthquakes associat-
ed with the deep ocean trenches that adjoin the island
arcs.

Enter Harry Hess of Princeton University.  He rea-
soned that the central rift of the ocean ridge had to be a
tensional feature (see Fig. 31.10), indicating that the
seafloor was being pulled apart there—according to his
scenario, by convection currents in the asthenosphere
below.  As rifting proceeded, magma from the asthenos-
phere would ascend to fill in the fissures, thus creating
new oceanic crust.  The oceanic lithosphere thus creat-
ed would slowly move away from the oceanic ridge
toward the deep ocean trenches, where it would descend
into the asthenosphere to be melted and recycled.
Because the seafloor was created at the ridge and
destroyed at the trenches, it was perpetually young.  

In 1960 when he presented it, the evidence for all
of this was still so tenuous that Hess called it “geopoet-
ry”.  The confirmation came when the data from conti-
nental and seafloor geology were finally merged.

Magnetic Reversals and “Stripes” on the Seafloor

Early in this century, geologists who were measur-
ing the “frozen” magnetic fields in basalts in France dis-
covered that some were oriented in a direction opposite
to present-day north; that is, the magnetic fields of the
magnetite crystals pointed toward the south.  As other
old lavas were investigated, it became increasingly clear
that the earth’s magnetic field has experienced rever-
sals in the past—there have been times when it has
pointed along its present direction (normal polarity)
and intervening times when it has been oriented in
exactly the opposite direction (reverse polarity).  The
reason for reversals was (and still is) a mystery, but
there was no doubt that they had occurred.  By studying
superimposed basalt flows, the sequence of reversals
was worked out, complete with absolute dates, and it
was discovered that reversals during the Cenozoic Era

have taken place irregularly but on an average of every
half-million years.

Independently of all of this work by continental
geologists, the seafloor geologists were mapping the
magnetism in the rocks at the bottom of the ocean by
towing magnetometers across the North Atlantic Ocean.
What they were measuring was not just the earth’s main
magnetic field, but that field plus the magnetic fields of
the basalts on the floor of the sea.  What they found
were stripes—long, narrow bands running parallel to
the Mid-Atlantic Ridge that alternated symmetrically on
either side of the ridge as bands of high and low total
magnetism.  Not only was this result completely unex-
pected, but it seemed inexplicable as well.  Not until
1963 did the explanation emerge, when F. J. Vine and D.
H. Matthews, a graduate student and his supervisor at
Cambridge University, put Hess’s ideas together with
the magnetic reversals discovered on land and the mag-
netic stripes of the seafloor.
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Figure 31.11.  The development of magnetic stripes of
alternating normal and reverse polarity on the seafloor
as basaltic lava is extruded at the oceanic ridge and then
is pulled to either side as the seafloor spreads.  The actu-
al boundaries between adjacent stripes are more com-
plex than shown in this generalization.
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Vine and Matthews proposed that the bands of
strong magnetism are those for which the earth’s main
field and that of the seafloor rocks add together (that is,
the rocks show normal polarity) and that the others, in
which the magnetism is weaker, are those in which the
magnetic field of the basalts subtracts from the earth’s
field (the rocks show reverse polarity).  What had real-
ly been revealed by the magnetometer surveys were
bands of normal polarity and reverse polarity in the
seafloor basalts.  As the basalt lavas were extruded at
the oceanic ridge, according to Hess’s proposal, they
would become magnetized by the magnetic field of the
earth at the time and then would migrate away from the
ridge, allowing newer rock to form.  At some time the
polarity of the earth would change, and then the subse-
quent lavas would result in rocks of the opposite polar-
ity.  The process is diagramed in Figure 31.11.

Two Canadian scientists, L. Morley and A.
Larochelle, must be credited with explaining the mag-
netic stripes simultaneously with, but independently of,
Vine and Matthews.  Their paper was actually submit-
ted a little before that of Vine and Matthews, but the edi-
tor of the journal to which they submitted it considered
the concept too speculative and refused publication.
Sometimes, in drawing its intellectual gun, science
shoots itself in the foot!  The wound is never fatal, but
it can be very painful.

Further Tests and Triumph

If the hypothesis of Vine and Matthews is correct,
then it should lead to some predictable results that can
be tested, and this is the case.  Consider, for instance,
where the youngest and oldest ocean floor should be.
The youngest should occur at the ocean ridges, and the
seafloor should get progressively older away from
them.  Our ability to dredge basalts from the seafloor
and determine their radiometric ages should facilitate
the necessary test.  In addition, the thickness of marine
sediments deposited on the seafloor should increase
away from the ridges, because older seafloor has had
more time to accumulate it.  Finally, the oldest marine
fossils in the present oceans should be found in the bot-
tom-most layers of sediment away from the ridges.  The
data have been examined, and seafloor spreading has
passed all of these tests.  Had it failed any one of them,
seafloor spreading could not have been accepted as real-
ity.  Because it passed all of them, it is virtually incon-
ceivable that it is not reality.

In its broad outlines, Wegener’s continental drift
was vindicated.  The continents do move about the sur-
face of the earth, but they do not plow through the crust
of the ocean.  Rather, they ride as passive passengers on
great plates of lithosphere that originate at ocean ridges
and are destroyed at the deep ocean trenches.  These
lithospheric plates are outlined by the earthquakes that

occur where plates meet and bump against one another.
(We shall get into the mechanics of such interactions in
the next chapter.)  The worldwide distribution of earth-
quakes over a six-year period and the outlines of the
lithospheric plates implied by it are shown in Figure
31.12.

The theory we have just explained is called the
Theory of Plate Tectonics, and nearly all geologists
now accept it as a viable model for how the earth works.
(“Tectonics” is a word that suggests the broad structur-
al aspects of the earth.)  Many observations that used to
be geologic mysteries are now nicely explained by the
theory.  Interestingly, one of the verifications of plate
motion comes from observations of objects literally bil-
lions of light-years away—quasars (see Chapter 27).
By observing the light of these strange objects from dif-
ferent points on the earth and combining the observa-
tions using a technique called interferometry, the
motion of the plates can, in principle, be detected.  Such
experimental measurements are still in their early
stages, but so far they confirm quite well the directions
and speeds of plate motions as determined from earth-
bound evidence.

The Breakup of Pangaea

We return now to Wegener’s Pangaea—not “the
beginning” of the earth nor even the “original” conti-
nent, but a landmass that came together by the random
motions of plate tectonics as a discrete event in the long
history of the earth.  The same forces that brought
Pangaea together during the late Paleozoic Era shifted
directions and ripped it apart during the Mesozoic.
Figure 31.13 shows a modern version of Figure 31.2.  

Like nearly all things scientific, the final chapter on
the reconstruction of ancient plate motions has not yet
been written.  Much work is still being done on pre-
Pangaea plate motions, and even the timing of the
breakup of the supercontinent is not entirely sure.
There are unanswered questions that do not invalidate
the broad aspects of the theory but which may require
serious reconsideration of the absolute dates of some
events.  For example, the fossil remains of a dinosaur
called Titanosaurus are found in South America, Africa,
and India.  No problem, right?  Wrong.  The age of the
rocks in which the fossils are found is late Cretaceous,
and by that time the conventional scenario has these
landmasses too far apart to allow migration.  Could the
fossils be very similar but not actually identical?
Possibly.  Or perhaps there is another answer that will
bring more surprises when we discover it.

Postscript:  A Comment on the Way Science Works

You will probably agree that all of the evidence that
eventually accumulated in favor of continental drift dur-
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Figure 31.12.  (a) The distribution of earthquakes for a period of six years.  The narrow lines of seismic activity delin-
eate the boundaries of the lithospheric plates.  (b) The outlines and names of the lithospheric plates.
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ing the first half of the 20th century (much of which
Wegener, himself, had) is pretty impressive.  Any indi-
vidual observation might be accepted as merely coinci-
dence, but considered as a body it is indeed imposing.
Yet for half a century after Wegener proposed Pangaea
and its breakup, the theory met with open opposition
from most scientists.  Because of the hindsight that is
always available to those of a later generation, it is easy
for us to be critical of the scientists who rejected conti-
nental drift; but that judgment may overlook some of the
important strengths inherent in the methods of science.

Wegener’s treatment at the hands of the scientific
establishment is reminiscent of Galileo’s treatment at the
hands of the religious establishment. It is clear that some
of the opposition was not to Wegener’s theory per se but
to a scientist who had wandered outside the limits of his
own field and proposed radical ideas in a discipline for
which his formal educational credentials did not qualify
him.  On the other hand, Jeffreys was, in fact, absolute-
ly correct when he announced that continental move-
ment through the oceanic rocks could not possibly have
occurred.  Had he or someone else not challenged at
least this proposed mechanism and it had been widely
accepted, it would still have been incorrect; truth is, after
all, not determined by majority vote.  Thus, sending the
proponents of continental drift “back to the drawing
board” to come up with a more convincing mechanism

was not only reasonable but also required. 
Despite occasional statements to the contrary by sci-

entists who wish to appear completely objective, science
is an intensely personal endeavor to those engaged in it.
Each scientific issue of any consequence is represented by
a number of differing viewpoints, each with its own group
of proponents.  New developments or proposals put forth
by one group are scrutinized and tested by the other
groups, and weaknesses are exposed while strengths are
admitted.  Instead of tearing science down, this process
builds it by preserving only the theories and ideas most
consistent with observation, and eventually those theories
that can withstand the most rigorous testing come to be
accepted even by those who initially disagreed.  

Even then, it is recognized that good theories are no
more than close approximations to the truth and can be
refined.  (Consider, for example, that Newtonian
mechanics and gravitation were considered accurate
descriptions of nature for nearly three centuries until
quantum mechanics and relativity revealed them to be
only very good approximations.)  Thus, if the methods
of science are often painstakingly slow, they are at least
self-correcting, and serious errors are eliminated as long
as old ideas are honestly questioned and those found
lacking are replaced by better ones.

Figure 31.13.  A currently accepted arrangement of the present continents in the supercontinent, Pangaea.
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Summary

The synthesis of evidence from continental and
seafloor geology have revealed that the lithosphere of
the earth is fragmented into several large plates that jos-
tle against one another and move about the surface of
the planet, essentially floating on the partially molten
asthenosphere below.  The theory that deals with this
phenomenon is known as plate tectonics.  Over the span
of geologic time, movement of continental masses
across thousands of kilometers has formed superconti-
nents that have subsequently been broken apart.  One
result is that the oceanic crust has been continually
renewed and has remained geologically young.  In the
next chapter, we shall examine the details of plate tec-
tonic theory.

STUDY GUIDE
Chapter 31:  From Continental Drift to Plate
Tectonics:  The Evidence

A.  FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.

B.  MODELS, IDEAS, QUESTIONS, OR APPLICA-
TIONS

1. The Theory (Model) of Plate Tectonics: The
model of the earth in which the rigid outer layer of
the earth (lithosphere) is fractured into separate
pieces (plates) that move relative to one another
carried by convection currents originating in the
mantle and driven by heat released by radioactivi-
ty.  The plates move on a partially molten layer
(asthenosphere) underneath the plates and may
push against one another (convergent boundary),
move away from one another (divergent boundary),
or slide past one another (transform boundary).
The model unifies the ideas of continental drift and
seafloor spreading.

2. What is meant by “continental drift”?
3. What is the evidence for continental drift and what

problem was unresolved by the continental drift
model?

4. What is mean by “seafloor spreading”?
5. What is the evidence for seafloor spreading?

C. GLOSSARY
1. Continental Drift: The idea that the continents are

mobile blocks of crust capable of moving thou-
sands of kilometers around the globe.

2. Continental Fit: The edges of continents can be
placed together in a manner similar to a jigsaw puz-
zle to form a massive supercontinent called
Pangaea.

3. Continental Glacier Evidence: Continental glac-
iers are great sheets of ice that cover thousands of

square kilometers of land surface and flow outward
from the center of the glacier due to the extreme
weight of the ice at the center.  The positions and
apparent motions of Paleozoic continental glaciers
are taken as evidence for continental drift.  This is
a type of paleoclimatic evidence.

4. Continental Shelf: See Chapter 28.
5. Continental Structure Evidence: The locations

of major structural features of the continents, i.e.,
shield, stable platforms, and fold mountain belts,
suggest that the continents were once part of a
supercontinent.

6. Curie Temperature: See Chapter 30.
7. Glossopteris Flora: A collection of species of

plants (flora) of the Permian Period of the
Paleozoic Era that is common to South America,
Africa, India, Madagascar, Antarctica, and the
Falkland Islands.  The existence of this particular
flora on widely separated continents is taken as evi-
dence for continental drift.

8. Interferometry: A method used to measure the
movement of the continents.  Very distant astro-
nomical objects (quasars) are observed from posi-
tions on two different continents and the light sig-
nals are artificially combined into an interference
pattern as if the two observation sites represented
two slits through which the light passed to form an
interference pattern. As the continents move, the
pattern changes in a way that allows the measure-
ment of the relative motion of two continents.

9. Lystrosaurus: A medium-sized, early Mesozoic
reptile whose fossil remains are found in Brazil,
South Africa, India, Antarctica, and China.  The
presence of the fossils on the widely separated con-
tinents is taken as evidence of continental drift after
the beginning of the Mesozoic.

10. Magnetic Reversal: The magnetic field of the
earth sometimes reverses so that its direction is
opposite to that of an earlier time.  The magnetic
field may either exhibit normal polarity (the pre-
sent orientation) or reversed polarity (in which the
present south pole becomes magnetic north).

11. Magnetite: An iron oxide mineral found in basalt.
The magnetic field of the magnetite aligns with the
earth’s magnetic field as molten basalt cools to
solid form and makes a permanent record of the
direction of the earth’s magnetic field when the
rock formed.

12. Mesosaur: A small, freshwater reptile whose fos-
sils are found in similar rocks in South Africa and
Brazil.  These fossils on the widely separated con-
tinents is taken as evidence for continental drift.

13. Paleoclimatic Evidence: Evidence from the
ancient climates, as determined by rocks and fos-
sils, that the continents were joined together mil-
lions of years ago and were in different positions
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than at present.
14. Paleomagnetic Evidence: Evidence obtained from

the ancient record of the earth’s magnetic field
direction obtained from lavas erupted on the sur-
face of the earth.  This evidence suggests that the
continents’ past positions differ from their present
positions.

15. Paleontological Evidence: Fossils of plants such
as those from the Glossopteris flora and of animals
such as Mesosaurus, Lystrosaurus, and trilobites
suggest that the continents were joined together
millions of years ago.

16. Pangaea: The large landmass (supercontinent)
reconstructed by joining all of the continent togeth-
er using their continental shelves as boundaries.  It
is believed to have formed during the Paleozoic Era
over 200 million years ago.

17. Seafloor Spreading: The idea that the seafloor is
being pulled apart at oceanic ridges by convection
currents in the upper mantle and asthenosphere
causing the ocean floor to slowly move away from
the oceanic ridge.  New ocean floor is created as
magma from the asthenosphere fills the fissure
caused by spreading, and old ocean floor is
destroyed at deep ocean trenches.

18. Trilobites:  Small, bottom-dwelling marine ani-
mals which lived during the Paleozoic era and pro-
vide evidence for continental drift.

D. FOCUS QUESTIONS
1. Consider the idea of continental drift:

a.  What is meant by continental drift?
b.  Describe evidence from five different kinds of
observations that is consistent with the idea of con-
tinental drift.
c.  Describe the major problem unexplained by the
idea of continental drift.

2. Consider the idea of seafloor spreading:
a.   What is meant by seafloor spreading?
b.  Describe evidence from two different observa-
tions that is consistent with the idea of seafloor
spreading.
c.  Explain how it is possible for the seafloor to
spread (expand) on an earth of constant size.

E.  EXERCISES
31.1.  When attempting to fit continents together

geometrically, we use the edges of their continental
shelves rather than the coastlines.  Why?

31.2.  The occurrence of the Glossopteris flora in
Permian rocks of South America, Africa, Antarctica,
India, and Australia is evidence that

(a) these plants have lived in the southern hemi-
sphere since the Permian Period.
(b) these plants can survive in a wide variety of

climates.
(c) the southern landmasses have separated since
the Permian Period.
(d) the southern landmasses have become closer
since the Permian Period.

31.3.  Which of the following is not evidence for
continental drift?

(a) Changes in Paleozoic trilobites in North
America and Europe.
(b) The presence of Glossopteris on several conti-
nents.
(c) Glaciated Permian rocks on several continents.
(d) The geometrical fit of North America and
Australia.

31.4.  How does paleomagnetism support the theo-
ry of continental drift?

31.5.  The alternating stripes of strong and weak
magnetism found in rocks of the seafloor are

(a) parallel to the oceanic ridges.
(b) perpendicular to the oceanic ridges.
(c) oblique to the oceanic ridges.
(d) too far from the oceanic ridges to judge their
relative orientations.

31.6.  What testable predictions arise from the
hypothesis that the seafloor is spreading at the oceanic
ridges?
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So far we have established that seafloors spread
and that continents move about like passengers on great
plates of lithosphere, but a lot of questions remain.  If
there are places where the seafloor is separating,
shouldn’t there also be places where something is com-
ing together?  What moves the plates?  Why are earth-
quakes so much more abundant and severe along some
plate boundaries than along others?  Zones of abundant
earthquakes also mark zones of violent volcanic activi-
ty along many plate boundaries—do the earthquakes
cause volcanic eruptions, or the other way around, or
are they connected at all?  In this chapter we shall
answer these and other questions as we investigate the
details of the plate tectonic system.

Plate Motion

Some observations can be made that bear on the
question of what moves the plates.  First, despite the
moving plates, we usually find it unnecessary to hold
onto anything to keep our balance!  The plates move
very slowly indeed, but their velocities differ.  The dis-
tance between North America and Europe, each riding
on a different plate, increases about two centimeters
every year.  The African plate seems not to be moving
at all, but the Indian-Australian plate races along at
about 12 centimeters per year.  These speeds may not
impress you at first, but if you will consider how large
the United States is and then realize that something is
moving a slab of lithosphere several times larger than
that at any speed, you will understand that some very
powerful forces must be involved.  

Second, whatever causes the plate motion originates
within the earth.  Wegener thought that it might have
something to do with the rotation of the planet or with
tides, but such forces were long ago shown to be inade-
quate.  We can eliminate some forces we have learned
about immediately.  The strong (nuclear) force and the
weak force are effective only at very small distances and,
thus, cannot be responsible for moving tectonic plates.
The long-range electromagnetic force acts only between
charged objects, and certainly the plates are electrically
neutral.  This leaves only gravity and short-range (con-
tact) electromagnetic forces to drive plate motion, and
the theory favored by most geologists involves both.

The plates consist of lithosphere, the brittle outer
shell of the earth made up of the crust and outermost
mantle.  The plates rest on the underlying asthenos-
phere, a zone in the upper mantle that is partially
molten.  The small amount of melt (probably only a few
percent of the total volume) is generated by radiogenic
heat from the decay of radioactive potassium, uranium,
and thorium, and it renders the asthenosphere plastic
under stresses that are applied slowly over long periods
of time—that is, the asthenosphere behaves like a very,
very viscous liquid.  Because the top of the asthenos-
phere is cooler than the base, it is also denser and it
tends to sink as the less dense partial melt underneath
tends to rise.  Thus, convection currents are generated,
as depicted in Figure 32.1.  This is the gravitational part
of the model for plate motion.  These convection cur-
rents convert gravitational potential energy into kinetic
energy, and the friction of the currents along the bases
of the lithospheric plates moves them—hence, the part

32.  Plate Tectonics:  A Working Model for the Earth

Warm
material

rises

Cool
material

sinks

Cool
material

sinks

Figure 32.1.  Convection currents in the asthenosphere drag the plates about.
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of the model involving contact forces.
As you read the preceding paragraph you noticed

our use of the word “model,” and you recognized that
we have no way of actually going to the asthenosphere
to see if the convection currents are present.  We have
previously built models for things we could not see—
models of the nucleus of an atom, of electron waves, of
the interior of a red-giant star, of the core of our planet.
There were limits on what these models could be like
(we say that they were “constrained”), and the con-
straints came largely from what we could observe and
from the mathematics that governs the physical process-
es involved.  It is so with the convection model for plate
motion also, and one might wonder whether there will
ever be a way to know what goes on beneath the crust.
Some quite recent technological developments make us
very optimistic about that.  

Perhaps you have heard of a medical technique
called x-ray tomography (used in CAT scans of internal
organs, for example).  It employs data from many criss-
crossing x-ray paths to construct a picture of the inside
of the body, based on the degree to which the x-rays are
absorbed along each path.  The very same principle has
been applied to the earth, using seismic waves instead
of x-rays, and is called seismic tomography.  The
required information is obtained from seismic waves
generated by earthquakes all over the world and enables
us to build a picture of the interior of the earth by com-
paring velocity (rather than absorption) variations for
large numbers of crisscrossing waves.  Because the
waves travel faster in material of higher density (that is,
colder rock) and slower in low-density (hotter) materi-
al, seismic tomography enables us to locate regions of
hot and cold rock within the earth in three dimensions.  

The technique is relatively new, and the results are
not as refined as they will eventually be, but the early
analyses suggest (not surprisingly) a more complex
structure than had been envisioned.  As expected, the
upper mantle is hot just below the oceanic ridges, but
the hot regions do not project vertically downward.
Rather, the deep heat sources are somewhat offset from
the surface features.  It appears that we are seeing con-
vection currents all right, but as they rise they are also
carried horizontally and are not nearly as geometrically
simple as suggested in Figure 32.1.  Convection is thus
still the best answer for what moves the plates, but the
mechanism may turn out to be more complicated than
our current notions.

Divergent Plate Boundaries

The oceanic ridges are known, in plate tectonic ter-
minology, as spreading centers.  They are divergent
plate boundaries, because plates on either side of a
ridge move away (diverge) from each other.  It is here
that new oceanic lithosphere is born as basaltic magma
ascends to fill the void between the separating plates.

If there were no water in the oceans, the oceanic
ridge system would constitute an impressive topograph-
ic feature of our planet, easily visible from the moon and
not only high but also broad.  The ridge stands above the
surrounding ocean floor because the new lithosphere is
hot and is therefore less dense than old lithosphere; it
thus “floats” higher on the underlying asthenosphere.  As
it ages and cools, it spreads away from the ridge and sub-
sides, forming the abyssal hills we discussed in Chapter
28.  Eventually, parts of it are covered by sediment to
become the abyssal plains (see Fig. 32.2).

Oceanic ridge

Abyssal hills
Abyssal plains

Figure 32.2.  An oceanic ridge is topographically high because it consists of hot lithosphere; but as the lithosphere
spreads away from the ridge, it cools and subsides, giving rise to the abyssal hills and abyssal plains as it is slowly cov-
ered with marine sediment.
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Not all spreading centers are underneath the
oceans.  If convection currents in the asthenosphere
happen to ascend beneath a continent, they can create a
continental rift zone, the continental equivalent of an
oceanic ridge.  Like their marine counterparts, conti-
nental rift zones are characterized by volcanic activity
and shallow earthquakes.

Figure 32.3 shows schematically how a continental
rift develops.  The rising hot material in the asthenos-
pheric convection currents underplates the lithosphere,
not only heating it but also bulging it upward to create
tensional forces near the surface.  Additional tensional
forces caused by the horizontal flow of asthenosphere
thin and rupture the lithosphere, causing blocks to sub-

side to form fault-bounded valleys.  Eventually, if rift-
ing is not stopped by shifts in the convection currents,
the continental lithosphere can be completely severed,
resulting in the transition from continental to oceanic
lithosphere and the formation of an oceanic ridge.  This
scenario is being followed in east Africa right now.  The
East African Rift system, including the famous Olduvai
Gorge, is the site of active continental rifting, and if it
continues, it will eventually fragment the continent (see
Fig. 32.4).  A more advanced stage of rifting is seen in
the Red Sea, where the Arabian plate has separated from
the African plate, creating a new oceanic ridge.  And, of
course, this also happened to Pangaea as it broke apart
during the Mesozoic Era.

Convergent Plate Boundaries

By now it has occurred to you that there must be
more to plate tectonics than spreading centers.  If lithos-
phere is slowly separating at ridges and rift zones,
where does it go?  Evidently, it does not stay around for
long (from a geologic perspective), because the oldest
ocean-floor rocks are only about 200 million years old,
not quite 5 percent of the total age of the earth.  If there
were oceans for much of the earlier 95 percent of the
earth’s history (and there were, because we have before
us the sedimentary rocks that resulted from deposition
in them), what has become of the rocks?  The answer
was suggested by Harry Hess and has already been
introduced in Chapter 31.

The key comes in recognizing the correct interpre-
tation of the deep ocean trenches, island arcs, and
Benioff zones.  Benioff zones (named for HugoFigure 32.3.  Beginning as a continental rift zone, a

spreading center within a continent can evolve into an
oceanic ridge.

Figure 32.4.  The eventual result of plate fragmentation
along the East African Rift system as well as separation
along the Red Sea Rift.

Island arc

Trench

(      = Hypocenter)

Benioff Z
one

Figure 32.5.  A Benioff zone is an imaginary, nearly pla-
nar surface defined by the hypocenters of earthquakes
associated with island arcs.  The further the epicenters
are from the trenches, the deeper are the hypocenters.
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Benioff, 1899-1968, the American seismologist who
discovered them), are imaginary surfaces (almost
planes) along which the hypocenters of earthquakes
associated with island arcs occur.  These planes begin
near the surface at the deep ocean trenches and then
slope downward underneath the island arcs, as illustrat-
ed in Figure 32.5.  It is apparent that the further an epi-
center is from the trench, the deeper its hypocenter is.
This discovery was made before the plate tectonic theo-
ry developed, so the reason for the existence of Benioff
zones was then unknown.

We now know that each Benioff zone marks the top

of a cold, brittle, descending slab of lithosphere plung-
ing into the asthenosphere as two plates converge.  If
both plates are oceanic, one will inevitably be the
older—hence cooler and denser—and that is the plate
that will founder and descend.  The process is called
subduction, a term invented from two Latin words
meaning “to lead under,” and the Benioff zone with its
associated trench is called a subduction zone.  As the
subducted plate descends, its temperature increases and,
at some depth, it begins to melt.  The magma produced
from melting is less dense than its surroundings and
rises buoyantly through fissures and cracks to eventual-
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Figure 32.6.  The geometry and terminology of a subduction zone.

Figure 32.7.  The results of convergence of oceanic and continental leading plate edges.
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ly erupt at the surface, forming the volcanoes of the
island arcs (see Fig. 32.6).  Island arcs like the
Aleutians, Japan, and the Marianas are good examples
of the results of subduction involving two plates with
oceanic leading edges.  Sometimes slices of the down-
going oceanic lithosphere are scraped off against the
island arc, leaving a folded and deformed record above
sea level of what the oceanic plate was like.
(Conversely, some material derived from the overriding
plate may be caught in the process of subduction and
carried down into the asthenosphere.)

If the leading edge of one of the two convergent
plates is oceanic, but the other leading edge is continen-

tal, there are a few differences from the description just
given.  First, the continental lithosphere is not dense
enough to sink into the asthenosphere, so the oceanic
plate is always the one subducted.  Thus, instead of
resulting in an island arc, subduction produces a vol-
canic mountain chain on the edge of the continent.
Volcanoes in this sort of plate tectonic setting are gener-
ally quite violent because the interaction of the basaltic
magma with the continental crust produces a very vis-
cous fluid that is brought to the surface only by applica-
tion of a great deal of force.  The compression generated
by the converging plates folds and deforms the sediment
that has been shed from the continent, and faulting and

(a)

(b)

Figure 32.8.  (a) A subduction zone in which the overriding plate has a continental leading edge and the subducted plate
is carrying a continent.  (b) Eventually this results in a continental collision and a mountain-building event.
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folding of the continental margin itself produces a thick-
ened continental edge that enhances the mountain range.
The Andes of South America and the Cascades of the
northwestern United States are good examples of this
sort of tectonic relationship (see Fig. 32.7).  

The last type of convergent plate boundary
involves the collision of two continental masses.  This
is preceded, of course, by subduction of the second type
(see Fig. 32.8); but as the continent on the subducted
plate is slowly moved toward the subduction zone, the
collision finally results.  The continental mass on the
descending slab begins to be subducted but, because in
this case both leading edges are continental, neither is
dense enough to be forced into the asthenosphere.  The
result is a collision that compresses and thickens the
continental edges, uplifting the land to form fold moun-
tain belts and welding the two continents together along
an unusually thick band of continental lithosphere
called a suture zone.  The Appalachian Mountains in
eastern North America are an ancient suture zone
formed when North America and Africa met during the
building of Pangaea.  The Himalayas were produced as
India moved north into Asia following the breakup of
Pangaea, and the process continues there today as the
Indian-Australian plate creeps northward at 12 centime-
ters per year.  

Transform Boundaries

In many illustrations (such as Fig. 32.11 near the
end of this chapter) the oceanic ridges are not shown as
smooth continuous rifts but as relatively straight, short
segments that are offset from one another by what
appear to be cracks or faults.  These are transform
faults, and their function is to connect segments of

spreading ridge.  At first it might appear that the seg-
ments of ridge on either side of the fault are separating
along it, as suggested by  Figure 32.9a, but this is not the

?

(a)

(b)

Figure 32.9.  (a) At first it may appear that segments of
oceanic ridge separate from each other along a trans-
form fault.  This is not correct.  (b) Actually, a transform
fault is a boundary that separates two plates that are
moving laterally past one another.

Asthenosphere

Lithosphere

Hot spot
 islands

Direction of plate motion

Mantle
 plume

Figure 32.10.  A linear chain of hot-spot volcanoes is formed as a plate moves over a mantle plume.
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case.  The correct nature of a transform fault is shown
in Figure 32.9b, where we see that ridge segments are
essentially stationary with respect to one another, and
transform faults are just boundaries along which plates
move past each other.

Not all transform faults are short.  The famous San
Andreas fault in California connects the segment of
oceanic ridge that terminates in the Gulf of California
with the segment at the south end of the Juan de Fuca
plate.  In doing so, it slices off a sliver of California that
is several hundred kilometers in length.  While most of
the state is part of the North American plate, that sliver
rides on the Pacific plate.  As the two plates move past
one another, strain builds up wherever the fault binds
(see “elastic rebound” in Chapter 30) and is released in
the earthquakes that are so common in that area.

Relative and Absolute Plate Motions—Hot-Spot
Trails

The Hawaiian Islands and other linear island chains
in the Pacific do not seem to fit into the plate tectonic
picture anywhere so far.  They are nearly parallel and
seem straighter than coincidence would allow.
Although they are volcanic in origin, none of them has
a deep ocean trench or a Benioff zone nearby.  In fact,
they are nowhere near any plate boundaries, as are most

of the plate tectonic features discussed so far.
The only currently active volcanoes in the

Hawaiian Islands are on the island of Hawaii, at the
southeast end of the chain.  As one proceeds up the
chain to the northwest, successive islands are progres-
sively older, a fact inferred by geologists years ago from
the states of erosion of the various islands and con-
firmed now by radiometric dating of the basalts.  It
appears that the same heat source has produced all the
volcanoes in the chain either by migrating to the south-
east or—more likely, given the several parallel island
chains on the Pacific plate—by remaining stationary
while the plate rode over it.

The nature of such heat sources is not well under-
stood at present, but they obviously must originate
beneath the lithosphere and probably far beneath it.
They have been given the name mantle plumes to sug-
gest columns of hot material rising convectively toward
the lithospheric plate above (see Fig. 32.10).  The vol-
canoes that result are called hot spots, to distinguish
them from subduction-zone volcanoes.  (Note that man-
tle plumes are inferred to exist, and their origin is
unclear; hot spots are observed to exist.)  Hot spots are
not restricted to regions far from plate boundaries.
Iceland is a hot spot, as are some other unusually pro-
lific volcanic centers located on oceanic ridges.  Hot
spots can also be found on continents, and one of the

Figure 32.11.  The plate tectonic system as we now envision it.  Double lines represent spreading centers, single lines
transform faults, and toothed lines subduction zones.  Stars are the locations of some currently recognized hot spots.
The arrows show directions of absolute plate motions, and their lengths indicate relative speeds.
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classic examples is Yellowstone on the Idaho-Wyoming
border.  All told, there are probably at least a hundred
hot spots distributed around the globe.

The trails of volcanism left on a plate as it moves
over a mantle plume (hot-spot trails)  provide us with
information that would be very difficult to get in any
other way—the absolute motion of that plate.  As we
stand on one plate and make any sort of observations or
measurements to determine the motion of another plate,
all we get is the relative motion between the two.  It is
as if we were stationary and only the other plate moved.
What we need is a frame of reference that is stationary
with respect to all of the plates, and the worldwide col-
lection of mantle plumes appears to provide just that.
Thus, hot-spot trails show the direction of absolute plate
motion, and radiometric dating of the volcanic rocks
can yield the rates of plate motion over the lifetime of
the mantle plume.  We have already seen in Chapter 31
that measurements obtained from light emitted by dis-
tant quasars has confirmed (by interferometry) the gen-
eral directions and speeds of plate motion derived from
hot-spot trails.

Figure 32.11 presents the global plate-tectonic picture.  

The Plate-Tectonic Evolution of a Continent

As we look further and further back in time, the
details that facilitate accurate reconstruction of plate
motions and plate geometry become more and more

obscure.  The construction of Pangaea was a relatively
recent major event, and all of the features we see on the
ocean floors, as well as the present plate configuration,
reflect post-Pangaea plate tectonics.  Some of the geol-
ogy on the continents, however, provides insight into
pre-Pangaea plate tectonic activity.  For example,
ancient suture zones, such as the Ural Mountains
between Europe and Asia, reveal collisions between
early continents whose detailed geography we do not
know.  Paleomagnetic studies of the ancient rocks yield
data on early geographic orientations, and radiometric
dates help piece together the structural evolution of the
present continents.

Naturally, each continent has followed a course of
development that is unique and complex, but the broad
outlines of the general evolution of a continent can be
understood by focusing, as we have previously, on
North America.  Figure 32.12 is a map of North
America showing generalized ranges of radiometric
dates found for basement rocks in various parts of the
continent.  Basement rocks are those that underlie the
younger sedimentary cover and are mostly
Precambrian.  A consistent pattern is clear:  The most
ancient rocks are in the shield, and the ages become
younger toward the margins of the continent.  

This age distribution suggests the following gener-
al history:  The continent originated as a small landmass
during Precambrian time (we shall give more precise
statements at the end of Chapter 34 about how and when

2350-2700

1300-2350

800-1700

800-1300
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Ages shown in
millions of years

Figure 32.12.  A map of North America showing generalized ranges of ages for the continental “basement” rocks.
Notice that the ages become younger from the shield toward the margins of the continent.
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it might have originated).  Because the continental
lithosphere was less dense than the oceanic lithosphere,
subduction eventually began at one of its margins,
adding new volcanic rocks from which sediment could
be derived to extend the continental margins.  Inevitable
changes in the convection cells in the asthenosphere
repeatedly shifted the location of subduction, adding
new material on different sides.  Island arcs may have
been moved in by plate motion and plastered against the
young continent.  Other continents were, of course, in
their own formative stages, and so continental collisions
would likely have occurred also.  These would have
sutured “foreign” rocks onto North America—rocks
that might have remained after subsequent continental
rifting.  For instance, there is good geologic evidence
that much of the southeastern United States was part of
the African continent before the assembly of Pangaea.
When the supercontinent rifted apart in the early
Mesozoic Era, separation evidently occurred southeast
of the old suture zone, leaving part of the African conti-
nent attached to North America.

The idea that continents have grown by addition of
material at convergent boundaries is called continental
accretion, and it seems to be supported by the age-dis-
tribution and the timing and styles of deformation of
continental rocks.  For North America, it yields a par-
ticularly straightforward scenario for everything east of
the Rocky Mountains.   The picture is a bit more com-
plicated for the western part of the continent.
Paleomagnetic and paleontological studies have
revealed that rocks in some areas must have originated
at very different latitudes than the rest of North America
and evidently traveled a considerable distance to
become part of the continent.  Western North America
appears to be made up of numerous blocks of lithos-
phere that are genetically unrelated.  These may repre-
sent island arcs or microcontinental blocks that have
been added to this continent as they rode in on subduct-
ing plates at its western edge, much as India has been
added to Asia.

Figure 32.12 shows that the North America of
Precambrian time was somewhat smaller than our pre-
sent continent, lacking most of the eastern seaboard, the
Gulf coast on the south, and essentially all of the far
west.  The continent consisted of what we identified in
Chapter 28 as the shield and stable platform.  By the end
of the Precambrian, the continent had already been
through several episodes of mountain building and ero-
sion, had been involved in a major glaciation, and had
drifted over much of the planet’s surface.  After a quiet
beginning, the Paleozoic Era  saw three major episodes
of mountain building in the east and at least one each at
the southern, northern, and western edges of North
America.  These added the familiar eastern and south-
eastern parts of what would later be the United States.  

During the Mesozoic Era, the eastern part of the

continent was essentially passive as Pangaea broke up
and the fragments spread apart, but there were major
mountain-building episodes in the west as the North
American plate moved in that direction.  From this time
until late in the Cenozoic Era there was a subduction
zone at the western margin of the continent, and sever-
al small blocks were added in the west (much like India
being added to Asia), and large granitic igneous bodies
such as the Sierra Nevada were emplaced.  About 15
million years ago subduction in this area ceased and the
present transform fault developed, yielding the configu-
ration we see at the west edge of the North American
plate today.

Summary

The earth’s lithosphere—the crust and uppermost
mantle—is divided into about a dozen fragments of var-
ious sizes called plates, and these move in response to
convection currents in the asthenosphere below them.
Any given plate may consist of both continental and
oceanic lithosphere, or of only one or the other.
Divergence of plates occurs at spreading centers, which
may be either ocean ridges or continental rifts, and is
characterized by shallow earthquakes and volcanic
activity; in such places, new lithosphere is created.
Convergence of plates occurs at subduction zones (if at
least one plate is oceanic at its leading edge), where
intense earthquakes (with both shallow and deep
hypocenters) and volcanism are produced and oceanic
lithosphere is destroyed.  When two continents collide,
folding, faulting, metamorphism, and igneous activity
result in the birth of fold mountain belts that parallel the
convergent plate boundaries.  Plates may slide past one
another along transform faults, often accompanied by
severe seismic activity.  Mantle plumes, relatively sta-
tionary heat sources beneath the lithosphere, produce
volcanic trails (hot spots) that enable us to determine
absolute plate motions.

Continents evidently have grown by a process
called continental accretion, in which material is added
at convergent boundaries.  At some convergent plate
boundaries addition of new material has been largely
through igneous activity, and at others it has been by
addition of microcontinental blocks carried in by the
subducting plate.

The crucial test of a scientific model is its ability to
explain what is observed.  Plate tectonics does very well.
In Chapter 28, we observed the following facts that we
were unable to explain at that point:  A gigantic ocean
ridge system circles the globe, flanked by the abyssal
hills and abyssal plains, yet these features are made of
rocks unlike those that constitute most features of simi-
lar appearance on the continents.  Earthquakes tend to
occur mostly in narrow bands spatially associated with
volcanoes.  Fold mountain systems also occur in narrow
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belts, and some are associated with frequent seismic
activity (the Himalayas, for instance), while others (for
example, the Appalachians) are not.  Around the margins
of the Pacific Ocean and the Caribbean Sea are deep
ocean trenches.  Where they are adjacent to a continent,
a chain of volcanic mountains is found on land, and if
they are away from a continent, there is invariably a vol-
canic island arc parallel to them.  The ocean floor is a
geologically young feature of the planet.  All continents
contain vast areas, called shields, that consist of the
ancient, eroded cores of old mountain belts, and the cur-
rent mountain belts are always outside these.

All of these observations, and many more that have
not been cited in this introduction, are explained by the
Theory of Plate Tectonics.  We would not mislead you
into thinking that there is nothing left to do in this area,
for there are yet significant unanswered questions con-
cerning both the theory and its applications.  However,
plate tectonics has been for geology as the Periodic
Table was for chemistry—not only filling gaps in our
understanding but also pointing the direction to a new
and unexpectedly rich level of perception.

STUDY GUIDE
Chapter 32:  Plate Tectonics:  A Working Model for
the Earth

A.  FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.

B.  MODELS, IDEAS, QUESTIONS, AND APPLI-
CATIONS

1. The Theory (Model) of Plate Tectonics: See
Chapter 31.

2. What geologic features occur at divergent plate
boundaries?  How does the model explain these
features?

3. What geologic features occur at convergent plate
boundaries?  How does the model explain these
features?

4. What geologic features occur at transform bound-
aries?  How does the model explain these features?

5. What geologic features occur near mantle plumes?
How does the model explain these features?

6. Describe the evolution of a continent according to
the model.  What role does Archimedes’ Principle
play?

C.  GLOSSARY
1. Abyssal Hill: See Chapter 28.
2. Abyssal Plain: See Chapter 28.
3. Asthenosphere: See Chapter 30.
4. Basement Rocks: Primarily pre-Cambrian rocks

(underlying the sedimentary layers) that form the
shield of the continent.

5. Continental Accretion: The idea that continents

grow by addition of material at convergent bound-
aries.

6. Continental Rift Zone: A zone where continental
plates are moving away from each other in a man-
ner similar to an oceanic spreading center.

7. Convection Current: Motion of matter as heated
material becomes less dense than the surrounding
material and begins to rise (or the corresponding
sinking when material cools and becomes more
dense than its surroundings).  Convection currents
are understood in terms of Archimedes’ Principle.
See Chapter 6.

8. Convergent Plate Boundary: Where plates move
toward each other and form such features as trench-
es, island arcs, suture zones, fold mountain belts,
and volcanic mountain chains.

9. Divergent Plate Boundary: Where plates move
away from each other, i.e., spreading centers or
continental rift zones.

10. Hot Spot: Volcanoes which result from the lithos-
phere moving over a mantle plume.  Hawaii is an
example of an island formed at a hot spot.  As the
plate moves over the mantle plume, a line of vol-
canic structures (such as the Hawaiian chain of
islands) marks the passage.  The trail of volcanism
is called a hot-spot trail.

11. Island Arc: Islands formed when two oceanic
plates converge and the subducted plate melts as it
descends.  The magma from the melt rises to the
surface to form volcanic islands such as Japan, the
Aleutians, and the Marianas.

12. Lithosphere: See Chapter 30.
13. Mantle Plume: Columns of hot material rising

convectively from the mantle toward the lithos-
pheric plate above.

14. Seismic Tomography: A method for forming an
image of the interior of the earth by comparing
velocity variations for large numbers of seismic
waves crisscrossing the earth’s interior.  Seismic
tomography is similar in concept to Computer-
Aided Tomography (CAT) scans of the interior of
the human body using x-rays.

15. Spreading Center: A region where oceanic plates
are moving away from each other.  They are sepa-
rated by an oceanic ridge where basaltic magma
ascends to fill the void created between the sepa-
rating plates.

16. Subduction: The process whereby, at a convergent
plate boundary, the denser plate is pushed under the
less dense plate and is reabsorbed into the mantle.

17. Subduction Zone: The trench, formed by subduc-
tion, and region of earthquakes associated with
island arcs.

18. Suture Zone: An unusually thick band of conti-
nental lithosphere which formed from the collision
of two continental masses.  The Himalayas mark
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the suture zone that joins Asia and India.
19. Transform Boundary: A plate boundary at which

two plates move sideways past each other. 
20. Transform Fault: The boundary along which

plates move past each other.  Examples include the
San Andreas fault and the faults which join togeth-
er segments of the oceanic ridge.

D. FOCUS QUESTIONS
1. Consider the plate tectonic model:

a. Describe the basic elements of the model.
How does it resolve the problems unexplained by
the early ideas of continental drift and seafloor
spreading?
b. Describe the typical geologic features
observed and explain why these features occur in
terms of the plate tectonic model for

(1)  two categories of divergent plate bound-
aries.
(2)  three categories of convergent plate
boundaries.
(3)  transform boundaries.
(4)  hot spots under oceanic plates.  

E. EXERCISES
32.1.  Convergent plate boundaries do not involve
(a) subduction zones.
(b) mountain-building events.
(c) creation of new oceanic lithosphere.
(d) deep ocean trenches.

32.2.  Among the following choices, earthquakes
would least likely occur

(a) in a young fold mountain belt.
(b) in a continental shield.
(c) at a transform fault.
(d) along the oceanic ridge system.

32.3.  What is the origin of the abyssal hills and the
abyssal plains?

32.4. The Theory of Plate Tectonics does not
explain

(a) where diverging convection currents will pull
continents apart.
(b) the location of most of the world’s active vol-
canoes.
(c) the origin of fold mountain belts.
(d) the association of deep ocean trenches and
island arcs.

32.5.  The least amount of plate tectonic activity
would be found in which of these locations?

(a) The California coastal area
(b) The Canadian shield
(c) Iceland
(d) Japan

32.6.  Explain why fold mountain belts are long,
narrow features.



326



327

Chapters 28 through 32 showed that geology is, to
a significant degree, the application of physics and
chemistry to the study of the earth (and, by extension, to
the other solid bodies in the solar system, whose sur-
faces and interiors we are just beginning to understand).
The plants and animals that inhabit the earth and its
atmosphere are sometimes called the biosphere (as is
also the region inhabited by them) and are the proper
province of the biological sciences.  There is, however,
a bridge connecting geology and the biological sci-
ences.  Usually when organisms die, they are attacked
by bacteria and the elements, or are eaten by animals,
and thus their remains are destroyed.  Occasionally,
however, a plant or animal is buried in sediment soon
after it dies, protecting it from such destructive effects.
In this case it may eventually become lithified (“made
into stone”) along with the sediment that surrounds it,
and become a fossil—that is, remains (or other evi-
dence) of a formerly living organism, preserved by nat-
ural processes within the crust of the earth.  Here is
where geology and biology meet.  Most geologists
acquire a working knowledge of fossils sufficient to aid
them in their work, but they do not specialize in study-
ing them.  The specialists who make the investigation of
fossils the focus of their work are paleontologists, and
the field of study is known as paleontology. We have
used fossils as necessary in our discussions in previous
chapters, but now we pause to look deeper into the sub-
ject of paleontology.

Obviously, fossilization is the exception rather than
the rule, and so the observed fossils must represent a
very small fraction of all plants and animals that have
ever lived.  Fossils are not rare—in fact, they are much
more common than you may think—but neither are they
uniformly distributed.  With relatively few exceptions,
they are found in sedimentary rocks, but not in all sedi-
mentary rocks.  Often rock layers that contain fossils in
some locations are barren in others.  Some kinds of sed-
imentary rocks, such as the chalk of the famous “white
cliffs of Dover,” are made up entirely of fossils, but it is
not obvious because they are very tiny fossils.  In other
rocks fossils are not just obvious, but spectacular (see
Fig. 33.1).  Fossils range in size from the very large
dinosaur skeletons that grace the halls of famous muse-
ums to remains of tiny organisms visible only under a

microscope.  The latter are generally called microfos-
sils.  Certainly fossils have been known from the most
ancient historical times, but the recognition that fossils
are remnants of things that once lived is a fairly recent
achievement.

Figure 33.1.  Although they constitute a minority of fos-
sil occurrences, examples like this fossil bone bed are
spectacular evidence that fossils are the remains of liv-
ing things.

The Significance of Fossils—A Gradual Awakening

By today’s standards, we would not consider the
opinions of the ancients about fossils to be very enlight-
ened.  (It is remarkable how intelligent hindsight makes
us appear!)  Most thought fossils were inorganically
produced, perhaps as accidents or even as jokes of
nature.  A few, among whom was Aristotle (Greek
philosopher, 384-322 B.C.), recognized at least some
fossils as the remains of living organisms but seem to
have concluded that they had met their demise during
relatively recent times and had been incorporated in the
rocks by mysterious means.  Others, recognizing the
organic origin of fossils, thought they might have begun
as seeds of some sort and grown in the rocks.
Spontaneous generation was a popular explanation on
the grounds that if maggots appeared from nowhere in
decaying food, then fossils might do so in rocks.

33.  Fossils:  The Record of Life
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The word “fossil” did not assume its current mean-
ing until comparatively recently.  In the 16th century,
Konrad von Gesner (German naturalist, 1516-1565)
published a work often referred to as On Fossil Objects.
A full translation of the title, however, reads A Book on
Fossil Objects, Chiefly Stones and Gems, Their Shapes
and Appearances.  Evidently, Gesner’s concept of fos-
sils was considerably broader than ours, but it was con-
sistent with long-standing usage at the time.  A fossil
was, in those days, any strange object that came from
the earth or was found on the ground, including inor-
ganic crystals or rocks of curious appearance.  The word
itself comes from the Latin fodere (to dig) and means
“an object dug up.”  The change in meaning over sever-
al centuries reflects much more than merely linguistic
evolution.  First, it documents the intellectual struggle
in determining that some of what were called fossils
were of organic origin and, second, in differentiating
between those that were and those that were not.

The recognition that fossils, as we use the word
now, were once alive came gradually.  It is clear that
medieval Europeans knew of the existence of fossils
that looked very much like living plants or animals, but
these were explained in various ways.  Some, prompted
by the revival of classical influence, echoed the think-
ing of Greek philosophers in attributing them to myste-
rious “molding forces” within the earth, unrelated to liv-
ing things, or else to spontaneous generation, or to seeds
that fell into the rocks (perhaps from the stars!).  Others,
like Leonardo da Vinci (1452-1519), recognized fossil
shells as the remains of formerly living animals that had
inhabited seas that must once have covered the loca-
tions in which they were found.  Even when fossils were
recognized as remains of living things, the medieval
preoccupation with giants led to the attribution of bones
too large to have belonged to familiar animals, like
cows or horses, to these mythological beings.

Following the invention of printing, there was a
gradual diffusion of knowledge in the western world,
and naturalists became more and more aware of one
another’s observations of fossils.  Slowly the idea took
root that these objects represented ordinary plants and
animals that had lived and died on this planet.
Likewise, it became apparent that certain fossils were
consistently associated with certain sedimentary rock
layers in a given geographical region and must, there-
fore, have been deposited with the sediment in a deci-
pherable sequence.  In Chapter 29 the name of William
Smith (1769-1839), the British civil engineer and geol-
ogist, was mentioned in connection with this concept.
He was not alone in his discovery, however, and two
other geologists—Giovanni Batista Brocchi (1772-
1826) working in Italy, and Alexandre Brongniart
(1770-1847) in France—deserve equal credit for similar
work.  There emerged from their studies the Principle
of Faunal Succession, which not only affected the way

in which relative geologic time is measured (see
Chapter 29) but also constituted a great stride toward
the correct perception of the fossil record.

Another scientist working about the same time was
the French paleontologist Georges Cuvier (1769-1832),
an expert in comparative anatomy.  (Actually, his name
was Georges Léopold Chrêtien Frédéric Dagobert,
Baron Cuvier—which is the reason for using the short-
ened version!)  Careful examination of fossils in the
Paris Basin convinced Cuvier not only that there was a
succession of fossils in the rocks—that is, that life had
undergone change—but also that some fossils were very
different from anything he knew of that still lived on the
earth.  He had thus recognized extinctions in the fossil
record.  This called for an explanation, and for Cuvier
that explanation was successive divine creations, each
followed by a catastrophic extinction, the final catastro-
phe being the flood of Noah.  His scientific brilliance,
bolstered by his social and official position in society,
made his views particularly influential.

The catastrophic perspective was a popular one for
a time, but increasingly it came into conflict with the
uniformitarianism of James Hutton (see Chapter 29).
Catastrophism was favored, of course, by those who
interpreted the Book of Genesis as a literal mechanical
description of creation and who thus felt obliged to force
agreement between the accepted theological orthodoxy
of the day and the observed physical evidence.  Others,
who preferred a more symbolic interpretation of Genesis
or who had little religious inclination anyway, were
compelled by the record of the rocks to the view that is
now generally held—that fossils represent past life, that
life-forms have changed throughout geologic time, that
many have become extinct, and that all of this has hap-
pened slowly over a vast period of time and in ways that
can be explained adequately by appeal to solely natural
processes.  (We note that, while individual scientists may
hold personal views, this interpretation of fossils does
not conflict with the existence of the Creator, nor does it
abridge His powers.  If correct, however, it provides
some insight into how He works.)

Preservation of Fossils

Given that most organisms die and disappear in one
way or another without ever becoming fossilized, some-
what atypical conditions must be required to preserve a
plant or animal as a fossil.  The primary requirement is
to isolate the organism from the atmosphere and from
destructive bacteria, and this implies rather rapid burial
in sediment.  Decomposition is slowed under very low
temperature or humidity, or by encapsulation in tar or
resin, or by burial in sea water.  The probability of even-
tual fossilization is greatly enhanced by the presence in
the organism of hard parts—bones, teeth, shells, and so
forth.  Once organisms are buried in sediment or other-
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wise protected, there are several methods by which fos-
silization may occur.

Complete Preservation

This sort of preservation is quite rare, but also
yields very spectacular fossils.  In 1976, the complete
and unaltered frozen body of a baby mammoth was dis-
covered in a remote mountainous region of Siberia,
entombed in muddy ice since the Great Ice Age.
Carbon-14 dating showed it to be 17,000 years old.  It
is not the first frozen Ice Age mammal to be found, but
it is the most perfectly preserved so far.  When animals
that live in cold climates are frozen quickly, both soft
and hard parts are preserved—hair, skin, bones, internal
organs, and even stomach contents.

Perfectly preserved human bodies thousands of
years old have been unearthed from peat bogs in north-
central Europe.  The water of the bogs is anaerobic, pro-
hibiting bacterial growth and the decay of the bodies.
Many geologists, incidentally, would disqualify these
and other organisms preserved in historical times as fos-
sils.  The distinction is arbitrary, but it serves to divide
what rightly belongs in the fields of anthropology,
archaeology, and biology from paleontology.

Unaltered Hard Parts

Usually, just the hard parts are preserved unaltered
from their original compositions.  Bones, teeth, and
other hard parts are generally made of calcium carbon-
ate (CaCO3), silicon dioxide (SiO2), or complex organ-
ic compounds, all of which are quite resistant to alter-
ation under near-surface conditions on the earth.
Hence, they may remain unchanged for geologically
long periods of time—even hundreds of millions of

years.  Because they are unaltered, the most intricate
structures of such fossils are still clearly visible—
growth lines on shells, layers in teeth, original mother-
of-pearl in oyster shells.  Figure 33.2 shows a fossil
shell that consists of the original, unaltered hard com-
ponents.  An interesting and paleontologically valuable
variation on unaltered hard parts consists of insects and
spiders trapped in globules of resin from plants (Fig.
33.3).  The resin protects them from bacterial attack,
and when it hardens it keeps the delicate organisms
from being crushed under the weight of sediment in
which they are buried.  Because resin is transparent, the
fossils can be studied from all angles without the need
to remove them from it.

Replacement

Commonly little or none of the original matter is

Figure 33.2.  The shell shown here consists of the orig-
inal material deposited by the animal who lived in it.

Figure 33.3.  This insect was trapped in a drop of resin,
which hardened and was subsequently deposited with
sediment as part of a rock.

Figure 33.4.  Petrified wood is a familiar example of
petrifaction.
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left, but it has been replaced by some new material that
may or may not have a composition similar to the orig-
inal.  Groundwater (water that percolates slowly
through permeable rocks) contains many elements in
solution, and it can precipitate them as minerals.  The
voids of porous materials, such as bone or wood, may
be filled with minerals precipitated in this way, some-
times resulting in replacement on a microscopic level
and preserving even the most delicate organic structures
in stony replica.  One of the more common types of fos-
sils of this sort is petrified wood (Fig. 33.4).

Sometimes a shell or other hard part is gradually
completely dissolved and simultaneously replaced by
some more stable mineral that precipitates from perco-
lating groundwater.  Unlike the cell-by-cell replace-
ment, this wholesale replacement often obliterates all
traces of the microstructures of the organism, retaining
only the outer shape.  This process accounts for large
numbers of fossils.

Molds and Casts

The sediment that packs closely around a fossil and
is lithified (that is, turned into rock) with it may be of
quite a different chemical composition than the fossil
itself.  Sometimes, if the rocks are porous and permit the
free circulation of water, shells or bones may be
removed by solution, leaving cavities in the rock.  These
are called molds.  They are commonly filled with sedi-
ment of some sort, and this constitutes a cast.  (To help
recall which is which, remember that a fancy gelatin
dessert is made in a Jell-O mold, and think of the gelatin
as the cast.)  A mold may reveal the shape of the outer
surface of hard parts (an external mold), or it may
show impressions made by the inner surfaces (an inter-
nal mold).  A mold is shown in Figure 33.5.

Figure 33.5.  This cavity, previously occupied by a fos-
sil, is called a mold, and it faithfully preserves the outer
form of the organism.

Carbonized Residues

Living things are made mostly of carbon, oxygen,
nitrogen, and hydrogen.  The last three are gases in their
natural states near the surface of the earth, and so when
dead organisms are subjected to relatively high pres-
sures and temperatures by deep burial in sediment, these
elements tend to volatilize.  Sometimes delicate organ-
isms, which would ordinarily not be preserved by any of
the modes of fossilization already discussed, are pre-
served as thin residues of carbon that remain after the
other elements have been driven off into the surround-
ing sediment.  These are called carbonized residues,
and the process is known as carbonization.

By this method some creatures with no hard parts
have been preserved in remarkable detail.  Animals as
delicate as butterflies and insects have been found in
rocks as carbonized residues (although sometimes even
the carbon is gone and only an impression remains).
Plants are commonly preserved in this way (Fig. 33.6).

Figure 33.6.  This carbonized residue reveals the kind of
plant that was deposited with this sediment.

Trace Fossils

There are some objects that nonspecialists might
not classify as fossils at all, but paleontologists consid-
er them as such.  Neither the tracks left by birds in the
wet mud of a tidal flat, nor the filled-in burrow of a
worm in a former seabed, nor the petrified excrement of
an animal on the floor of an ancient forest were ever
alive themselves, yet they are unquestionably indica-
tions of life.  When found in rocks, fossils that reveal
the existence but not the form of the body are called
trace fossils.  The dinosaur footprints shown in Figure
33.7 are trace fossils.

As you have read the various descriptions of how
plants and animals can be preserved as fossils, you have
recognized that sediment has been mentioned in all of
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them.  Virtually all fossils are found in sedimentary
rock, but there are exceptions.  In Yellowstone National
Park in Wyoming there stands an ancient forest of per-
mineralized (replaced) tree trunks.  Actually, it is sever-
al forests—each of which grew, was killed by showers
of ash from the nearby volcanoes, and was eventually
succeeded by a new forest.  However, this is an excep-
tional instance, because most igneous processes would
result in the destruction, rather than the preservation, of
organic matter.  Likewise, the temperatures and pres-
sures typical of metamorphism result in obliteration—
or at least severe deformation—of fossils.

The environment of deposition also has a great
influence on whether fossilization will occur.  Because
the chances of preservation are enhanced by rapid bur-
ial, marine organisms are more likely to be fossilized
than are terrestrial ones.  The sea supports large popula-
tions of animals and plants in the relatively shallow
waters near shore where terrestrially derived sediments
are most abundant.  When a clam or fish dies in such an
environment, it stands a fair chance of being covered
quickly by sediment.  On the other hand, a bird that dies
on land will likely simply lie on the ground and decay.
This is not to say that fossils are absent from nonmarine

sedimentary rocks, but they are much less common
there than in marine rocks.

Uses of Fossils

There is no question that some of the most popular
uses for fossils have little to do with science.  They are
sold in curio shops worldwide and end up on fireplace
mantelpieces, in bookcases, and as jewelry, and serve
other decorative purposes limited only by the imagina-
tions of their owners.  For the geologist, fossils are far
more than objects of curiosity.  Their more important
scientific uses are as markers of the passage of time, as
indicators of ancient environments, and as documenta-
tion of the history of life on earth.

Markers of the Passage of Time

In Chapter 29 we considered the measurement of
relative geologic time and learned that the Geologic
Column owes its structure essentially to fossils; the
appearance or disappearance of key fossils defines the
boundaries between periods.  That which makes fossils
useful for determining the passage of time (even if the
amount of time is not known) is the Principle of Faunal
Succession, wherein changes in assemblages (groups)
of fossils are found to proceed in only one direction
with time, so that assemblages are never repeated in
younger rocks once they have disappeared from older
ones.  That allows sequences of fossil assemblages to be
used as “relative clocks.”  The advent of radiometric
dating (Chapter 29) has provided geologists with the
additional ability to assign numerical ages to rocks of
some types.  It is clear that if an absolute age can be
assigned to a sedimentary rock, then that age applies
also to the fossils in the rock.  Hence, fossils can often
now be used by themselves to assess approximate
absolute ages.

Some fossils are better suited than others for
assessing absolute age.  Organisms that lived in restrict-
ed localities or that did not change over substantial peri-
ods of time are not very useful for determining geolog-
ic age.  Those that are widespread and that changed
rapidly are termed index fossils.  Among the best index
fossils are the remains of animals called ammonoids,
cephalopods with coiled, chambered shells similar to
those of the pearly nautiluses.  Existing from the
Devonian Period to the Cretaceous Period, they lived in
the ocean and were geographically widespread.  Today
their fossils are found worldwide.  Although Devonian
through Cretaceous is a very long time, rather rapid
changes in the structures of their shells make them good
time markers.  

Figure 33.8a shows a typical ammonoid shell, with
the sutures that mark the walls between chambers
labeled.  As the animal grew, it would enlarge its shell

Figure 33.7.  Dinosaurs once walked this ground, as
revealed by the footprints now found in the rock.
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at the aperture by deposition of calcium carbonate
(CaCO3) and periodically close off the excess space in
the living chamber by depositing a calcium carbonate
wall, or partition, behind it.  The line where that wall
joins the inner shell is called the “suture,” and it is visi-
ble on the shell itself when the outer shell layer has not
been preserved or is peeled away.  The shape of the
suture changed fairly rapidly (from a geologic perspec-
tive) from one species to another with time, and
ammonoid suture patterns are thus very useful in geo-
logic dating.  Figure 33.8b shows a drawing of an
ammonoid as viewed from the front, revealing that the
suture patterns are symmetrical about a vertical plane
that divides the shell in half and demonstrating the way
in which the suture pattern for an individual shell is typ-
ically drawn.  The arrow represents the symmetry plane.  

Figure 33.8.  (a) A typical Paleozoic (Mississippian
Period) ammonoid, showing the living chamber and
sutures that mark the junction of the rear walls of the suc-
cessive living chambers with the inner shell.  The sutures
are contorted because those walls were not simply curved,
but folded.  (b) Suture patterns are usually represented as
flat drawings with an arrow to show the symmetry plane.
Often only the pattern on one side of the arrow is drawn,
because the other side is a mirror image of it.

Figure 33.9 traces some of the changes in suture
patterns that occurred from species to species over time.
One who is an expert in the study of ammonoids could
identify the species to which a given specimen belongs
from the suture pattern alone (though the shapes of the
shells also vary), and could therefore use that to deter-
mine the ages of rocks in which ammonoid fossils were
found.  Note that the few suture patterns shown in
Figure 33.9 are simply representative, intended to illus-
trate the principle.  During the nearly 350 million years
that ammonoids inhabited the seas, a great many species
made their entrances and exits in the fossil record.

Indicators of Ancient Environments

If you were asked to find living corals today, you
would no doubt think of traveling to the Caribbean or
some other area of the world where you could find

warm, shallow seas.  It would not occur to you to look
in a desert or in the Antarctic, because you know that
those environments are not inhabited by corals.
Uniformitarianism (see Chapter 29) requires us to
accept, in the absence of any evidence to the contrary,
that the environment in which corals thrive now is sim-
ilar to any in which they would have thrived anciently.
Thus, when we find fossil corals in the Paleozoic lime-
stones of a mountain range at an elevation of 4000
meters above sea level, we must conclude that the sedi-
ments that became the limestone were deposited on the
floor of a shallow sea, despite their present location.
That, incidentally, also places some constraints on the
time of formation of the mountains, which must be
more recent than the age of the limestone.

Although the search for a new and better under-
standing of our universe is sufficient justification for
studying any facet of science, the ability to interpret
sedimentary environments is of more than academic
interest.  The formation and accumulation of many
types of natural resources depends in large measure on
environmental factors, and in a world that is voracious-
ly consuming natural resources, the ability to interpret
favorable environments of formation is significant.
Coal, for example, is the fossilized remains of great vol-
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Figure 33.9.  Different shapes of ammonoid sutures are
typical of different species of the animal.  More convo-
luted suture patterns arise from more complexly folded
partitions.  Because each species existed during a rela-
tively short expanse of geologic time, the suture pat-
terns can be used to determine the geologic ages of
rocks in which fossil ammonoids occur.
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umes of plant life that grew in ancient swamps.  These
deposits do not extend laterally indefinitely, of course,
but gradually merge with deposits typical of the envi-
ronments surrounding the ancient swamp.  The ability
to recognize that paleoenvironment for what it is
enhances the probability of locating important coal
beds.  Oil is often trapped in ancient reefs, porous
moundlike structures consisting of the fossilized
remains of marine organisms like corals and sponges.
Recognition of the shallow marine paleoenvironment of
reef formation aids in the search for petroleum.  These
are just two examples of the impact of paleoenviron-
mental studies on the discovery of natural resources,
and paleontology plays a central role in such studies.

History of Life on Earth

Fossils provide the best evidence that life on the
earth has undergone change—substantial change—over
the great expanse of geologic time.  Evidence of some
of that change has already been cited above, because it
is that very change that makes fossils useful as gauges
of geologic time.  Figure 29.9 and the accompanying
discussion in that chapter have alluded to the succession
of life-forms documented in the record of the rocks.

The earliest evidence of life on earth comes from
rocks about 3.5 billion years in age, and it consists of
fossil bacteria and algae—very simple life-forms
indeed.  The development of more complex forms pro-
ceeded exceedingly slowly, but by the end of the
Precambrian there is rare but clear fossil evidence of the
existence of numerous soft-bodied animals (worms, jel-
lyfish, and so forth) in the seas.  The beginning of the
Paleozoic Era is marked by the nearly explosive appear-
ance of very abundant hard-shelled marine invertebrates
(animals without backbones).  Anatomically, they were
still rather simple creatures, but a tremendous advance
over the early bacteria and algae.  

The fossil record shows that over the succeeding
millions of years, animals and plants of increasingly
greater complexity made their appearances.  Fish, for
example, got a slow start in the Cambrian Period, but
were flourishing so successfully by the Devonian
Period that it is often called the “age of fishes.”  Plants,
like animals, got their start in the sea but had appeared
on land by the Silurian Period.  However, it took them
tens of millions of years to establish the first forests, in
the Devonian.  Plants with flowers entered the scene
much later, in the Cretaceous Period.  The fossils of the
first reptiles are found in Pennsylvanian rocks, and by
the Mesozoic Era reptiles—the dinosaurs—had become
temporary rulers of the earth.  Their reign lasted about
150 million years, and their extinction opened the world
to the dominant form of the Cenozoic Era, mammals.
Obviously, we could go on listing various sorts of fos-
sils that made their appearances and then vanished, but

the point is made:  Life developed from the simple to
the complex; the appearance of the simpler forms
always preceded that of the more complex forms.

One may well ask why populations of organisms
would change at all, much less flourish, only to later
become extinct.  It is well-known now that deoxyri-
bonucleic acid (DNA) plays the key role in passing on
inherited characteristics to offspring.  If the DNA mole-
cule involved in reproduction has been modified, char-
acteristics that differ significantly in some respect from
those of the parent may appear in the offspring.  Natural
radiation from terrestrial sources and cosmic rays from
space constantly bombard all living things, mostly
doing no harm but occasionally resulting in a mutation
in the progeny.  Most such mutations would result in
either a distinct disadvantage or at least no particular
advantage for the organism.  Rarely a favorable muta-
tion would occur; and because it was “programmed”
into the DNA, it would be passed on to the next gener-
ation, and a more successful strain of the organism
would result.  One would expect that the more success-
ful modification would eventually become dominant in
the population.  Such a mechanism would be especially
useful in producing modified organisms that could deal
successfully with changing environmental conditions.

As you think back on what we have learned of plate
tectonics, you recognize that the operation of that sys-
tem would naturally and continually bring about envi-
ronmental changes.  As moving plates bring continents
together in continental collisions, entire ecosystems
must be obliterated along converging coastlines.  While
this might not cause the worldwide extinction of wide-
ly distributed species, it would cause local extinction (as
well as total extinction of localized species).  As plates
carry their cargo of organisms north or south, climates
must slowly change, requiring that life-forms do like-
wise or face extinction.  

Even changes in plate speeds have a profound
effect on life.  If plates speed up in response to changes
in asthenospheric convection currents, then the rates of
spreading along ocean ridges increase, causing more
rapid injection of hot material into the oceanic lithos-
phere and thereby elevating the ridges.  These then dis-
place additional ocean water, and sea level rises.  A
rather modest rise in sea level can result in a marked
relocation of the shoreline for coastal lowlands, with
attendant changes in environmental conditions.  Former
shallows become deeper as new shallows are developed
where terrestrial lowlands used to be.  Organisms that
produce sufficient numbers of offspring to insure a vari-
ety of genetic variations are more likely to be success-
ful at adapting to such changing environments.
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Summary

Fossils are the remains of living organisms (or
traces of them, such as footprints or burrows) that have
been preserved through special conditions.  Those con-
ditions have evidently occurred often enough to ensure
an abundant body of fossilized evidence of past life,
even though the vast majority of all life that has existed
on the earth has disappeared without a trace.  It is like-
ly that many entire species have lived and died on the
planet without leaving any hint of their existence.

Fossils provide us with the most efficient and eco-
nomical way to determine geologic age—including esti-
mates of absolute ages of sedimentary rocks, given that
radiometric dating of igneous rocks has provided a
framework of reference dates for the Geologic Column.
Fossils are also the best indicators of ancient sedimen-
tary environments, and this has important implications
in the search for fossil fuels and some mineral
resources.  Finally, fossils provide evidence that life on
earth has changed in a systematic way, with simpler
life-forms appearing before more complex life-forms.

STUDY GUIDE
Chapter 33:  Fossils:  The Record of Life

A.  FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.

B.  MODELS, IDEAS, QUESTIONS, AND APPLI-
CATIONS

1.  What are “fossils”?
2.  How are fossils preserved?
3.  To what uses are fossils put?
4.  How are fossils used as “markers of time”?
5.  What do fossils tell us about the history of life on

earth?

C.  GLOSSARY
1. Biosphere: That spherical shell surrounding the

earth that is inhabited by living things.
2. Carbonization: Process of fossilization where the

oxygen, nitrogen, and hydrogen have been driven
off (volatilized) by relatively high pressures and
temperatures when deep burial in sediment occurs.
The carbon in the organism remains as a thin film.
The result of the process is called a carbonized
residue.

3. Cast: Method of fossilization where a mold is
filled with sediment of some sort to preserve the
form of the organism.

4. Fossil: Remains or other evidence of a formerly
living organism, preserved by natural processes
within the crust of the earth.

5. Index Fossil: A generic term for a kind of fossil
that is particularly useful as a marker of time.  To

be useful, index fossils must be relatively common
and they must have some easily recognizable fea-
ture that changed in some systematic way over
time.  Ammonoids are extinct, shelled creatures
that serve well as index fossils.

6. Microfossil: Remains of tiny organisms individu-
ally visible only with the aid of a microscope.

7. Mold: Method of fossilization in which the sedi-
ment that packs closely around a fossil turns into
rock and allows water to remove (by solution) the
fossil.  A cavity, called a mold, is left in the rock to
preserve the form of the organism.  A mold may
reveal the shape of the outer surface of hard parts
(an external mold), or it may show impressions
made by the inner surfaces (an internal mold).

8. Paleoenvironment: The ancient environment of a
particular place on earth and the conditions which
existed in the environment at that time. The pale-
oenvironment may be quite different than the pre-
sent environment.

9. Paleontology: The study of the origin and preser-
vation of fossils.

10. Principle of Faunal Succession: See Chapter 29.
11. Replacement: Method of fossilization where little

or none of the original matter is left but it has been
replaced by some new material that may or may not
have a composition similar to the original.

12. Trace Fossil: A fossil that reveals the existence but
not the form of the body, such as tracks, filled-in
burrows, or petrified excrement.

13. Unaltered Hard Parts: Method of fossilization
where the hard parts of an organism such as bones
and teeth are preserved unaltered from their origi-
nal compositions.

D. FOCUS QUESTIONS
1. Consider fossils.

a.  What is a fossil?
b.  What conditions are generally required for the
preservation of a fossil?
c.  List and describe six ways fossils are preserved.
d.  Explain how fossils are used to give evidence of
ancient environments.

E. EXERCISES
33.1.  Compare, in a qualitative way, the abundance

of fossils found today in rocks with the abundance of
life on earth throughout geologic time.

33.2.  Of the following, which is least likely to be
fossilized?

(a) clam
(b) bird
(c) fish
(d) worm
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33.3.  Of the following, which is second least like-
ly to be fossilized?

(a) fish
(b) bird
(c) worm
(d) clam

33.4.  Why are nearly all fossils found in sedimen-
tary rock?

33.5.  Of the following, which type of fossil would
most likely be associated with coal beds?

(a) alligator
(b) whale
(c) penguin
(d) camel

33.6.  Which of the following is not a correct state-
ment?

(a) The rates of spreading that the tectonic plates
have experienced in the past can affect the fossil
record.
(b) The direction of plate motion in the past can
affect the fossil record.
(c) The ancient organisms that reproduced most
slowly had the greatest impact on the fossil record.
(d) Chance modification of the DNA of an indi-
vidual organism can affect the nature of the fossil
record.



336



337

In Chapter 32 we considered interactions among
tectonic plates that result in mountain ranges like the
Appalachians on the North American continent and the
Himalayas of Asia.  Plate tectonics alone can provide us
only with the generalities—the broad locations and ori-
entations of some landforms.  The specific details of
mountains, valleys, plains, and plateaus arise from the
interaction of the plate tectonic system with the hydro-
logic system.  As a preface to an examination of that
system, we introduce the hydrologic cycle.

The Hydrologic Cycle

If you were a traveler in space and had particularly
acute eyesight, one of the most pervasive features you
would observe as you approached the earth would be
moving water.  You would see vast oceans covering
three-quarters of the planet, and throughout them the
water would be moving.  On the continents water would
be flowing downhill in millions of streams, varying in
size from the very largest rivers to the smallest brooks.
Water would be slowly percolating through the pores of
rocks underground.  You would see roots of plants
absorbing it from thin coatings around soil grains and
transporting it into the leaves, where it would be tran-
spired into the atmosphere by evaporation from the sur-
faces of the leaves.  Evaporation would move great
quantities of water into the atmosphere from the oceans,
lakes, streams, and even falling raindrops, where it
would again condense and eventually fall toward the
surface of the planet as precipitation.  In a general way,
the water would circulate from the surface to the atmos-
phere and back again.

You are aware of the existence of rivers like the
Mississippi, the Amazon, and the Nile, and you may
wonder where all of that water comes from.  Is precipi-
tation sufficient to provide the water for large rivers like
these and for the countless smaller streams that drain the
land, as well as for springs that bring water to the sur-
face from some unseen source?  That question was
answered in the mid-17th century, before geology
became a formal science, by the French naturalist Pierre
Perrault (1611-1680).  For a period of years he kept
track of the amount of precipitation that fell on the
Seine River basin and calculated the mean annual runoff

(the water that flows downhill to eventually join
streams) from the discharge of the Seine.  After allow-
ing for the amount of water evaporated from the sur-
face, he showed that there was easily enough precipita-
tion to feed both the streams and springs in the basin.  If
this fact seems contradictory to your intuition, just real-
ize that precipitation falls over a very large area, but the
actual area occupied by streams is comparatively small.
The “water-flow budget” of the earth is depicted in
Figure 34.1.  

The hydrologic cycle, shown schematically in
Figure 34.2, consists largely of those phenomena men-
tioned above and is powered by energy from the sun.
Note, however, that the plate tectonic system, powered
by energy from radioactive decay, plays a role in the
hydrologic cycle because subducted seafloor rock and
sediment carry H2O and CO2, which are chemically
bound in minerals, deep into the earth where metamor-
phism and partial melting result in their return to the
atmosphere.  (Quantitatively, in cubic kilometers per
year, the plate-tectonic contribution is relatively small,
but over geologic time it has likely accounted for the
presence of enough CO2 in our atmosphere to keep the
planet warm—a very important benefit, indeed.)

The Hydrologic System

In discussing the ways in which the hydrologic sys-
tem modifies the surface of the earth, we shall consider
surface drainage, glaciers, subsurface water, wind (not
only because it carries water vapor but, more impor-
tantly, because it also has the power to erode and trans-
port sediment), and oceans.  Most of the earth’s water,
over 97 percent, is in the oceans, with about 2 percent
frozen as ice, 0.6 percent underground, and only 0.01
percent in surface water on land.  Unlikely as it may
sound, that 0.01 percent has had the most widespread
effect of all on the shape of our land surfaces.

Running Water

Virtually every location on the surfaces of the earth’s
landmasses have been shaped, to some extent, by running
water.  Color Plate 15 is a satellite photograph of the
Grand Canyon of Arizona, one of the more arid regions

34.  The Changing Face of the Earth
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of the planet.  Yet, observe the intricate network of stream
valleys that dissect the plateau around the canyon.
Stream valleys, in fact, are the most abundant landform
on the continents.  As water flows in them, particles of
sand and other materials carried in the current act as
“sandpaper” on the stream bed, abrading it and deepen-

ing the valley.  At the same time, water moving down the
valley sides in sheets and rivulets erodes the valley walls,
causing them to recede.  Valleys are lengthened by a
process called headward erosion, in which erosion is
focused at the head of a valley by convergence of runoff
from several directions (see Figs. 34.3 and 34.4).
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Figure 34.1.  The water-flow budget of the earth.  Figures are in units of 104 km3, or tens of thousands of cubic kilo-
meters, per year.  (Each cubic kilometer is 264 billion gallons!)

Figure 34.2.  The hydrologic cycle, consisting largely of water moving in the hydrologic system (essentially a surface
or near-surface system), and also in limited parts of the plate tectonic system (essentially a subsurface system).
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Figure 34.3.  Headward erosion occurs when runoff
converges on the head of a valley from several direc-
tions.

Figure 34.4.  A section of the Colorado Plateau, show-
ing a through-flowing stream with several tributary
canyons occupied by streams during periods of rain.
Headward erosion slowly extends the canyons into the
plateau.

Many stream-generated landforms are depositional
rather than erosional.  As streams empty into the ocean
or lakes, they deposit sediment in deltas, fan-shaped or
fingerlike deposits that record, in part, a history of the
stream.  In some areas streams do not flow to the ocean
or to lakes but end in dry basins that have no outlets.  In
such places, the streams that intermittently flow from
canyons deposit their sediment on the valley floors in
alluvial fans, the subaerial analogs of the subaqueous
deltas.  Streams tend to be efficient at sorting sediment
by size, so that coarser particles are deposited near the

source of the sediment while finer particles are carried
farther.  When the sediment eventually becomes sedi-
mentary rock, its grain size provides insight into the dis-
tance of transportation of the sediment.

A little thought will convince you that there must
be a limit to the depth of stream erosion.  For streams
that empty into the ocean, that limit is essentially sea
level, because a stream would have to flow uphill if it
cut more deeply than that.  In order to erode at all, a
stream must flow fast enough to carry abrasive sedi-
ment, so this maximum depth of erosion must decrease
away from the sea in order that there be some slope to
the stream channel.  (That is, the erosional limit must be
at higher and higher elevations further and further from
the sea.)  The maximum possible depth of downcutting
is called base level, and it is the level toward which all
streams strive.  They rarely attain base level, however,
because tectonic movement of the land intercedes and
changes it.  Thus there is a constant competition
between the hydrologic system and the tectonic system,
the former striving to lower the land and the latter gen-
erally attempting to raise it.

Glaciers

Glaciers are masses of ice that form either at high
elevations (in mountains) or at high latitudes (far north
or far south) where temperatures are perennially low.
The process of forming a glacier requires that snow
accumulation in the winter exceed loss in the summer,
so that the deposit becomes deeper with time.
Eventually, the snow deep in the snow field is compact-
ed into a tough, granular form, similar texturally to the
old, grainy snow that accumulates at the side of the road
during a long winter cold spell.  The final stage is the
recrystallization of the granular snow into glacial ice, a
mass of intergrown ice crystals many meters below the
surface.  As more and more ice forms, the mass
becomes heavy enough to move downhill as the ice at
the bottom slowly deforms under pressure.  

Glaciers that form in valleys originally carved by
streams are called valley glaciers.  They move slowly
downhill both by sliding (basal slip) and by deformation
of the ice near the base (plastic flow).  Continental
glaciers cover very large areas and are not confined to
valleys.  Color Plate 16 shows the Vatnajökull conti-
nental glacier in Iceland with outlet glaciers that are
similar to valley glaciers near the fringe.  Such glaciers
spread out from a central area in all directions, much
like pancake batter from the center of a griddle.  Figures
34.5 and 34.6 are photographs of a valley glacier and a
continental glacier, respectively.
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Figure 34.5.  A typical valley glacier.

Figure 34.6.  Part of the continental glacier that covers
Greenland.

Like running water, glaciers generate both erosion-
al and depositional landforms.  Unlike running water,

however, even the slowest glaciers can carry huge boul-
ders as well as smaller material.  Not only does the ice
itself abrade the land but it also carries embedded rocks
of all sizes, and thus acts very much like sandpaper.
Valley glaciers gouge and scoop out the valleys they
occupy, modifying them into U-shaped troughs.  The
topography between adjacent glaciated valleys is often
angular and sharp.  Continental glaciers scrape and
scour the rocks over which they flow, largely obliterat-
ing previously developed stream drainage systems.  

Glaciers do not flow uphill, of course, but they may
melt faster at their lower ends than they advance.  When
this occurs, we say that a glacier is receding. Because
they can carry sediment of all sizes, but are incapable of
sorting it by size as is running water, glaciers leave
deposits of rough, unsorted debris called moraines
when they melt.  Moraines deposited by ancient glaci-
ers are common landforms in some areas of the north-
eastern and midwestern parts of the United States.

More glaciers seem to be receding than advancing
today, but there have been times in the past when glacia-
tion was a much more active process than it is now.  There
have been several “ice ages” during geologic time, as far
back as the Precambrian and as recently as the Great Ice
Age of the Pleistocene Epoch in the Cenozoic Era.  The lat-
ter involved recurring glacial and interglacial stages and
was so recent that we cannot be sure that we are not sim-
ply in another interglacial stage of the same ice age now.
Moreover, there is no general agreement about the cause of
ice ages, although it may have much to do with the posi-
tioning of continent-size landmasses at high north or south
latitudes by plate motion, and their interference with ocean
currents that facilitate the worldwide transfer of heat.  

Groundwater

Considerably less than a percent of the total water
in the hydrologic system resides underground, but it is
of critical importance—20 percent of the freshwater
requirements of the United States is met by it.  Nearly
all groundwater comes from precipitation that has
seeped into the ground.  Some precipitation remains in
the upper soil layer as a film around soil particles, but
most descends to a depth at which all of the pore spaces
in the rock are filled with water—the region of ground-
water.  The upper surface of this region is the water
table, and its shape tends to mimic the topography
above (see Fig. 34.7).  The zone of pore saturation exists
under both humid and arid areas of the earth, but it is
deeper in arid areas.  In humid areas, the water table is
shallow and groundwater contributes to stream flow, so
that even during dry spells there is water in the streams.
In arid areas, the water table is deep and does not con-
tribute to stream flow; rather, the streams “leak” and
provide water to the subsurface, so that most
streambeds in such areas contain no water during dry
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periods.
Like surface water and glaciers, groundwater also

flows in response to gravity.  It moves generally from
areas of high elevation of the water table to areas of
lower elevation (streams, springs, or lakes), but may
move locally upward in order to reach regions of lesser
hydrostatic pressure caused by “topography” on the
water table itself.  The flow of groundwater is slower
than water flow on the surface, averaging only centime-
ters per day—a fortunate circumstance, for were it not
so, wells drilled into groundwater would rapidly go dry
because supply by rainfall could not keep up with deple-
tion from pumping.

The erosional and depositional work of groundwa-
ter produces some spectacular results, as anyone who
has visited an underground cavern can attest.  Rainwater
absorbs small amounts of carbon dioxide from the
atmosphere as it falls, creating a weak carbonic acid
(H2CO3) that is very effective in slowly dissolving lime-
stone.  Consequently, in areas where limestone consti-
tutes a major part of the near-surface rock, large caverns
may be dissolved near or below the water table.  Later,

when the water table has been lowered by deepening of
nearby stream channels, carbonate-rich waters percolat-
ing into these caverns will deposit calcium carbonate
(CaCO3) to make beautiful stalactites, stalagmites, and
other cavern formations.

Often, where limestone beds with dissolved voids
exist near the surface, the roofs of the voids are too thin
to support themselves and they collapse, forming sink-
holes (Fig. 34.8).  In populated areas these cause great
damage when they collapse beneath and engulf houses,
cars, and so forth.

Wind

Wind is incapable of carrying the heavy particles
that denser agents like running water or ice can carry,
but anyone who has been caught in a dust storm or sand-
storm recognizes that wind can lift and transport very
large amounts of smaller particles.  Wind plays its most
important role in shaping the face of the land in deserts
and near-desert regions, and these areas constitute about
one-fifth of the land surface of the earth.  Even in most
of these, water is a very important, though infrequent,
agent of erosion.

Sand dunes are probably the best known of wind-
generated landforms.  Color Plate 17 shows large dunes
on the Arabian Peninsula; some of them are 100 meters
high (higher than a football field on end) and up to 200
kilometers long.  Depending upon the abundance of
sand, the density of plant cover, and the constancy and
strength of winds, other types of dunes with different
shapes may develop in other arid areas.
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Figure 34.8.  Sinkholes produced by the collapse of
underground voids in limestone.  The voids develop as
weak carbonic acid, formed when rain combines with
atmospheric carbon dioxide, dissolves the limestone.

Figure 34.9.  A typical sea cliff, a feature created by
marine erosion.

Figure 34.7.  The water table.
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Oceans

The crashing breakers during a storm at the
seashore demonstrate the power of the ocean to modify
the land, but of course the effects are limited to that nar-
row band where sea and land meet—the shoreline.
Wave action can be very effective in modifying the
shoreline, as seen in Figure 34.9, which shows a sea
cliff carved by marine erosion.  Many beach cottages
that have been built well back from sea cliffs have even-
tually become unsafe because of receding shorelines.

The sea can create depositional landforms as well
as erosional ones.  As sediment is carried by waves onto
a beach at an angle oblique to the shoreline, it washes
back toward the sea directly downslope, perpendicular
to the shoreline (Fig. 34.10).  Thus sediment migrates
slowly down a coast.  Such sediments are often spread
into elongate landforms, as shown in Figure 34.11.
Some of these become large enough to support build-
ings or communities.

The various facets of the hydrologic system do not
always work independently.  Where a stream empties
into the sea, it builds a delta, but the waves and currents
of the sea may modify the form of that deposit.  Within
many areas in the world, one may see the combined
effects of waves, wind, and running water; glaciers and
waves; or running water and groundwater.

The Face of the Earth Through Time

While the interaction of the tectonic system and the
hydrologic system explains the appearance of the earth
today, our planet has not always appeared as it does
now—even vaguely.  To conclude this brief study of the
earth, we summarize the various major stages through

which it has passed since its formation.  Many of the
details of this long history have yet to be worked out by
geologists, but the general outline is probably correct.

Accretion Stage

Recall from Chapter 28 that the early history of the
solar system involved the gravitational collapse of the
condensing solar nebula into countless small clumps
and that larger clumps gradually swept up smaller ones
and grew into planetesimals.  The process continued
until there emerged from the mass of gas, dust, and

Wave direction

Motion of sand grains

Sand migration

Figure 34.10.  When waves impinge obliquely on the beach, sediment is carried in from an angle, but recedes directly
downslope, resulting in migration of the sediment down a coastline.

Figure 34.11.  An elongate landform created by the
spreading of sediment transported in the way shown in
Figure 34.10.
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chunks a star, nine planets, their assorted moons, and
various swarms of material like meteors.  One of the
planets was ours, of course, but it bore little resem-
blance to today’s earth.  There were neither continents
nor oceans, and there was no internal structure—that is,
it was homogeneous, the same all the way from surface
to center.  The earth was essentially age zero, about 4.6
billion years ago, and its temperature was around 1000
°C in the interior.

Bombardment and Heating

After the initial formation of the planets there were
countless small bits of matter in the nebular disk yet to
be gravitationally swept up.  Bombardment of the earth
by meteors was intense and, as each meteor hit, its
kinetic energy was transformed into internal energy—
heat.  (The record of the bombardment stage is largely
absent from the earth now, but it is present on other bod-
ies such as the moon, Mercury, Mars, and some satel-
lites of the outer planets, none of which have had vigor-
ous tectonic or hydrologic systems capable of obliterat-
ing it.)  As gravity continued to contract the new planet,
gravitational energy was likewise transformed into heat
faster than it could be dissipated.  In addition, radioac-
tive elements (mostly uranium, thorium, and potassi-
um), all of which must have been more abundant in the
early earth than they are now, decayed—a third source
of heat.  The result of all this heating was that, by
around 4.2 to 4.5 billion years ago, the temperature rose
to the melting point of iron in a shell beginning at 400
kilometers deep and extending to 800 kilometers.  (The
temperature must have been hotter deeper than this, but
the melting temperature of iron also increases with
depth.  The situation is analogous to the one for the ori-
gin of the asthenosphere, and the general geometry
shown in Figure 30.9 applies—with different actual
temperatures and depths, of course.)

The Iron Catastrophe and Differentiation

As iron in the 400-800 kilometer depth range began
to melt, it formed droplets that migrated gravitationally
toward the center of the earth, displacing the less dense
material.  The process was self-accelerating:  As iron
sank, it raised the temperature through friction, and
more iron melted and sank.  As the temperature
increased, minerals of all sorts melted as their melting
points were reached.  Most silicate minerals with low
melting points also have relatively low densities, so
they floated to the surface.  The process finally elevated
the earth’s temperature to around 2000 °C, and so a
large fraction of the planet melted.  This event, called
the iron catastrophe, resulted in the complete reorgani-
zation of the interior.  When it was over, the metallic
iron was mostly in the center of the earth, surrounded by

an oxide-and-silicate mantle of mostly iron-magne-
sium-oxygen compounds, which in turn was surround-
ed by a basaltlike crust.  The process of forming layers
based on density is called planetary differentiation.
Because the radioactive elements were chiefly involved
in compounds with oxygen, they tended to concentrate
in the outer layers of the planet where radiogenic heat
was dissipated rapidly, and the heating therefore slowed
down.  By this point 400 or 500 million years had
passed since the formation of the solar system, and the
time was about 4.2 billion years ago.  The face of the
earth was still not recognizable.

Onset of the Tectonic System

The heat generated by the iron catastrophe must
have repeatedly melted silicate minerals surrounding
the developing core, including those constituting the
thin primitive crust that was forming.  Eventually, as the
“distillation” process of planetary differentiation pro-
ceeded, the least dense materials must have accumulat-
ed on top and formed the earliest continents, perhaps
around 4.2 billion years ago.  It is difficult to know just
when the tectonic system, as we now define it, had its
beginning, but by 3.9 billion years ago there were prob-
ably thin, rather fragile plates moving comparatively
rapidly over an asthenosphere, being subducted and
recycled.  These would gradually thicken, support vol-
canic activity and igneous intrusion, weather and erode,
be metamorphosed, and become the shields of today’s
continents.  Not yet wholly familiar, the face of the earth
at least had the beginnings of familiar features.

Origin of the Atmosphere and Oceans

The original atmosphere of the earth was probably
very unlike the one we know today and was swept
away by the vigorous solar wind of the young sun.  The
atmosphere we breathe is probably mostly of volcanic
origin and was produced by release of gases from the
interior.  If you have seen pictures of volcanic erup-
tions, you might have noticed that large amounts of
gases are emitted along with lava, ash, or other vol-
canic emanations.  Most of this gas is water vapor, with
some carbon dioxide and nitrogen, and was no doubt
produced by the early volcanism of the heated earth
just as it is today.  Even at the present rate of volcanism
(and the rate in the hot, differentiating earth would
have been significantly higher), enough water would
have been produced in this way over the span of geo-
logic time to fill the oceans, along with enough nitro-
gen, carbon dioxide, and other gases to create nearly all
of the atmosphere.  The part of the atmosphere not pro-
duced by this process—approximately 20 percent of
it—is the oxygen on which life depends, but which is
essentially absent in volcanic gases.
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Sunlight striking the upper layers of this oxygen-
poor atmosphere dissociated some of the water mole-
cules into hydrogen and oxygen.  Hydrogen is so light
that it escaped the earth’s gravity, but oxygen was car-
ried by atmospheric turbulence downward toward the
surface of the planet, to become part of the permanent
gaseous envelope of the earth.  Most of the oxygen must
eventually have been produced by photosynthesis, how-
ever, and this required plant life.  The first primitive
cells could have developed in only a small fraction (per-
haps as little as one five-thousandth) of the present oxy-
gen level in the atmosphere and begun the slow, contin-
ual process of combining carbon dioxide and water to
produce carbohydrates and oxygen.

For a long time the atmosphere was too poor in oxy-
gen to support complex forms of life; hence, the
Precambrian is represented by few fossils, virtually all
soft-bodied organisms.  However, as simple plants
(chiefly algae) built the oxygen supply, increasingly
complex organisms developed, and the attainment of
some critical level of oxygen concentration may have
led to the almost explosive flowering of shelled forms
(and hence fossils) at the beginning of the Paleozoic Era. 

That the chemistry of our atmosphere is highly
dynamic and has evolved significantly over time is a
fascinatingly troubling concept.  To be sure, we are the
beneficiaries of that long course of development, but we
are also now its modifiers—and it is clear that it can be
modified.  By our industrial and cultural activities, we
are adding to the levels of some noxious compounds in
the air (such as carbon monoxide and sulfur dioxide),
and we appear to be decreasing the abundance of at least
one crucially necessary substance, ozone.  Such tam-
pering is not without consequences, and hence the cur-
rent concern with control of atmospheric pollution.  One
may argue over the methods and priorities suggested by
those on various sides of the issue, but its importance
and urgency cannot be in doubt.

Toward Pangaea

In Chapter 31 we examined some of the evidence for
the existence of the supercontinent Pangaea.  We recog-
nized that Pangaea was not the initial event in the history
of plate motion, but simply a part of the continuum of
plate tectonic history that spans nearly four billion years.
The existence of two or more continental masses makes
it virtually inevitable that there will be eventual conti-
nental collisions, and these produce large ranges of fold
mountains.  Even when such mountains have been com-
pletely eroded, their “roots” are still discernible through
careful geologic mapping, and the large amounts of sedi-
ment shed from them show up as thick sequences of sed-
imentary rock layers that become thinner away from the
sites of the former mountains.  By understanding the sig-
nificance of such geologic features, it is possible to

reconstruct some of the plate interactions that occurred
before Pangaea, although the details become less and less
distinct as we look further back in time.  For example, the
Ural Mountains, which constitute the traditional geo-
graphic separation between Europe and Asia, testify of an
ancient collision between those two continents that weld-
ed them into a single large landmass.

It appears that there have been six periods of very
intense and widespread mountain-building activity dur-
ing the earth’s history.  Some of these have been longer
and more intense than others, but they may each repre-
sent a time when continents were converging to form a
supercontinent.  The times are about 2600, 2100, 1700,
1100, 650, and 250 million years ago.  The 400- to 600-
million-year periodicity in these events has led some to
suggest that there is a plate-tectonic cycle consisting of
the repeated assembly and fragmentation of superconti-
nents, caused largely by the way in which heat builds up
under large land masses.  Regardless of whether this is
the case, it is clear that mountain ranges have been built
during several events—not only those mentioned above
but also numerous more local events at other times—
only to be leveled by the hydrologic system.  

Since Pangaea

The division of the geologic account into periods
before and after the break-up of Pangaea is somewhat arti-
ficial, and post-Pangaea history was included in the sec-
tion on general continental evolution in Chapter 32.  Here
we mention only a major Cenozoic event that changed the
face of much of the land—the Great Ice Age of the
Pleistocene Epoch.  For nearly two-million years, great
sheets of ice up to two kilometers thick episodically
advanced over northern North America and northern
Europe, and then retreated during interglacial periods,
exposing the scraped and scoured topography typical of
continental glaciation.  The ice obliterated stream
drainage systems and left deposits of coarse, unsorted sed-
iment.  It created myriad lakes and clusters of low, stream-
lined hills (one of them Hill Cumorah near Palmyra, New
York). It gouged out stream valleys to make the magnifi-
cent fjords of Scandinavia and lowered sea level to facili-
tate the carving of some immense canyons on the now-
submerged continental shelves.  While intense glaciation
is by no means unique in the history of the earth, the
Pleistocene Ice Age was recent enough to have clearly left
its mark on the world we inhabit.  In fact, it is quite possi-
ble that we are now living during an interglacial period,
merely awaiting the return of the ice.

Summary

The hydrologic system consists of all fluids
that move near the surface of the earth.  Its various
agents (running water, groundwater, wind, waves, and
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ice) have eroded and deposited material to shape the
face of the earth for many millions of years, but always
in concert with the tectonic system.  As plate motion has
raised mountains, the hydrologic system has worked to
wear them down.  The conflict between the two sys-
tems, one driven by heat from radioactive decay within
the earth and the other by the heat of solar radiation
from outside the earth, has yielded the variety and beau-
ty of our planet.  The application of physical and chem-
ical principles we have learned previously to the pre-
ferred model of the origin of the solar system leads us
through a series of predictable stages for a developing
earth, ending with a planet whose face is now familiar
to us but which we realize is still undergoing slow and
inexorable change.

STUDY GUIDE
Chapter 34:  The Changing Face of the Earth

A.  FUNDAMENTAL PRINCIPLES:  No new funda-
mental principles.

B.  MODELS, IDEAS, QUESTIONS, AND APPLI-
CATIONS

1. What is the hydrologic system?  What are the main
elements of the system and what influence do they
have on the features of the surface of the earth?

2. What has happened and what is now happening to
determine the main features observed on the sur-
face of the earth?

3. Sketch the geologic and biological history of the
earth with approximate dates as we now understand
it from interpretation of the physical data.

C.  GLOSSARY
1. Alluvial Fan: A fan-shaped deposit formed when

a stream that flows intermittently from a canyon
deposits its sediments on the valley floor.

2. Base Level: The maximum possible depth to
which a stream can cut by erosion;  the level to
which each stream strives.

3. Continental Glacier: Large dollar shaped glacier
covering an extended land mass (Greenland,
Antarctica).  Ice accumulates near the center and
flows to the periphery.

4. Delta: A fan-shaped or fingerlike deposit formed
when a stream or river empties into an ocean or
lake.

5. Evaporation: The changing of water from its liq-
uid state to its gaseous state.

6. Groundwater: Water which exists in the subsur-
face of the earth’s crust, usually in the pore spaces
of the rock.

7. Headward Erosion: A process by which valleys
are lengthened because erosion is focused at the
head of a valley by convergence of runoff from sev-

eral directions.
8. Hydrological Cycle: The cyclic movement of the

earth’s water supply as it moves among the oceans,
the atmosphere, and the land.

9. Hydrologic System: The methods by which the
water moves through the hydrological cycle, i.e.,
running water, glaciers, subsurface water, wind,
evaporation, etc.

10. Iron Catastrophe: An early event in the earth’s
history (about 4.2 billion years ago) during which
the interior melted rather quickly and extensively
and the denser elements (iron and nickel) moved to
the center, displacing less dense oxides and sili-
cates to the mantle and crust.

11. Moraine: A deposit of rough, unsorted debris left
by a glacier when it melts.

12. Planetary Differentiation: The process by which
the materials of a forming planet organize them-
selves into layers, with the more dense materials on
the inside and the less dense materials on the out-
side.  See Chapter 30.

13. Precipitation: Water which condenses into liquid
or solid form and falls toward the surface of the
earth.

14. Sand Dune: A wind-generated deposit of sand,
commonly found in arid areas.     

15. Sinkhole: A hole or depression in the ground
formed by the collapse of the roof above an under-
ground void in limestone.

16. Water Table: The top surface of the underground
region where all of the pore spaces in the rock are
filled with water.

17. Valley Glacier: A glacier (mass of moving ice and
snow) that forms in a valley originally carved by a
stream.  

D. FOCUS QUESTIONS
1. Describe three main elements of the hydrologic

system.  Use examples to explain how individual
elements of the cycle influence the appearance of
the earth.

2. Describe the various stages in the history of the
earth from its formation as a planet to its present
stage according to current geologic thought.
Include at least five important dates in your outline.  

E.  EXERCISES
34.1.  Discuss the general features of the hydrolog-

ic cycle.

34.2.  The hydrologic system causes the most
extensive changes in the surface of the earth through

(a)  running water.
(b)  glaciers.
(c)  shoreline processes.
(d)  wind.
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34.3.  Why is the central region of a large conti-
nental mass never eroded all the way to sea level?

34.4.  Ice, running water, and wind are all able to
transport sediment from a source area to an area of
deposition.  List these three in order of their ability to
carry the largest particles.

(a)  Wind, ice, running water
(b)  Running water, wind, ice
(c)  Ice, wind, running water
(d)  Ice, running water, wind

34.5.  It is believed that volcanic eruptions were the
major source of most of the atmosphere of the earth.
What major component would not have been con-
tributed in this way, and where did it come from?

34.6.  How do mountain ranges provide evidence
that much plate tectonic activity occurred prior to the
assembly of Pangaea?
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As you study, it will help you to know that the
course deals with only four kinds of important ideas:
concepts, fundamental principles, models, and applica-
tions.  Each of these requires different performance on
your part, and therefore a different kind of study.

Concepts are the fundamental ideas and quantities
we use to describe nature when we communicate with
one another.  In simplest terms, they are words whose
meaning we need to know and agree upon if we are to
communicate.  Some are terms, such as acceleration,
mass, and energy, which are used generally but which
have a specific scientific meaning.  You will need to
understand our intended meaning when we use each
term.  Other terms, such as entropy, isomer, and half-
life, will probably be new to you.  In either case, your
learning task is the same; you should be able to define
each concept and explain its meaning.  You can memo-
rize a definition but, in addition, you should be able to
illustrate its meaning by describing examples of its cor-
rect application.  Finally, you should be able to distin-
guish between correct and incorrect definitions and
examples of each concept.

Fundamental Principles are the basic laws and
rules which govern change in the universe.  Examples
are Newton’s Second Law of Motion, the Law of
Increasing Disorder, and the Universal Law of
Gravitation.  Fundamental principles are the most
important ideas in the course and should receive careful
attention.  When you have adequately studied a funda-
mental principle, you should be able to do the following:

(1) State the fundamental principle and explain its
meaning.  This is a memory task similar to that
associated with your study of concepts.

(2) Describe some experimental evidence for
believing the fundamental principle to be
valid.  The first task here is to cite phenomena
or experiments which indicate the validity of
the rule.  This is a memory task.  In addition,
you should be able to understand and explain
the relationship of the evidence to the rule.
This requires more than memory, and you will
have to struggle and practice a bit before you
acquire the necessary skill.  Basically, you are

asked to answer the question, “Why do we
believe this particular principle to be valid?”

(3) Describe some examples of the operation of
the fundamental principle and show how the
rule predicts the changes which occur.  This is
the same as (2) in many ways.  However, we
wish to draw attention to the fact that the
changes which occur in the physical world
around us are in harmony with the principles
we will study.  You should look for examples
of this harmony as you think about the world in
which you live.

Models represent mental pictures of nature which
have been useful and successful in explaining and/or
predicting the phenomena of nature.  Examples we will
study include the Molecular Model of Matter, the
Nebular Model of the Formation Solar System, and the
Theory (Model) of Plate Tectonics.  Models are as
important as fundamental principles in our understand-
ing of nature, since we always have some model in
mind whenever we use a principle to explain a particu-
lar event.  As you study the models described in the
course, you should make sure that you can do the fol-
lowing:

(1) Describe and explain the model.  This is a
memory task similar to that associated with
your study of concepts.

(2) Relate each model to both simpler and more
complex models.  For example, if you were
studying the Wave Model of the Atom, you
would want to describe what atoms are made of
(the simpler units of the model) and you would
describe the more complex structures (mole-
cules and crystals) which are made of atoms.  In
each case, you should also be able to describe
how the components are held together.

(3) Describe some experimental evidence for
believing the model to be a valid description of
nature.  This involves the mental processes as
described for rules.

Appendix A.  Suggestions for Study

 



348

(4) Describe components of the universe which
you encounter in terms of models in varying
degrees of complexity.  For example, what is a
particular object made of and how are the com-
ponents held together?  What are the compo-
nents made of?  What are these made of? You
should be able to continue this process down to
the smallest constituents presently known.

(5) Describe some examples of the operation of
the details of the model and show how the
model is related to changes which occur.  This
is much the same process as described under
(3) for rules.  For each model you should ask
“How does this model help me to understand
some of the things which actually happen in
nature?”

Applications are real things that happen.  There are
an infinite variety.  In fact, many science courses consist
only of descriptions of one application after another.
Although we do not focus on applications in this text,
the understanding of real events in terms of fundamen-
tal principles and models is the most important reason
for studying science.

We will discuss a few applications as we describe
each rule and  model.  You should begin to see the rela-
tionship between these as we indicated above.
However, we hope that you will begin to develop a
more important skill—that of explaining previously
unencountered applications in terms of appropriate laws
and models.   In the one case, the principle and model
are presented and the application is used to illustrate
them.  In the more difficult cases, you see only the
application.  Your task is to review all the fundamental
principles and models you know and choose those
which explain the application.  This facility is devel-
oped only by practice.  It can be done only after the
capabilities described above for CONCEPTS, FUNDA-
MENTAL PRINCIPLES, and MODELS have been
mastered.  Nevertheless, the ability to explain events in
terms of fundamental principles is an important intel-
lectual skill which enriches life and which will help you
to be a useful member of society.

Incidentally, there is an even higher level skill
which is at the heart of science but which we will not try
to develop in this course.  This is the ability to discover
the fundamental principles and models which correctly
describe nature.  We will be helping you to understand
some important ideas which have come to our attention,
and we will try to show you why we think they are
valid.  However, you should know that the process is by
no means complete.  There are many gaps in our under-
standing.  Scientists of the world continue to dedicate
their lives to the end that all of us might understand
more completely and accurately.

We add the following as a practical suggestion for
study in a formal course in science in which there are
reading assignments, lectures, and examinations.
Science, by its nature, is hierarchical in structure.  One
thing builds on top of another.  It is fair to say that with
the possible exception of the final chapter, every chap-
ter of this text contains information that is laying the
foundation for something that follows.  We study waves
to understand light, light to understand atoms, atoms to
understand molecules, molecules to understand bulk
matter and life itself—one thing on top of another.  If
you neglect the foundation, then whatever you try to
build on top of that shaky foundation will be even more
shaky.  Because of this hierarchical structure, once you
neglect a particular “layer” there is only so far that you
can go beyond your present understanding before the
argument becomes meaningless.  You just don’t have
the foundation to build further.  Hierarchical structure is
not necessarily a characteristic of all courses or even
disciplines at a university, but it is so with science.  The
practical advice we offer is:  Read through the Study
Guide before reading the chapter.  Read the chapter
before coming to class.  Clarify questions and miscon-
ceptions before going on.  DON’T GET BEHIND.   
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Actinium Ac 89 227
Aluminum Al 13 26.98
Americium Am 95 243
Antimony Sb 51 121.75
Argon Ar 18 39.948
Arsenic As 33 74.92
Astatine At 85 210
Barium Ba 56 137.34
Berkelium Bk 97 247
Beryllium Be 4 9.01
Bismuth Bi 83 208.98
Boron B 5 10.81
Bromine Br 35 79.90
Cadmium Cd 48 112.40
Calcium Ca 20 40.08
Californium Cf 98 251
Carbon C 6 12.011
Cerium Ce 58 140.12
Cesium Cs 55 132.9
Chlorine Cl 17 35.45
Chromium Cr 24 51.99
Cobalt Co 27 58.93
Copper Cu 29 63.5
Curium Cm 96 247
Dysprosium Dy 66 162.50
Einsteinium Es 99 254
Erbium Er 68 167.26
Europium Eu 63 151.96
Fermium Fm 100 253
Fluorine F 9 18.99840
Francium Fr 87 223
Gadolinium Gd 64 157.25
Gallium Ga 31 69.72
Germanium Ge 32 72.59
Gold Au 79 196.96
Hafnium Hf 72 178.49
Helium He 2 4.002
Holmium Ho 67 164.93
Hydrogen H 1 1.0079
Indium In 49 114.82
Iodine I 53 126.90
Iridium Ir 77 192.22
Iron Fe 26 55.847
Krypton Kr 36 83.80
Lanthanum La 57 138.9
Lawrencium Lr 103 257
Lead Pb 82 207.2
Lithium Li 3 6.94
Lutetium Lu 71 174.97
Magnesium Mg 12 24.305
Manganese Mn 25 54.938
Mendelevium Md 101 256
Mercury Hg 80 200.59

Molybdenum Mo 42 95.94
Neodymium Nd 60 144.24
Neon Ne 10 20.179
Neptunium Np 93 237.048
Nickel Ni 28 58.70
Niobium Nb 41 92.906
Nitrogen N 7 14.0
Nobelium No 102 254
Osmium Os 76 190.2
Oxygen O 8 15.9994
Palladium Pd 46 106.4
Phosphorus P 15 30.97
Platinum Pt 78 195.09
Plutonium Pu 94 242
Polonium Po 84 210
Potassium K 19 39.098
Praseodymium Pr 59 140.9
Promethium Pm 61 145
Protactinium Pa 91 231.0
Radium Ra 88 226.02
Radon Rn 86 222
Rhenium Re 75 186.207
Rhodium Rh 45 102.9
Rubidium Rb 37 85.468
Ruthenium Ru 44 101.07
Samarium Sm 62 150.4
Scandium Sc 21 44.95
Selenium Se 34 78.96
Silicon Si 14 28.086
Silver Ag 47 107.868
Sodium Na 11 23.0
Strontium Sr 38 87.62
Sulfur S 16 32.06
Tantalum Ta 73 180.94
Technetium Tc 43 98.906
Tellurium Te 52 127.60
Terbium Tb 65 158.9
Thallium Tl 81 204.37
Thorium Th 90 232.038
Thulium Tm 69 168.9
Tin Sn 50 118.69
Titanium Ti 22 47.90
Tungsten W 74 183.85
Uranium U 92 238.0
Vanadium V 23 50.9
Xenon Xe 54 131.30
Ytterbium Yb 70 173.04
Yttrium Y 39 88.9
Zinc Zn 30 65.38
Zirconium Zr 40 91.22

Atomic mass of the elements (based on the atomic mass
of 12C = 12)

Appendix B.  The Chemical Elements
ATOMIC ATOMIC

ELEMENT SYMBOL NUMBER MASS
ATOMIC ATOMIC

ELEMENT SYMBOL NUMBER MASS
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Appendix C.  The Periodic Chart of the Elements
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Chapter 1

1.1.  This question is meant to be thought provok-
ing and somewhat subjective, not to have a nice clean
objective answer.  But, here is the way one person saw
it.  (a) Reason and sensory data, (b) authority and intu-
ition,  (c) reason,  (d) reason and sensory data, (e) intu-
ition, (f) reason and sensory data, (g) reason,  (h) reason
and sensory data.

1.2. The “spinning earth” model offers a more eco-
nomical explanation than the “moving sun” model.
More on this in Chapter 8.

1.3. Possible hypotheses might be:  (a) The moun-
tain was originally part of a marine environment in
which the organisms lived and died.  (b) The fossil
shells were transported by some agent from their marine
environment to the mountain.  Occam’s Razor would
probably prefer not to introduce “some agent,” if it is
not needed.

1.4. Astronomers assume that the same physical
laws govern such things as the sources of light through-
out the universe.  By observing light from distant stars
they can infer the star’s composition.

1.5. No.  Position symmetry requires only that the
governing law be the same on the earth and the moon.
The numerical predictions of the law can be different.

1.6. Geologists assume that the physical laws gov-
erning the earth millions of years ago were the same as
they are today—time symmetry.

1.7. No. The governing laws are the same from day
to day.  

1.8. Your own example.

1.9. Pythagoras, Aristotle, and Aquinas leaned
toward authority, intuition, and reason for their models.
Galileo and Newton leaned more toward sensory obser-
vation and reason.

Chapter 2

2.1. Refer to text.

2.2. The diameter of the atom is about 100,000
times the diameter of the nucleus.  In size, the atom is to
a football field as the nucleus is to the tip of a ballpoint
pen.

2.3. Four light-years; 100,000 light-years;
1,000,000 light-years.

2.4. Refer to Exercise 2.1 and describe how small-
er structures make up progressively larger structures.

2.5. Consider the following:  (a) and (b) nuclear
and atomic sizes.  (c) distance between stars in a galaxy.

2.6. (d)

2.7. (b)

Chapter 3

3.1. You will want to think through the process by
which we tried to convince you that the law is “true.”  In
general, you want to give some examples of phenome-
na which can be explained in terms of the law.  Then
you will need to be ready to discuss situations where the
law doesn’t seem to hold.  (A sliding object comes to
rest, for example.  It doesn’t seem to move with uniform
motion even though it appears to be a free object.)  If the
friend is really interested in understanding, the friend
will raise many of these until totally convinced that
there are no exceptions in all the situations encountered.

3.2. Sometimes the word “frictionless” confuses
people.  It just means that we are imagining a situation
where there is no frictional force.  If this were really
true, neither the elephant nor the ant would experience
any forces.  The First Law of Motion then describes
their motion and neither would stop before the other.

3.3. (a) Prior to the accident, the car and child were

Appendix D.  Hints and Answers to Exercises
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moving forward together at 20 miles per hour.  Because
of external forces, the car stops suddenly.  If no forces
act to restrain the child, the child continues forward as a
free object, thus moving forward with respect to the car.
(b) 20 miles per hour.  This might mean more to you if
you know that 20 miles per hour is just about the same
speed as the world’s record in the 100-meter dash.  The
effect for the child is the same as for an adult running as
fast as he can and running directly into a plate-glass
door.

3.4. The passenger continues, momentarily, in
straight-line motion while the car turns under him.
Thus he finds himself further from the center of the
turn, but only because he goes in a straight line and not
because he is thrown outward.  The car moves inward
because of the forces acting upon it.  Thus, the passen-
ger and car go in different directions, but this is due to
forces acting on the car and not to any forces on the pas-
sengers.

3.5. Your wording will probably be different than
Newton’s or anyone else’s.  It is probably not appropri-
ate to memorize a particular statement of any of the
laws we will study. However, your wording should
contain the same important components of the law. In
this case, these would be:   (a) The law applies to “free”
objects, those which have no forces acting upon them,
and (b) such objects either remain at rest or move in uni-
form motion.

3.6. Uniform motion is motion in a straight line
with unchanging speed.

3.7. The car is not moving in a straight line.
Therefore, the motion is accelerated motion, not uni-
form motion.

3.8. Your answer should be something like this:  (a)
During the collision, the passenger had the sensation of
having his head “thrown” backward, placing severe
stress on his neck bones and muscles.  Initially, the hor-
izontal forces on the passenger’s head were very small.
When the car was struck from behind, the car and the
passenger’s body began moving forward.  His head
remained at rest in accordance with the First Law of
Motion.  Thus, his body and head were moving in dif-
ferent ways with the resulting traumatic experience.
His head was not “thrown backward” at all, but
remained essentially at rest.  His body, however, was
thrown forward by the force resulting from the colli-
sion.  (b)–(f) Your answers will be similar to that for
part (a).  Note the similarity between (a) and (c) and also
between (b) and (d).

3.9. The gas pedal, the brake, and the steering

wheel.  Do you see why each of these can correctly be
called an accelerator?

3.10.  There must be at least one force directed
toward the center of the turn.  Any other forces which
might be present must cancel each other’s effects.  In
particular, there is probably not a force pushing the
object away from the center of the turn.

3.11.  Refer to the text.  Your experiment should
involve applying the same force to the objects in a situ-
ation where there are no other forces acting on either.
The object with the smaller acceleration has the larger
mass.

3.12.  The object accelerates (increases its speed)
with unchanging acceleration as long as the force is
applied.  The acceleration is unchanging because nei-
ther the mass nor the force changes.  Unchanging accel-
eration means that the particle’s speed increases at a
uniform rate.  This result is sometimes surprising
because it seems contrary to our experience.  The prob-
lem is that we rarely encounter objects moving under
the influence of a single force.  Frictional forces almost
always keep us from experiencing a simple case of this
kind.

3.13.  Increasing speed, decreasing speed, changing
direction, or any combination of changing speed and
direction.

3.14.  No.  It changes neither speed nor direction,
so it is not accelerating.  The net force on the car must
be zero.

3.15.  It initially accelerates to its travel speed.  It
then moves without acceleration until it nears the desti-
nation.  It accelerates (becomes slower) and finally
stops at the 20th floor.

3.16.  They would be exactly the same.  This is
what we mean when we say that the mass of an object
does not depend on its location.

3.17.  It would accelerate at the same rate as before.
The object’s mass still has not changed.

3.18.  See the Study Guide at the end of the chapter
for a statement of this fundamental principle.

3.19.  The object would slow down and stop since
the acceleration and velocity are in opposite directions.
Remember, the acceleration is in the same direction as
the force.  Incidentally, if the force continues after the
object stops, it will start moving in the direction of the
force.
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3.20.  The rocket’s mass must be smaller at the later
time.  Rockets eject mass in the form of oxidized fuel
out the rocket exhaust.  We are not really comparing the
same “object” at the two times, since some of the origi-
nal rocket has been ejected.

3.21.  Yes. Forces are required whenever there is
acceleration.  See also Exercise 3.7.

3.22.  The bullet and gun interact with each other.
The force acting backward on the gun has the same
strength as the one acting forward on the bullet.  The
accelerations are different, however, because the two
masses are not the same.

3.23.  The bullet would have 500 times the acceler-
ation of the gun if its mass were 1/500 that of the gun.
The gun and bullet would have the same acceleration
(and the same final speed) if they had the same mass.
You should be able to see how these results are predict-
ed by the Second Law and Third Law of Motion.

3.24.  The drive mechanism of the car is designed
to push backward on the road.  (This backward force
causes any loose material on the road, such as water,
gravel or mud to fly backward.)  The road, then, pushes
forward on the drive wheels, causing the car to acceler-
ate.  The backward acceleration of the road is usually
not noticed because of its large mass.

3.25.  This is really the same as Exercise 3.22 with
the rocket engine taking the place of the gun and the
rocket fuel taking the place of the bullet.

3.26.  The same question again.  Now the man is
the bullet and the boat is the gun (or the other way
around if the boat has less mass than the man).

3.27.  Once again, the same question.  This time the
interaction is between the air inside the balloon and the
balloon itself.

3.28.  This is a direct application of the Third Law of
Motion.  The force on the mosquito always has the same
strength as the force on the truck, no matter what.  If your
answer to (b) is anything but “no,” you do not understand
the Third Law.  You should also understand why the accel-
erations of the truck and mosquito are quite different.

3.29.  Notice the similarity between this situation
and the one described in 3.24.

3.30.  Through an inductive process.  (See the
Historical Perspectives section of Chapter 2.)  No.  It
could be proved false by making observations that don’t
fit its predictions.

3.31.  (b), or so we thought when we wrote the
question.  The Third Law rules out an interaction
between Person X and the frictionless ice.  However, a
clever student pointed out that Person X could spit or
take off clothing and throw it away to create a Third
Law interaction to propel (or stop) Person X.  That
would make (c) correct!

3.32.  (e)

Chapter 4

4.1.  You pull upward on the earth with a force
which is exactly equal to the earth’s pull on you.

4.2.  The acceleration of an object is determined by
the applied force and its mass.  Your pull on the earth
has the same strength as the earth’s pull on you.  The
acceleration of the earth, however, is much, much
smaller because of its enormous mass.

4.3.  The mass of the moon is much less (about
1/100) than the mass of the earth.  The gravitational pull
on the object (its weight) depends on the mass of the
object to which it is attracted.  Of course, the moon is
also smaller, so the object is closer to its center.  These
factors combine to give the ratio of 1/6 for moon weight
vs. earth weight.

4.4.  The gravitational force depends on size and
distance.  The sun, in fact, is about 23,000 times as far
from us as is the center of the earth.  The larger mass
and larger distance combine to give a gravitational pull
toward the sun which is about 6/10,000 the pull toward
the earth.

4.5.  Moon weight is about 1/6 earth weight.  (See
the text and Exercise 4.3.)  Weight is zero if there are no
gravitational forces.

4.6.  The mass does not change.  It is the same in all
three locations.

4.7.  Refer to Exercises 4.5 and 4.6.

4.8.  (a) The two objects experience the same accel-
eration and, as a result, the same speed at any instant as
they fall.  (b) The weights are not the same (in accord
with the gravitational force law since their masses are
different).  (c) and (d)  However, force and mass both
help to determine acceleration (the Second Law of
Motion).  In this case, nature conspires so that the ratio
of force (weight) to mass is the same for all objects at a
particular place.  Perhaps a numerical answer would
help.  Suppose the smaller of two objects has a mass
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given by 5 units and a weight given by 50 units.  Its
acceleration would be force/mass or 50/5 = 10 units.
Now, suppose a second object has a mass of 150 units
(30 times that of the first).  Its weight would also be 30
times that of the first object; that is 30 ¥ 50 = 1500 units.
Its acceleration would be force/mass or 1500/150 = 10
units, the same as for the smaller object.  Notice that this
result is predicted by two fundamental laws working
together:  The Universal Law of Gravitation and the
Second Law of Motion.

4.9.  This is a memory question.  Its purpose is to
make sure that, by now, you can describe the important
content of this law without effort.  This fundamental
principle is stated in the Study Guide at the end of
Chapter 4.

4.10.  They both have the same acceleration.  Since
one has a head start, the other will always be slower
than the first.  Not only will it never catch up, but it also
continues to get farther behind.

4.11.  The experiments using the rubbed rods do
this very nicely.  The fact that both attractive and repul-
sive forces occur indicates that there must be at least
two kinds of electric charge.

4.12.  We mean that it has an excess of either posi-
tive or negative charge.

4.13.  Some of the electrons in the rod are trans-
ferred to the silk, leaving behind an excess positive
charge.  Notice that it is the electrons that move, not the
protons which remain rigidly fixed in the rod.

4.14.  A tiny, very dense particle which carries one
unit of positive charge.

4.15.  A particle with one unit of negative charge
and a mass only 1/1836 times that of a proton.

4.16.  This important model is defined in the Study
Guide at the end of Chapter 4.

4.17.  Electric charge exists only in multiples of the
charge on a single electron or a single proton.  Only spe-
cific values of electric charge occur in nature.

4.18.  Electrons and protons attract each other
through the electrical interaction, since they carry oppo-
site charges.  One possible arrangement is that atoms
might be something like the solar system, with the elec-
trons being attracted to the protons in the nucleus by the
electrical force.  Several other models of atoms have
been proposed, but all depend on the electrical attrac-
tion between oppositely charged particles.

4.19.  Electric charges in your hand interact with
the electric charges in the table.  The resulting forces
initiate the nerve signals which you experience.

4.20.  Moving electrically charged particles.

4.21.  (a) The two rods repel each other.  (b) The
rubber rods both have a negative charge and, therefore,
repel each other in accordance with the Electric Force
Law.  (c) The rubber rod gains electrons from the fur.
(d) The glass rod would have a positive charge and
would be attracted to the negatively charged rubber rod.
(e) There are two different kinds of electrical charge.  (f)
The glass rod lost electrons to the silk. 

4.22.  This is another memory question just to rein-
force your mental storage of these important ideas.  This
important principle is listed in the Study Guide at the
end of Chapter 4.

4.23. Because they explain the phenomena
described in the chapter as well as thousands of others
which were not included.  No experiment has ever been
performed which is not in harmony with them.

4.24.  (c)

Chapter 5

5.1.  The acceleration is the same in all four cases.
For justification, remember that acceleration depends
only on force and mass.  The relevant force in these
cases is gravity (assuming that we ignore air resistance).
The gravitational force depends only on mass and posi-
tion, but not on motion.  Mass does not change, and
position does not change enough to have a significant
effect on the strength of the gravitational force.  Thus,
force and mass are the same in all four cases; and,
hence, according to the Second Law, the accelerations
are all the same, both in amount (rate of change of
speed) and direction (downward).

5.2.  Cases (1), (3), and (4) are discussed in the text.
Suppose the ball is thrown straight down with a speed
of 30 kilometers/hour.  At the end of each of the first 4
seconds of fall its speed would be 65, 100, 135, and 170
kilometers/hour (ignoring the effects of air resistance).
You should see that this is the same acceleration as in
the other cases. 

5.3.  Different points on the earth’s surface are far-
ther from the center of the earth, and the gravitational
force decreases with distance.  Also, different surface
points are underlain by rocks with different densities.
These close materials sometimes affect the value of the
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gravitational acceleration changes because its mass
remains constant and the force changes.  The Second
Law of Motion predicts such changes.

5.4.  The horizontal speed is always 60 kilome-
ters/hour.  Its upward speed at the end of subsequent
seconds would be 105, 70, 35 and 0 kilometers/hour.
Then it starts to fall and its downward speed increases
at the same rate with values of 35, 70, 105, and 140 kilo-
meters/hour just before it hits the grounds.  You should
see that this is the same unchanging acceleration as that
in the other examples  we have discussed.

5.5.  The weight of an object near the moon’s sur-
face is about 1/6 its weight near the earth.  Its mass is
the same as before.  The acceleration, in accordance
with the Second Law of Motion, is determined by the
force acting upon it (its weight) divided by its mass.
Since force is reduced by 1/6 and mass is not changed,
the acceleration is also reduced by 1/6.

5.6.  The gravitational force changes only slightly
during the motion of these objects because the change in
their distance from the center of the earth is a very, very
small fraction of the earth’s radius.  The surface of the
earth is about 6400 kilometers from its center while the
highest aircraft fly only about 30 kilometers higher.
Even at these altitudes the gravitational force (and,
hence, the gravitational acceleration) is only about 1
percent lower than at the earth’s surface.

5.7.  This is a “contact” interaction between electric
charges in your hand and in the table.  See the discus-
sion in the text.  Of course, the charges in your hand
don’t actually touch those in the table, so the word “con-
tact” may be misleading.  The charges act on each other
at long range on the atomic scale.  Since both hand and
table have positive and negative charges, however, they
must get quite close together (on the large scale of
things we ordinarily deal with) before the repulsions
between individual charges become important.

5.8.  Gravity pulls down (and you pull up on the
earth).  There is “contact” between your feet and the
floor.  As a result, the floor pushes up on you (and you
push down on the floor) and balances the gravitational
force so that you do not accelerate vertically.  In addi-
tion, the floor pushes forward on your feet whenever
you push backward on the floor.  This forward push
causes you to accelerate horizontally.  To stop, you push
forward on the floor so that it pushes backward on you,
reducing your speed to zero.  Notice that these horizon-
tal forces are also due to the “contact” interaction
between your feet and the floor.

5.9.  Remember that an electric current is moving

electric charges.  Two factors are required for a current.
First, there must be some charges which are free to
move, such as those in a metal or a plasma.  Then there
must be some other charges which can accelerate these
by the electromagnetic interaction.  Such interactions
can be either short or long range.  A battery, for exam-
ple, has an excess negative charge at one terminal and
an excess positive charge at the other.  (These occur
because of the chemical reactions inside the battery.)  If
a wire is connected across the two terminals, electrons
near one end of the wire are repelled by those on the
negative terminal.  These move along the wire, in turn
repelling their neighbors.  The impulse moves along the
wire until all the free electrons are moving.  Those near
the end of the wire are attracted to the positive charges
on the positive terminal of the battery.  These electrons
enter the battery and are replaced by new electrons
entering the wire from the negative terminal.

5.10.  These are outlined in the section titled
“Finding Forces” in the text.  This is a memory question
to see if you can recall the rules without looking them
up.

5.11.  Gravity pulls down.  The only other interac-
tions are “contact” interactions, so you must ask your-
self what your head touches.  Your neck, of course.  The
bones and muscles of your neck must supply all the
other forces needed to balance gravity and to accelerate
your head.  Now the bones in the upper (cervical) spine
do a pretty good job of providing a vertical force (unless
poor posture relegates this job to the muscles which tire
and ache before too long when they are required to
maintain continuous forces).  Unfortunately, the spine
isn’t designed very well for horizontal forces.  Thus, if
your neck is called upon to provide a strong forward
force to your head so that your head can accelerate
along with the rest of your body as the car increases
speed, the neck muscles often become overly strained
and, in severe cases, dislocation of the spine can occur.
A headrest can provide another interaction for your
head and can supply a forward force when needed.  The
horizontal forces on your neck are thereby avoided.

5.12.  The analysis might proceed as follows:  
A.  Gravity?  Yes.  The earth pulls down on the car
(its weight) and the car pulls up on the center of the
earth.

B.  Contact forces?  Yes.  
1. The car touches the road.  This interaction
can be thought of in two parts:  (a) The road
pushes up on the car and the car pushes down
on the road.  (b) The car pushes back on the
road and the road pushes forward on the car
(frictional force).  (There is actually one inter-
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action of each kind for each wheel.  We have
combined these into one for simplicity.)
2.  The car touches the air through which it
moves. The air pushes backward on the car and
the car pushes forward on the air.

C.  Draw a diagram for the car.  Notice that, of the
eight forces described in A and B, only four appear
on your force diagram.  You should know why.

D.  The acceleration is zero (velocity is not chang-
ing).

E.  The resultant force is zero (since the accelera-
tion is zero).  This means that the upward push of
the road just balances the weight.  Also, the air
resistance and friction forces have the same
strength and add up to zero.  The car’s engine must
continue to operate in order to apply the force to
counteract air resistance.

5.13.  While she is in contact with the ground, the
only forces on the girl are gravity, pulling down, and the
force resulting from contact between her feet and the
ground.  To jump, she pushes down with a force greater
than her weight.  The ground pushes up on the girl with
an equal force in a direction opposite to her push down-
ward on the earth (Third Law).  The net force (ground
push minus weight) is upwards and she accelerates in
that direction.  After she leaves the ground, the only
important force on the girl is gravity; so she slows down
as she rises, finally stopping and falling to the ground,
hopefully on the other side of the high-jump bar. The
gravitational force on the girl arises in an interaction
between the girl and the earth.  The earth pulls down on
the girl and the girl pulls up on the earth. 

5.14.  The interactions are the same as when you
are standing on a floor which does not move, namely,
gravity and the contact interaction between feet and
floor.  When the elevator accelerates upward, the floor
force must increase so that the net force is upward.
When the elevator accelerates downward, the floor
force decreases so that it is less than your weight and the
net force is downward.  When the elevator is not accel-
erating, either because it is at rest or because it is mov-
ing up or down without changing speed, these two
forces have equal strength and cancel each other so that
the net force is zero.  

5.15.  Because air friction becomes important long
before they strike the earth.  In fact, air friction is more
important for small objects like this than for larger
objects.  As a result, they reach an equilibrium speed
sooner (at lowest speed) than do larger objects.

5.16.  The parachute drag (air friction) provides an
upward force which partially or fully balances the
downward gravitational force.  The downward acceler-
ation is not as great as without the parachute.  If the per-
son jumps only a short distance, two problems are
encountered.  First, the amount of drag provided by the
chute increases with speed through the air.  If the speed
is not very large, the drag is not very important and the
downward acceleration is almost the same as without
the parachute.  Secondly, the drag may not even be large
enough so that the chute will open, thus further decreas-
ing its effectiveness.

5.17.  The earth is pulled toward the sun by their
mutual gravitational interaction.  This is an unbalanced
force and the earth is accelerated, changing its motion
from a straight line (which would occur without the
force) to a circle.  The motion is predicted by the
Second Law of Motion, since the gravitational force is
causing an acceleration.  There is another gravitational
force as part of the same interaction.  The earth pulls on
the sun and causes it to accelerate slightly.  The mass of
the sun, however, is about 330,000 times the mass of the
earth, so its acceleration caused by the earth’s pull is
less than the earth’s acceleration in the same ratio.

5.18.  The car is pulled down by gravity and pushed
by the road.  In addition, the road, through friction,
pushes sideways on the car.  This frictional force is a
centripetal force which causes the car to change direc-
tion (accelerate).  On a banked turn, the upward (per-
pendicular to the road surface) push of the road can pro-
vide some or all of this centripetal force.  In every case,
the net force is directed toward the center of the turn.

5.19.  A centripetal force is any force whose direc-
tion is sideways to the motion of the object upon which
it acts.  It causes the object to change direction.  All cen-
tripetal forces must come from interactions and always
obey the Third Law of Motion.

5.20.  (a) The boat goes faster. (b) The boat goes
slower.  (c) The boat changes direction.

5.21.  (a) The string pulls the ball toward the center
of the circle.  (Gravity also pulls down on the ball, but
this is balanced by a slight upward force from the
string.)  (b) The sideways (inward) force exerted by the
string causes the ball to change direction continuously,
changing its motion from a straight line to a circle.  (c)
No.  There is no other interaction which could provide
such a force.  The ball does pull outward on the string,
but this is not a force which affects the motion of the
ball since it does not act on the ball itself.

5.22.  (a) The satellite is pulled toward the earth by
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the gravitational interaction.  There are no other impor-
tant forces if the satellite is high enough so the air fric-
tion is not significant.  (b) The satellite is accelerating
since the direction of its motion is constantly changing.
(c) The gravitational force causes the centripetal accel-
eration.  (d) The force is just the right strength to keep
the satellite in a circle.  If the forces were stronger (or if
the satellite were slower), the satellite would come clos-
er to the earth.  If the force were weaker (or if the satel-
lite were faster), it would move farther from the earth.

5.23.  We say that a law is “true” if it has met the
test of many experiments over a period of years.  We
must always allow the possibility that a new experi-
ment, testing the validity of the “law” in new circum-
stances, will not be consistent with results predicted by
the law.

5.24.  Nature does not always behave in the ways
that our reasoning would predict.  There are many his-
torical examples in which “logical” ideas do not accu-
rately describe actual behavior which occurs in nature.
Only by actually testing our ideas experimentally can
we know if they, in fact, describe nature’s behavior.

5.25.  There are several examples in the text.  Most
disciplines provide additional examples.  It is interest-
ing to consider the implications of religious thought, for
example, in this context.

5.26.  First, you might show the person some situa-
tions in which objects move in accord with the law.  You
would want to show enough variety so that you could
demonstrate all features of the law—the dependence of
the gravitational force on both masses and on distance,
for example, and the nondependence on motion or any
other factors.  Then you might ask the person to suggest
examples whose results are not in accord with the law.
If he can think of some, you will need to show how
these, too, can be explained in terms of the law (if they
can).  In no case can you demonstrate the law to be true
in all possible situations, since it is simply not possible
to test it in all situations.  As the tests continue, we will
likely find that this law, like most others, is not univer-
sally valid.  It applies to a broad range of phenomena,
but cannot accurately explain every situation in which
gravity plays an important role.  In fact, such limitations
of Newton’s Universal Law of Gravitation have been
discovered in the 20th century.  It does not precisely
determine experimental results when accelerating
objects are moving very rapidly (near the speed of light)
or when gravitational forces become very strong, such
as near the surface of the sun or other massive stars.
The more accurate law is called the General Theory of
Relativity.

5.27.  (d)

5.28.  (c)

Chapter 6

6.1.  The air around it must be pushing up with a
force sufficiently strong to balance the weight of the
piece of air.

6.2.  Gravity is pulling down.  Your muscles exert
enough force to balance the downward gravitational
force and, in addition, to accelerate your foot so that it
catches up with your moving body and then stops again
before touching the ground.

6.3.  The necessary force to balance gravity and
cause your stomach to accelerate must come from con-
tact forces between the stomach and the things (or mate-
rials) which it touches.  It is the adjustment of these
internal parts which causes the sensations associated
with elevator travel.

6.4.  A buoyant force supplies part of the upward
force needed to lift the rock.

6.5.  An aircraft carrier is pretty heavy and yet does
not sink under normal circumstances.  A heavy object
will not sink if the buoyant force acting upon it is large
enough to balance its weight.  This occurs if the object
displaces a large enough volume so that the weight of
the fluid pushed aside (the displaced fluid) is at least as
great as the weight of the object.

6.6.  The fluid displaced when the object is
immersed has less weight than the object itself.  The
buoyant force on the object is not as strong as the
object’s weight.  The object experiences a net down-
ward force and accelerates in that direction.

6.7.  If the fluid were present instead of the object,
the buoyant force would just balance its weight so that
it would be in equilibrium.  The buoyant force is the
same when the object is in place as it is when the same
space is occupied by fluid.

6.8.  The buoyant force is the result of fluid pres-
sure acting on the surface of the immersed object.  This
is a constant force.  The other important vertical force is
that due to the long-range gravitational interaction, oth-
erwise known as the weight of the object.

6.9.  The strength of the buoyant force depends
only on the weight of displaced fluid.  This, in turn,
depends only on the volume of displaced fluid (the size
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of the object) and the density of the fluid.  The weight
and density of the object have to do with the other
important force, gravity, which determines the subse-
quent motion of the object.

6.10.  The wood is less dense than iron and therefore
occupies more volume than a piece of iron of the same
mass.  The larger piece of wood can displace a greater
volume of water than the iron and therefore experiences
a stronger buoyant force.  The weights of the two are the
same.  The buoyant force acting on the wood is stronger
than its weight, so it rises.  The buoyant force on the iron
is weaker than its weight, so it sinks.

6.11.  Helium is less dense than air, so it rises in air
for the same reason that wood rises to the surface when
submerged in water (see Exercise 6.10).  Since the den-
sity and air pressure of the atmosphere decrease with
altitude, the balloon will eventually find an altitude
where the buoyant force equals its weight or the balloon
expands in the decreased external air pressure and
bursts.

6.12.  Mass per unit volume.

6.13.  The density of a material divided by the den-
sity of a reference material, usually water.

6.14.  Pressure increases with depth.  For an
extended object, the pressure on the bottom pushing up
always exceeds the pressure on the top pushing down.

6.15.  The surrounding earth may be loose enough,
or have enough water content, to act as a fluid.  If so, it
would provide a buoyant force which would not depend
on the weight of the pool. These two are in balance
when the pool is full.  When the weight is reduced by
draining the pool, there is a net upward force which
causes the pool to rise.

6.16.  See Exercises 6.5 and 6.7.

6.17.  Its weight is greater, so it must displace more
fluid before the buoyant force again balances its weight.

6.18.  When the earth was first formed, it was in a
molten state.  The denser materials moved lower for the
same reason that more dense parts of a fluid always sink
while less dense parts always  rise, as discussed in the
text.  

6.19.  The earth below the building would sink if
greater weight is added and rise if less weight is
replaced.  This is due to the tendency of the earth to
move toward isostatic equilibrium.

6.20.  The warmer air is less dense than the sur-
rounding air and “floats” upward, while the cooler air is
more dense than the surrounding air and sinks.

6.21.  (e) 

Chapter 7

7.1.  Wood and oxygen are transformed into carbon
dioxide, water vapor, and ashes.  The total mass of the
wood and oxygen is equal to the total mass of the prod-
ucts.

7.2.  Liquid water becomes water vapor with no
change in mass.

7.3.  Mass enters in the form of solid food, liquids
you drink, and air you breathe.  Gases are exhaled, flu-
ids are ejected in urine and perspiration, and solid food
wastes are removed in feces.  Entering mass is equal to
exit mass for constant body mass.  Mass (and weight)
increase if you take in more than you eject and decrease
if you eject more than you consume.

7.4.  This important fundamental principle is stated
in the Study Guide at the end of Chapter 7.

7.5.  Dynamite and oxygen are converted to solid
fragments and gases.  The total mass of the dynamite
and oxygen is equal to the total mass of the products.

7.6.  The ice cube has the same mass as the water,
since mass is conserved. 

7.7.  Friction between shoe soles and carpet causes a
separation of charge, some of the electrons from the rug
being transferred to the body.  When the person touches
the doorknob, some of these excess electrons are trans-
ferred to the doorknob and it becomes charged.
Eventually, the electrons will return to the carpet from
whence they came.  Charge is conserved in each transfer.
When the body was negatively charged, the rug became
positively charged in exactly the same amount.  When the
body lost some charge to the doorknob, the doorknob
gained the same amount of charge as was lost by the body.

7.8.  Before touching, the two objects have equal
but opposite charge.  The total charge, positive minus
negative, is zero.  Afterward, they are both neutral, so
that total charge is still zero.

7.9.  This important fundamental principle is stated
in the Study Guide at the end of Chapter 7.

7.10.  The cloud is originally uncharged.  Because
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of internal friction due to air turbulence within the
cloud, part of the cloud becomes positively charged and
part becomes negatively charged.  The total charge
within the cloud, however, is still zero since there is
exactly the same amount of positive charge as there is
negative charge.

7.11.  Every part of the wire is electrically neutral,
with equal amounts of positive and negative charge,
whether the wire carries a current or not.  When the neg-
ative charges move together in the same direction, a
current flows.  (Perhaps imagine a water pipe filled with
gravel so that there are equal amounts of gravel and
water in any section of the pipe.  The water can move
without disturbing the balance.)  As charge leaves one
end of the wire, an equal amount of charge must enter
the other end if the current is to continue.  This is usu-
ally done by connecting the wire into a closed circuit in
which charge circulates in a closed path and from which
charge does not escape.

7.12.  In each case, we start with chemical potential
energy (CPE) associated with gasoline stored in the fuel
tank.  This is converted to high-temperature internal
energy (IE) in the cylinders of the engine.  When the car
travels on a level road at constant speed, this IE is con-
verted to lower-temperature IE, manifest in the higher
temperatures of radiator and tires, as the car’s mecha-
nism balances the opposing frictional forces to maintain
constant speed.  Some of the high-temperature IE is
transformed to gravitational potential energy (GPE)
when the car climbs a hill.  The IE is transformed to
kinetic energy (KE) when the car increases speed.

7.13.  The energy begins as high temperature IE at
the sun’s surface.  It is transmitted to the earth by light
and absorbed by water on the surface of the lake or ocean.
This additional energy allows the water to increase its
internal energy, changing its state from liquid to gas.
Buoyant forces cause it to rise high into the atmosphere,
gaining GPE.  (This added GPE is compensated by that
lost by the air as it falls to fill the space vacated by the
water vapor.)  Later, the water vapor condenses into rain-
drops, giving up some of its internal energy as it changes
state and warming the surrounding air and water in the
process.  It loses GPE and gains KE as it falls.  Some of
the energy is transformed to IE as the falling water inter-
acts with the air through which it falls.  The kinetic ener-
gy becomes mostly IE when the raindrops strike the
ground, but it may still have some GPE if it falls on an
elevated location.  This changes to KE and then to IE as
the water runs off and returns to the ocean.

7.14.  The spacecraft has considerable GPE as it
begins its return to the earth.  This becomes KE as the
earth is approached.  At this point, the spacecraft is

moving too fast for a comfortable landing, so the KE is
converted to IE because of air friction.  The purpose of
the heat shield is to absorb this IE so that the spacecraft
interior temperature will not become too high.

7.15.  Most of our electrical energy comes from
chemical potential energy associated with oil, coal or
natural gas.  Some comes from the GPE associated with
water stored at high elevations behind hydroelectric
dams.  Smaller amounts come from nuclear potential
energy in nuclear reactors or from the high-temperature
internal energy associated with natural hot water which
occurs in certain locations.  In each case, some of the
energy from the source is transformed to lower-temper-
ature internal energy and some to electrical energy.  The
energy lost by the source is always equal to that gained
by the electrical system plus that lost to low-tempera-
ture internal energy.

7.16.  Kinetic, gravitational potential, electrical
potential, radiant, and internal energy.  Two important
subclassifications of internal energy are thermal (mole-
cular motion) and chemical potential.  You should be
able to describe each in your own words.

7.17.  This important fundamental principle is stat-
ed in the Study Guide at the end of Chapter 7.

7.18.  Kinetic energy increases with mass.  The
truck has more mass and therefore more kinetic energy.
Kinetic energy is converted to other forms during the
collision, so the object with more kinetic energy will do
more damage.

7.19.  Kinetic energy increases with square of the
speed.  In fact, the faster car (going two times as fast)
could be expected to do four times (two squared) as
much damage as the slower one.

7.20.  The object starts with GPE and some IE.  It
loses GPE as it falls and gains KE and IE (due to air
friction).  The KE is then converted to IE upon impact.
The total IE after the impact, distributed between ball,
ground, and air, will be equal to the GPE and IE associ-
ated with the ball before it began its descent.

7.21. Energy is a conserved quantity associated
with each situation or condition.  Another definition
which is not too bad is this:  energy is a measure of
motion or potential motion associated with matter and
light.  You may not find either of these to be as satisfy-
ing as some definitions you have seen before, but these
have the advantage of being correct.

7.22.  Internal energy leaves the house by heat con-
duction through the walls, windows, and ceiling.  There
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may also be losses by convection as warm air goes out
through chimneys, cracks around doors and windows,
etc.  In each case, energy (IE) leaves the house.  In the
case of convective losses, the lost warm air may be
replaced by colder air from the outside, but this is just
air with less IE than that which is lost.  There is no phys-
ical quantity called “cold.”

7.23.  The food we eat contains chemical potential
energy.  This is converted, by chemical reactions simi-
lar to combustion (except slower), mainly to internal
energy.  The internal energy, in turn, is lost by conduc-
tion and radiation and must be constantly replaced by
further chemical reactions if the temperature of the body
is to be maintained.  Some of the CPE is used by our
muscles to do work either internally (to pump blood, for
example) or externally.  Some of this becomes KE as we
walk or move about and some can be used to transfer
energy to external objects.  The total amount of energy
used by the body for all these purposes, incidentally, is
equivalent to about 3 kilowatt-hours of electrical ener-
gy, which costs about 20 cents these days.  

7.24.  The process is called “work.”  The force of
gravity acts downward on the falling rock as it moves
downward.

7.25.  Illustrations could include the transfer of
kinetic energy to an accelerating car by the push of the
road (work), energy transferred from a hot pan to a
pizza (heat conduction), the transfer of energy from the
sun to the earth (radiation), heat energy transferred from
one place to another by the Gulf Stream current in the
Atlantic (convection), and the transformation from
chemical potential energy to heat energy (combustion).

7.26.  All of these transfers are accomplished by
work.  Gravity, friction, and the earth’s surface act on
the object as it moves.  After it stops, the internal ener-
gy dissipates by heat conduction.

7.27.  The CPE changes to high-temperature IE by
chemical reaction (combustion).  All other processes are
work.  Finally, IE dissipates by heat conduction.

7.28.  High-temperature IE of the sun is transmitted
to water by radiation.  Evaporation is a reorganization
of IE of the water, although some work is done on the
air in the process.  All other processes are work, with
final IE dissipating by heat conduction and convection.

7.29.  The most familiar example is the automobile
engine.  The hot gases in the cylinders do work on the
pistons, thereby transforming some of their high-tem-
perature internal energy into kinetic energy of the pis-
tons.  This, in turn, eventually becomes kinetic energy

of the car as a whole as it gains speed or potential ener-
gy as it gains altitude.  Steam engines, jet engines, and
rocket engines accomplish the same transformation.

7.30.  (c)

7.31.  (c) and (d)

Chapter 8

8.1.  You would not change your game at all.  The
Special Principle of Relativity implies that you could
experience no effects of the uniform motion.

8.2.  If you thought of one or more experiments,
you don’t understand the Special Principle of Relativity
(Motion Symmetry).  If your answer suggested looking
out the window at the passing scenery, this type of
motion is easily simulated by moving the scenery as is
done when movies are made.  The question is not total-
ly frivolous.  Copernicus, in effect, has told us that all of
our rooms (and grounds as well) are moving through
space at almost 70,000 miles/hour.

8.3.  The object would fall straight down as long as
the boxcar moves uniformly.  It would seem to fall
backward if the train were speeding up.  This may not
be obvious to you, but the point we wish to make is that
motion symmetry does not imply that the result for the
accelerating boxcar is the same as when the motion is
uniform (straight line, unchanging speed).  The
Principle of Motion Symmetry refers only to observers
in uniform motion.

8.4.  The Special Principle of Relativity is also
called the Principle of Motion Symmetry.  This impor-
tant fundamental principle is stated in the Study Guide
at the end of Chapter 8.

8.5.  The situation illustrates the Principle of Motion
Symmetry.  As long as the platform moves uniformly,
the object moves directly above the thrower, slowing
down vertically until it stops, and accelerates back down
to the person on the platform.  Thus, the thrower sees the
object do exactly what it would do if the platform were
at rest, and he cannot decide from watching the motion
of the object whether the platform is at rest or in uniform
motion.  If the platform accelerates (speeds up), the
object will apprear to the thrower to move in an
arc-shaped path and fall behind the person or the plat-
form.  This apparent acceleration of the object (curved
path) in the absence of any force (an apparent violation
of the Second Law of Motion) allows the thrower to con-
clude that the platform must be accelerating since the
laws of motion are supposed to hold for all observers in
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uniform motion (Principle of Motion Symmetry).

8.6.  As long as the plane continues in uniform
motion, the pilot would observe the object to fall
straight downward beneath the plane just as it would if
the plane were at rest.  See Exercise 8.5.

8.7.  The motions which make us sick are non-uni-
form; that is, accelerations.  (This answer treats only
one part of motion sickness.  We offer no explanation as
to why some people experience motion sickness when
they are not moving—for example, watching a wide-
screen movie.)

8.8.  This is really the same question as 8.2.  Do you
see why?

8.9.  Can you see that this is really the same ques-
tion as 8.5?  Over the short period of time that the arrow
is in the air, the earth’s motions (spin and revolution
about the sun) are approximated very closely by uni-
form motions. 

8.10.  Build a small Foucault Pendulum in the room
and observe its motion for an hour.

8.11.  Motion of a Foucault pendulum provides evi-
dence of the earth’s rotation.

8.12.  Stellar parallax provides evidence of the
earth’s revolution around the sun.

8.13.  (e)

Chapter 9

9.1.  The two postulates are described in the defin-
ition of the Special Theory of Relativity in the Study
Guide for Chapter 9.  Remember, once these two postu-
lates are accepted, all the consequences of Special
Relativity follow.  The experimental verification of the
predictions constitutes significant evidence that the pos-
tulates are, in fact, true descriptions of nature.

9.2.  Time dilation is defined in the Study Guide for
Chapter 9.

9.3.  This explanation is contained in the text.
Make sure you understand the logic involved in the dis-
cussion.  For example, do you see why a stationary
observer sees the light in the moving clock as following
a zig-zag pattern?  This is really the heart of the argu-
ment.  Once you see this, it is usually easy to see why
light would take longer to travel the zig-zag pattern than
to follow the straight back-and-forth path seen when the

clock is not moving.  The light clock, of course, is imag-
inary.  Do you see what it has to do with real clocks?
Anything that creates a series of events in spacetime,
such as your beating heart, will serve as a clock.  How
can we predict the behavior of real clocks by under-
standing the behavior of an imaginary light clock?  Real
clocks create a series of events just as the light clock
does.  It is the series of events that define time, not the
thing that causes the events.

9.4.  This experiment is described briefly in the
text.  The muons in the real experiment were created in
the upper atmosphere and observed at the top of a
mountain and then again at sea level.  The important
observation is that they travel, before decay, many times
farther than is otherwise possible without time dilation.

9.5.  He would be younger than those who did not
travel.  This result is consistent with time dilation as
predicted by the Special Theory of Relativity.  The stay-
at-home remains at rest, so his observations are correct-
ly predicted by the Special Theory.  The traveler accel-
erates during the trip and so is not in uniform motion.
His observations may be predicted with the Special
Theory of Relativity, but the analysis is somewhat more
detailed than we are prepared for with this brief intro-
duction.  The analysis shows that both observers agree
that the traveler ages less during the trip than does the
stay-at-home.

9.6.  Length contraction is define in the Study
Guide for Chapter 9.

9.7.  This is the same as for the space traveler
described in the text.  Imagine an observer moving with
a muon as it approaches the earth.  He sees the muon at
rest, but the earth is moving toward him at high speed,
say 99 percent the speed of light.  The muon decays
after its normal lifetime, about 2 33 10–6 second.  During
that time, the earth moves toward the muon a distance
of only 600 meters, as seen by our moving observer.
However, the muon moves a distance of 4200 meters
towards the earth, as seen by someone standing on the
earth.  Thus, the moving observer sees the 4200 meters
“contracted” to only 600 meters as a result of his
motion.

9.8.  The statement is false.  Everything moving
with the spaceship has its normal size since the astro-
naut perceives them as being at rest.  Only objects mov-
ing with respect to the spaceship seem contracted as
seen by the astronaut.

9.9.  The distance is contracted, as seen by the astro-
naut.  If the spaceship moves fast enough, the distance to
the nearest star could be contracted from a little over five



364

light-years to something under a few light-hours.  (The
accelerations and energy requirements of such a trip are
far beyond our present technology, however.)

9.10.  Say the star is 5 light-years away.  Then at
least ten years of earth time would elapse while the
astronaut travels there and back.

9.11.  A moving object is harder to accelerate than
when it is at rest.  Particle accelerators all over the world
add experimental verification every working day to this
phenomenon.   Particles (electrons, protons, atoms,
atomic nuclei) become harder to accelerate as they
come closer and closer to the speed of light.  This is true
for all kinds of acceleration:  increasing speed, decreas-
ing speed, and turning corners.

9.12.  It comes from the energy supplied by the
force which accelerated the particle to its high speed.

9.13.  Thermal energy escaped as the materials
cooled.  Thus the final energy of the system, and its
mass, would be ever-so-slightly less than the initial
energy or mass.  As the thermal energy escapes, the
molecules of the material slow down.  It is this reversed
“mass increase” (from the slowing down) of the indi-
vidual molecules that results in less mass of the overall
material.  But the decrease in mass is very, very small
for these small changes in molecular speed.

9.14.  At first the speed increases at a uniform rate.
When the object begins to move almost as fast as light,
the speed increases more slowly even though there are
no other forces.  The speed never quite reaches the
speed of light no matter how long the force is applied.
We interpret this as implying that the mass of the object
increases with speed.  Energy is being supplied by the
force, since it is doing work.  The energy is represented
as increased mass.

9.15.  This is the mass of an object when it is not
moving.  Notice that things like photons and neutrinos
have zero rest mass, since no observer could move fast
enough so that they would appear to be at rest.  (This
would violate the second postulate.)  These can, howev-
er, have energy and its associated mass.  They just obey
different rules than do the particles with which we are
more familiar.

9.16.  The statement is false.  The explanation is
similar to that for 9.8.

9.17.  The relationship is summarized by the equa-
tion E = mc2. The fundamental principle of
Conservation of Mass-Energy is defined in the Study
Guide.

9.18.  See Exercise 9.17.  Energy is released and
escapes after the explosion.  The total rest mass of the
fragments after the explosion is slightly less than that
before the explosion by exactly the amount predicted by
Einstein’s equation, E = mc2.

9.19.  See the answer to Exercise 9.13.  The mole-
cules of the heated marble are moving faster and there-
fore experience a mass increase.  Objects with greater
mass have more weight than objects with less mass.
(Mass associated with internal energy seems to partici-
pate in the gravitational interaction the same as mass
associated with rest mass or any other form of energy.)
But, for the increase of molecular speeds achieved by
heating a marble, the overall mass increase is very, very
small. You won’t see it on the bathroom scales!

9.20.  The mass change associated with the release
of chemical potential energy is so small that it is not
ordinarily measurable in experiment unless very precise
observations are made.

9.21.  (e)

9.22.  (a)

Chapter 10

10.1.  A fluid is a substance that flows.  Liquids
(water, gasoline, oil) and gases (air, oxygen, hydrogen)
are fluids.

10.2.  Solids become liquids above their melting
temperature.  Liquids become gases above their boiling
temperature.  Gasoline is usually a liquid because its
melting temperature is below and its boiling tempera-
ture is above ordinary ambient temperatures.  Copper is
normally a solid because its melting temperature is well
above normal ambient temperatures.

10.3.  These have the same density, presuming that
they are both made of pure water.  (Dissolved materials
can change density.)  The iceberg has greater mass, but
also greater volume.  Density is mass divided by vol-
ume and is the same for both.

10.4.  Iron, wood, rock.

10.5.  Water, milk, mercury.

10.6.  Air, hydrogen, helium.

10.7.  A plasma is a gas in which there are free elec-
tric charges.  The gas in an operating neon sign or fluo-
rescent lamp is a plasma.  The air which emits light
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when lightning flashes and the hot gas on the surface of
the sun are other examples.

10.8.  Density is mass per unit volume.

10.9.  Table 10.1 gives one list.  Perhaps you can
make another, using your ordinary experience as a
guide.  Remember, you are not asked to list heavy
objects but dense objects.  For example, an aircraft car-
rier is pretty heavy but it is not very dense (since it
floats on water).

10.10.  Mercury vapor emits almost no red light.
The spectrum is discrete, with the main colors being
purple, green, and orange.  Since there is no red light to
be reflected, normally red objects seem black.

10.11.  The colors of light which are reflected tell
us something about the materials we see.

10.12.  See Study Guide glossary.  The sun and an
incandescent lightbulb emit continuous spectra.

10.13.  See Study Guide glossary.  Mercury vapor
lights, neon lights, and gas discharge tubes emit discrete
spectra.

10.14.  The one which stretches 0.01 millimeter has
the larger elastic constant.  In the calculation using the
definition of elastic constant the same strength force is
divided by a smaller number (0.01 millimeter is the defor-
mation in this case) for the smaller deformation.  This
gives a larger result if the calculation were to be done.

10.15.  Most obviously, materials must be used in
such a way that they sustain the loads placed upon them
without exceeding their elastic limits.  Otherwise they
collapse, a most embarrassing circumstance.  Second,
all materials deform when forces are exerted upon them
(and they exert forces on something else).  If this is not
taken into account, the structure will sag and shift as it
is built.  Doors and windows won’t fit, floors won’t be
flat, and walls will crack.

10.16.  See Study Guide glossary.

10.17.  Make sketches with all forces pushing
inward (compression), all forces pulling outward (ten-
sion), and forces moving in opposite directions (shear).  

10.18.  Elastic constants of compression exist for
fluids and, like solids, may be very large, at least for liq-
uids.  However, unlike solids, elastic constants of fluids
for tension and shear are very small or nonexistent.

10.19.  Review Exercise 5.9 of Chapter 5.

10.20.  Conductors must contain charged particles
which are free to move; nonconductors do not.

10.21.  The ionic materials must be made of
charged particles which are not free to move in the solid
state but which become free in the liquid. The charges
in nonionic materials are never free; positive and nega-
tive particles are always combined so that neither is free
to move independently.

10.22.  See Study Guide glossary.

10.23.  Figures 10.8 and 10.9 suggest some possi-
ble experiments.

10.24.  Tap water is a conductor because of the
ionic materials dissolved in it.

10.25.  The body is a good conductor.  An electric
shock is just an electric current passing through the
body.  This implies that there are free charged particles
inside the body, probably in the body fluids.

10.26.  (e)

10.27.  No.  Multiple-choice questions, including
many of our own, test classification.   Aristotle thought
of classification as a preliminary activity which preced-
ed “understanding.” To understand is to explain the dif-
ferences and similarities of classification in terms of a
few fundamental laws and principles.

Chapter 11

11.1.  Tiny particles of dust or smoke moving
around randomly that are barely large enough to be seen
through an optical microscope.  Molecules themselves
are too small to be seen with a microscope and are not
seen in Brownian motion.

11.2.  The motions would be more erratic and vio-
lent, since the observed particles are colliding with
faster molecules.

11.3.  See Study Guide glossary.

11.4.  Invisible molecules of a fluid collide with vis-
ible particles of dust or smoke suspended in the fluid to
cause an observed jittery motion of the visible particles.

11.5.  The molecules in gases, being relatively far
apart, can easily be pushed so that they are closer
together.  Molecules in liquids and solids are actually in
contact, so any attempt to compress them is resisted by
strong electrical repulsive forces.  Said another way, the
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compression of solids and liquids requires that the mol-
ecules themselves be compressed.  This is much more
difficult than just bringing them closer together.

11.6.  Molecules in solids are held in rigid orienta-
tions by the attractive forces between neighbors.
Molecules in liquids are moving fast enough that they
cannot be held by these forces.

11.7.  More molecules have enough energy to
escape the attractive forces which hold them in the liq-
uid.

11.8.  This fundamental model is defined in the
Study Guide.

11.9.  This is just another name for the Molecular
Model of Matter.

11.10.  Within gases, the molecules are separated
by relatively large spaces and only interact significantly
with one another by the Electric Force Law when they
get very close to one another in a collision.  In fluids,
the molecules are much closer to one another and clos-
est neighbors are weakly bound to one another by the
Electric Force Law.  They are somewhat like ball bear-
ings rolling around each other.  In solids, the molecules
are held more rigidly to one another by the Electric
Force Law and, although still able to move,  they retain
an average relative position to one another.

11.11.  When internal energy is added to a solid, the
molecules gain kinetic energy and break free from the
rigid connection to one another that constitutes a solid
to form a fluid.

11.12.  Evaporation takes place when the fastest
moving molecules in a liquid (or, sometimes, solid)
break free from the liquid to form a gas surrounding the
liquid.  Since the fastest molecules have escaped, the
average kinetic energy of the molecules in the liquid is
reduced and its temperature decreases.

11.13.  The molecules with less mass must travel
faster to have the same average kinetic energy.

11.14.  Most of it goes into electrical potential ener-
gy as the molecules get farther apart, changing from liq-
uid to gas.  This energy which must be supplied to
change the water from liquid to gas at a fixed tempera-
ture is called the latent heat.

11.15.  As water freezes in the clouds to make
snowflakes, internal energy (latent heat) is released.
This warms the surrounding air.  (However, there are
also other significant things going on in stormy weath-

er, including the movement of warm air masses which
can dominate this more subtle effect.)

11.16.  The ice gains internal energy, some of
which is used to give the molecules enough electrical
potential energy to break their attractions to their neigh-
bors and some of which becomes kinetic energy,
increasing their temperature.  The water loses internal
energy, the molecules have less kinetic energy than
before, and the water temperature is reduced.

11.17.  The molecules in the water vapor have more
kinetic energy than do those in the ice.  They also have
more electrical potential energy, being farther apart.

11.18.  Initially the glass and the mercury are at a
lower temperature than the water.  Molecules of water,
with more kinetic energy, collide with the outer layers
of molecules in the glass bulb.  These experience an
increase in kinetic energy which is transmitted, by col-
lisions between molecules within the glass, through the
entire layer of glass between the water and the mercury.
Now there are collisions between the energetic mole-
cules just inside the glass and the less energetic mercury
molecules adjacent to that surface.  These collisions
transmit kinetic energy to the mercury molecules.
Eventually all the molecules in water, glass, and mer-
cury have the same average kinetic energy and thus the
same temperature.  The materials are said to be in ther-
mal equilibrium.  Mercury expands at this higher tem-
perature.  Its volume is then an indication of its new
temperature and the temperature of the water.

11.19.  The transfer of thermal energy to the central
air space and from there to the second glass panel is
inefficient because there are comparatively few colli-
sions with these air molecules, mainly because there are
fewer of them than if the space were filled with glass.

11.20.  Molecules with greater kinetic energy give
up part of their kinetic energy when colliding with mol-
ecules with lower kinetic energy.

11.21.  The internal energy of a gas is just the ran-
dom kinetic energy of the molecules.  The molecules
move faster when the internal energy is higher.

11.22.  The higher-temperature molecules are mov-
ing faster, so they strike the walls of the tires harder.
They also collide with the walls more often.

11.23.  Temperature is a measure of the average
kinetic energy of any collection of molecules.
Molecules are faster when temperature is higher.  

11.24.  Pressure is a manifestation of the collisions
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between the molecules of the gas and the molecules of
the container.

11.25.  The temperature at which all materials have
their minimum internal energy.

11.26.  (a) B. (b) A. (c) B. (d) The pressure is the
same in the two samples.

Chapter 12

12.1.  There is order at first because the energy is
divided so that molecules in the hot object have, on the
average, more energy than those in the cold object.
When equilibrium is reached, the energy is more even-
ly distributed so that the average energy is the same for
both objects.  This is like the example of the two colors
of sand in a way, except that here we have an energy
distribution rather than a color distribution.  Also, you
should notice that the molecules from one object do not
mix with the molecules in the other.  Energy is trans-
ferred in this case, not molecules.

12.2.  The original motion is organized so that all
the molecules in the sliding block are moving in the
same direction.  When this kinetic energy becomes
internal energy, the motion is random in direction.  The
original organization of direction has been lost.

12.3.  Ice cubes in warm water melt rather than
become larger because the separation of ice and water
represents an organization of energy.  Disorder increas-
es as the ice melts.  Disorder would decrease, violating
the Law of Increasing Disorder, if the ice were to
become larger, even though energy would be conserved
in the process.

12.4.  See the glossary in the Study Guide for a
definition.  The processes are not reversible because the
reversal would require increasing order and, according
to the Law of Increasing Disorder, this cannot occur
spontaneously.

12.5.  See the Study Guide for a statement of this
fundamental principle.

12.6.  Put a drop of ink into a glass of water.  The
molecules of ink gradually mix with the molecules of
water in such a way that they will never again sponta-
neously unmix.

12.7. This is another name for the Law of
Conservation of Energy.

12.8.  This is the more common name for the Law

of Increasing Disorder.

12.9.  Entropy is a mathematically defined quanti-
ty which is a quantitative measure of disorder.

12.10.  A steam engine uses the internal energy of
high-temperature steam to do work, converting some of
the energy to other forms such as electrical energy (the
steam generator) or kinetic energy (the steam locomo-
tive).  The automobile engine is another example.

12.11. There must be some order associated with
the energy.  In the cases mentioned, the order is the hot-
cold order similar to that associated with ice cubes in
water or the situation in 12.3.  The useful internal ener-
gy in these cases is at a higher temperature than the sur-
roundings.  If everything were the same temperature, no
matter how high that temperature might be, neither the
steam engine nor the gasoline engine would function.

12.12. The separation of hot and cold energy rep-
resents organization of energy.  If heat were to flow
spontaneously from a cold object to a warmer one, the
total order would be increased.  This would be a viola-
tion of the Law of Increasing Disorder.

12.13. Not if there is some organization, such as a
separation of hot and cold regions, associated with the
thermal energy.

12.14. The refrigerator works by causing heat to
flow from a cold region (inside the refrigerator) to a
warmer region (outside).  This cannot happen sponta-
neously (see 12.12).  “Ordered” energy must be intro-
duced.  Real refrigerators use either electrical energy
(and require being plugged into an electrical outlet) or
chemical energy (gas refrigerators), both of which are
degraded to thermal energy as the refrigeration process
takes place.

12.15. The ordered list of energies found in the sec-
tion on “Order and Energy” is the table you need.
Nuclear potential energy is released in the processes that
power the sun.  Some of this energy reaches earth as sun-
light and is stored by photosynthesis as chemical poten-
tial energy in plants.  Some of these hydrocarbon mole-
cules may eventually be concentrated into oil and refined
into gasoline which, when burned, releases the energy as
disordered ambient temperature thermal energy.

12.16. The atoms of the metal are initially distrib-
uted randomly through the ore.  There may be only a
few ounces in a ton of ore.  The refining process repre-
sents an organization of these materials, separating the
metal atoms from the other materials in the ore.  The
Law of Increasing Disorder implies that something else
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must become disorganized to compensate for the
desired organization of the metal.  Thus, the mining and
refining processes trade the order of highly organized
forms of energy for the order associated with the sepa-
ration of materials.

12.17. This is really the same problem discussed in
12.16, except here we wish to separate salt and water
rather than metal and ore.  The technology is available
in both cases, but the cost in high-quality energy may be
too high.

12.18. The chemical potential energy associated
with gasoline is already partly disorganized.  A 100 per-
cent efficient engine could convert all of it to kinetic
energy which has no disorder at all.  This would clearly
violate the Law of Increasing Disorder. 

12.19.  The water’s internal energy is totally disor-
ganized (presuming the water to have a uniform tem-
perature) so there is no order to trade for kinetic energy
of the ship.  (There is some order, however, if there are
temperature differences in the ocean water.  Engineers
are studying the possibility of devices which use these
as practical sources of high-quality energy.)

12.20. Equilibrium occurs when the stove has
cooled and the room becomes warmer until everything
is at the same temperature.  Atoms and molecules are
still moving at high speed, so nothing is really at rest.
No large  scale changes are taking place, but molecular
collisions still occur so that the energy of each individ-
ual molecule changes at each collision.  Only the aver-
age energy of the collection does not change.

12.21. Pollution control represents an organization
of materials.  This represents the same problem dis-
cussed in 12.16 and 12.17.

12.22. (d)

Chapter 13

13.1.  A disturbance in an elastic medium.  Matter
itself is not transmitted by a wave.  Energy is transmit-
ted with the wave.

13.2.  Review the illustrations of the kinetic energy
transmitted by water waves or waves on a rope in the
text.  The energy from the sun that reaches the earth is
transmitted mostly by light and other waves.

13.3.  See the Study Guide glossary.

13.4.  In a compression wave, the matter in the

medium moves back and forth along the same direction
as the wave moves.  In a shear wave, the medium moves
back and forth but perpendicular to the direction the
wave is moving.

13.5.  Fluids are not elastic with respect to shear,
while all materials are elastic with respect to compres-
sion.  (See 13.6 if you don’t see why this answers the
question.)

13.6.  The process is described in the text, for
example in the discussion related to Figures 13.2 and
13.3.  Any  medium which is elastic with respect to
compression will transmit a compression wave.  A
medium must be elastic with respect to shear to transmit
a shear wave.

13.7.  The buoy would move up and down more
often for the wave in which the waves are closer togeth-
er.  The distance between wave crests is the wavelength
for each wave.  The wavelength is longer if the wave
crests are farther apart.  Longer wavelength is associat-
ed with lower frequency.  But frequency describes the
number of times per minute that the water at one place
would move up and down—one cycle for each wave
which passed by.  Thus, longer wavelength means lower
frequency and shorter wavelength (crests closer togeth-
er) is associated with higher frequency.  

13.8.  Frequency is the number of repeated distur-
bances per second that pass an observer.  The wave-
length is the length of each disturbance.  Multiplying
the frequency by the wavelength tells you how fast each
disturbance is moving, i.e., its speed.

13.9.  See Study Guide glossary.

13.10.  The relationship between frequency and
wavelength implies that long wavelength is associated
with low frequency and vice versa.  Thus, blue light has
the higher frequency and red light the lower frequency.
This presumes that the speeds of red and blue light are
the same, which they are in free space.  

13.11.  We say that these are unique wave proper-
ties because no one has yet thought of other energy
transfer mechanisms which exhibit these behaviors.  We
are open to suggestions.

13.12.  Sound diffracts.  (We can hear around cor-
ners.)  Sound also exhibits interference, much to the cha-
grin of architects who find unintentional acoustic effects
in newly constructed auditoriums and other rooms.

13.13.  See Study Guide glossary.  A sound echo is
an example.
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13.14.  See Study Guide glossary.  The bending of
light as it passes through a lens is an example.

13.15.  See the Study Guide glossary.  If long
straight water waves encounter a barrier with a narrow
slit, the waves spread out on the opposite side of the slit
in a semicircular pattern centered on the slit.

13.16.  See Study Guide glossary.  If long straight
water waves encounter a barrier with two narrow slits,
the waves issuing from the two slits on the opposite side
of the barrier form a pattern of annihilation and
enhancement of the mutually interfering waves. 

13.17.  See Figure 13.11 for our representation.

13.18.  (a)

13.19.  (e)

Chapter 14

14.1.  Both measure the same speed, 3 33 108

meters/second or 1 foot every billionth of a second

14.2.  Still the same.  The speed of light is the same
for all observers, no matter how they or the light source
are moving.

14.3.  70 miles per hour.

14.4.  Apparently light does not obey the same rules
for the addition of speeds as do slower-moving objects
like balls.  Actually, the answer to 14.3 would be more
complicated if the speeds of the truck and ball were
closer to the speed of light.

14.5.  Make sure you understand the rotating
toothed-wheel method described in the text and Figure
14.1.

14.6.  They both have the same speed (in empty
space).  Blue light has a higher frequency and shorter
wavelength than red light.

14.7.  The blurred light passing through almost
closed eyelids or the pattern which occurs when light
passes through a small circular hole are both described
in the text.

14.8.  The pattern seen when a distant light is
observed through a curtain or handkerchief is due to
interference.  The two-slit interference pattern is also
described in the text.

14.9.  Experiments involving diffraction and inter-
ference cannot successfully be explained by any other
model.

14.10.  See Figure 14.3 and the accompanying dis-
cussion.

14.11.  See Figure 14.4 and the accompanying dis-
cussion.

14.12.  The pattern becomes broader, just as the
pattern in Figure 14.3 becomes larger when the hole
becomes smaller.

14.13.  See Figure 14.4 and the accompanying dis-
cussion.

14.14.  The two light beams, one from each slit,
must interfere as they overlap at the screen.  Only waves
exhibit this behavior.

14.15.  See Figure 14.6 and the accompanying dis-
cussion.  This strongly suggests that light is absorbed by
the photographic film in discrete lumps rather than as a
diffuse wave.

14.16.  The photoelectric effect and the appearance
of low-intensity photographs, both described in the text,
are pretty convincing to most people who think the
problem through.

14.17.  Light shows properties of both waves and
particles.  Exercises 14.9 and 14.16 summarize the evi-
dence.

14.18.  A photon is a particle of light or, if you like,
the smallest lump of energy in a beam of light.

14.19.  One way is to measure the energy of elec-
trons which are emitted from metal surfaces after
absorbing energy from a beam of light.  Each electron
seems to absorb the energy of a single photon.

14.20.  See Figure 14.7 and the accompanying dis-
cussion.  This experiment provides strong evidence for
the particle model of light.

14.21.  Blue.  Blue light has the higher frequency
(see 14.6) and therefore contains the higher energy pho-
tons.  Notice that blue and red photons both travel at the
same speed (the speed of light) even though each blue
photon has more energy than a red photon.  If a photon
somehow is given more energy it changes color (fre-
quency) rather than speed.  In this way photons are not
the same as the other particles (protons, neutrons, and



370

electrons) with which we are familiar.

14.22.  (d)

14.23.  (e)

Chapter 15

15.1.  According to the equation in Chapter 15,
kinetic energy is equal to one-half the mass times speed
squared.  If the kinetic energies of ions are the same and
their masses are different, the calculation will show
equality only if we are dividing by different speeds for
the ions.  Another way to view the problem is to say the
massive ions have more inertia and so the expenditure
of the same amount of energy will not accelerate them
to such a high speed.  

15.2.  14N1+ will have a higher speed than 16O1+ with
the same kinetic energy because it is less massive.  The
kinetic energy equation can be rearranged to:

(speed)2 5 2 33 (kinetic energy)/(mass)
to show that small mass results in large speed for con-
stant kinetic energy.

15.3.  Because electrical force is proportional to
charge size, the doubly charged ion, 12C2+, will experi-
ence more force and achieve more speed in the mass
spectrometer than will 12C1+.  The difference in mass
between the two is negligible.

15.4.  An alpha particle is nearly 4 atomic mass

units (amu) more massive than an electron, or 4 33 1837
= 7348 times as massive.  In a collision the alpha parti-
cle will not change course very much but the electron
will be knocked off in a new direction (answer (b)).  

15.5.  The mass of the gold nucleus is 197 amu, so
it is 197/4 = 49.2 times as massive as the alpha particle
and will not move much, but rather deflect the alpha
particle (answer (a)).

15.6.  The electrostatic experiments involving glass
rods, fur, etc. showed electrical charges could be sepa-
rated from matter.  The mass spectrometer also separat-
ed negative and positive charges as do gas discharge
tube experiments.  Charged alpha particles are also elec-
trically deflected from charged particles in gold atoms.

15.7.  The mass spectrometer showed that electrons
move much faster than protons when given the same
amount of kinetic energy; therefore, the protons must be
heavier.  Positively charged alpha particles sometimes
bounce almost straight back from the heavy particles in

gold, so the latter must be positively charged to cause
repulsion and very massive to cause a direct rebound.

15.8.  There is a large energy difference between
the lowest and highest orbits, so blue or violet light
would be required.

15.9.  Red light would probably have sufficient
energy to lift an electron from the lowest to the middle
orbit.

15.10.  For converting color to energy, use the
equation:

energy 5 (Planck’s constant) 33 (frequency) .

15.11.  By looking at the sun with the proper instru-
ments containing prisms or gratings, it is possible to see
the emission lines of He and Ne, and to distinguish the
two sets of lines.

Chapter 16

16.1.  The success of the molecular and atomic
model of matter, Brownian motion, and the detection of
individual electrons on a TV screen are all consistent
with a particle model of matter.

16.2.  The diffraction and interference of beams of
electrons provide the most convincing evidence.  Be
sure you understand the experiments described in the
text.  You should also think through the reasoning which
leads from the experimental results to their interpreta-
tion in terms of a wave model of matter.

16.3.  Matter is both wavelike and particlelike.  The
evidence has already been summarized in 16.1 and 16.2.

16.4.  Wave-particle duality refers to the dual
nature of both matter and electromagnetic radiation.  All
constituents of the universe demonstrate both a wave
nature and a particle nature.  Neither a wave model nor
a particle model can successfully explain all of the
experimental evidence.

16.5.  Interference occurs even when only one elec-
tron at a time is allowed to pass through the two-slit
apparatus.  See the text for a more complete discussion.
Be sure you understand the significance of interference
of electrons.

16.6.  This is done to make certain that charged par-
ticles are causing the observed interference and diffrac-
tion patterns.  When the pattern is changed by electro-
magnetic forces that bend the paths of charged particles
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but not light, it becomes clear that the effects are not due
to electromagnetic radiation emitted near the slits or
anywhere else.

16.7.  Their motions are described by rules govern-
ing the motion of waves.  Newton’s laws cannot be
used.

16.8.  See Study Guide glossary.

16.9.  Electrons can be made to have wavelengths
about as short as the diameter of atoms and can, there-
fore, distinguish between individual atoms.  Visible
light has wavelengths which are much too long for this.  

16.10.  A wave must have a wavelength shorter
than the volume in which it is confined.  A matter wave
must have a high speed if it is to have a short wave-
length.

16.11.  The minimum uncertainty in the determina-
tion of position and the minimum uncertainty in the
determination of speed are related.  Their product must
exceed a number about the size of Planck’s constant.  If
the position is very precisely determined, the speed can-
not be precisely determined.  If the speed is measured
precisely, the position cannot be measured as precisely
as before.

16.12.  The Newtonian Model presumes that posi-
tion and speed are both known precisely and can be
measured with as much accuracy as is permitted by the
measuring instruments which are used.  The
Uncertainty Principle implies that precision is limited
by nature, and that this limit cannot be violated even
with perfect measuring instruments.

16.13.  This fundamental principle is defined in the
Study Guide.

16.14.  Planck’s constant is so small that the normal
imprecision in measuring the position and speed of
ordinary objects greatly exceeds the limits imposed by
the Uncertainty Principle.

16.15.  An object which is completely at rest would
have a vanishing uncertainty of speed and could not be
localized because its uncertainty in position would be
larger than the whole universe.  

16.16.  Newtonian physics presumes that the future
is exactly predicted by the present condition of matter in
the universe.  Quantum physics provides a statistical
prediction of the future.  Thus, in quantum physics,
there are many possible future arrangements for any
particular situation.  The rules allow computation of the

probability of each one but not a prediction of the exact
one which will actually occur.

16.17.  Wave mechanics allows the prediction of
possible points at which electrons will arrive and the
probabilities that a single electron will arrive at each
point.  It does not allow us to predict, with certainty, the
exact arrival point for each electron.

16.18.  See 16.16.  This is really the same question
phrased in a different way.

16.19.  We do not ordinarily experience such
objects, so we do not become accustomed to their
behavior by direct experience.

16.20.  The Newtonian laws and quantum physics
should agree inside the shaded region in Figure 16.11
which is the region of our common experience and
observations.  The predictions would differ significant-
ly whenever the motions are observed or confined to
regions which are comparable in size to the wave-
lengths predicted by the de Broglie equation.

16.21. (e)

16.22. (b)

Chapter 17

17.1.  Electrons do not travel on the surfaces shown
in Figure 17.4, but there is a 90 percent probability of
finding the electron inside the volume enclosed by the
surface at any given time.

17.2.  The Uncertainty Principle suggests that it is
impossible to know simultaneously both the position
and velocity of an electron in an atom.

17.3.  The “cloverleaf” orbital is the d-orbital.

17.4.  An electron at rest outside the nucleus would
be attracted by the positive charge of the nucleus and
fall quickly to the center of the atom.

17.5.  An orbiting electron would have angular
acceleration which would cause it to radiate energy.  As
energy was lost, the electron would spiral into the
nucleus.

17.6.  An electron in a spherical orbital has a 10
percent probability of being found outside the “skin” of
the orbital at any given time according to the definition
in the chapter of what the skin means.
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17.7. There is a small but nonzero probability that
any earthly electron could be found on Mars because the
orbitals have “fuzzy edges” that describe a probability
that gradually diminishes with distance from the nucle-
us, but never vanishes completely.

17.8.  Li has three electrons.  It requires eight more
electrons to fill orbitals until there is an electron in the
3s orbital.  Na (sodium) has this many electrons and is
a metal very similar to Li.  Both have low ionization
energies (5.4 and 5.1 eV).

17.9.  Electrons in neon can only be raised to cer-
tain levels.  When they return they only emit photons of
certain energies, red being one of the resulting colors.
Xenon has its own unique set of energy levels and there-
fore its own unique set of colors.

17.10.  In Figure 17.7, He and Ne have filled shells.
All others have unfilled shells.  More energy would be
required to remove the highest energy electron from a
filled shell.

17.11.  F has the lowest energy vacancy (the 2p
orbitals have only five rather than six electrons).

17.12.  He and Ne have no vacancies and no par-
tially filled orbitals so they would be expected to be
chemically inert.  Their ionization energies are high.

17.13.  Mg has the same number of electrons in an
s-orbital as Be at about the same energies.

17.14.  Al has the same number of electrons in a p-
orbital as B.

17.15.  Nitrogen (atomic number 7) has seven elec-
trons if the atom is neutral.  It always has seven protons
and, according to Table 17.2, seven neutrons.  There is
a pattern of light atoms having the same number of elec-
trons, protons, and neutrons, but there are many excep-
tions to the pattern (e.g., lithium, beryllium, boron, and

sodium).

17.16.  To calculate the atomic mass of an atom,
you must know how many neutrons it has as well as
how many protons.  (Neutrons + protons = mass in
amu.)

17.17  See Table 17.2 below.

17.18.  (a) Lead is an element, (b) arsenic is an ele-
ment, (c) bronze is not an element, (d) radon is an ele-
ment, (e) potash is not an element, (f) platinum is an ele-
ment, (g) mercury is an element, (h) freon is not an ele-
ment.

17.19. (d)

Chapter 18

18.1.  Rb is larger than Cl because it is nearer the
lower left corner of the Periodic Table.

18.2.  Zn and Ag are nearly the same size—they are
near one another in the Periodic Table.

18.3.  Gold is more dense than magnesium because
it has more protons and neutrons packed into the same
size atomic volume.

18.4.  S is smaller than Sr.  Small atoms are in the
upper right portion of the Periodic Table.

18.5.  Au (gold) is more dense than Ti (titanium)
because more protons and neutrons are packed into
approximately the same atomic volume.

18.6.  Li has the lowest ionization energy and He
has the highest.

18.7. 
(a) H, hydrogen is a nonmetal.

Name Number of Protons Number of Neutrons Mass(amu) Number of Electrons

12Carbon 6 6 12 6 for C°
16Oxygen 8 8 16 8 for C°
20Neon 10 10 20 10
4Helium2+ 2 2 4 0
14Nitrogen 7 7 14 7
19Fluorine1– 9 10 19 10 for N°
27Aluminum3+ 13 14 27 10

Table 17.2
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(b) Li, lithium is a metal.
(c) B, boron; can’t tell (by other standards it is a
nonmetal).
(d) Ne, neon is a nonmetal.
(e) Mg, magnesium is a metal.

18.8.  Lithium loses the highest energy electron
(alone in an orbital) to become Li1+.  Beryllium loses
both of the electrons in the top orbital to become Be2+.

18.9.  The second electron to leave a lithium atom
must come from much deeper in the energy well, so its
ionization energy is greater than that of the first elec-
tron.

18.10.  (c) N and As are most like P because they
are directly above and below it in the Periodic Table.

18.11.  Cl is most similar to F because Cl is below
F in the Periodic Table.  H is above F, but it is also in
column IA above Li, with which it chemically has more
in common.

18.12.  Based on the properties of its neighbors and
its position in the Periodic Table, technetium should be
a solid metal, and it is.

18.13.  Rn, radon is the gaseous element with the
most protons (86).

18.14.  Pd should be a silver metal not subject to
corrosion.  It lies between platinum and nickel in the
Periodic Table.

18.15.  Cl and I are most like Br.  They are above
and below it in the Periodic Table.

18.16. Because Mo is directly below Cr in the
Periodic Table, it should have the following properties:
same oxidation state (+6), larger density, and should be
a silver metal like Cr.

18.17.  Ca–Mg;  Li–Na;  Br–F;  Ne–Ar;  N–As.

18.18.  S and P are nonmetals (above the jagged
line in Appendix C).

18.19.  Hydrogen is the gaseous element which has
the fewest electrons per atom.

18.20.  (e)

18.21.  (e)

18.22.  (e)

18.23.  (c) and (e)

18.24.  (c)

18.25.  (d)

18.26.  (a)

Chapter 19

19.1.  H+ caused the peak at l amu and H–H+ (and
possibly a small amount of 2H+) caused the peak at 2
amu.

19.2.  The 16 amu peak corresponds to the O1+ ion.

N1+ is the peak at 14, and NO1+ is the peak at 30 amu.

19.3.  The compound CO (carbon monoxide)
would give the peaks shown in Figure 19.12.

19.4.  In the mass spectrometer, water would form
the following fragments:

HOH+, 18 amu; OH+, 17 amu; O+, 16 amu; and

H+, 1 amu.

19.5. (a) Aluminum cans “rust” extremely slowly.
(b) Gasoline vapor in air burns explosively to
yield water vapor and carbon dioxide.
(c) Burning diamonds yields carbon dioxide
fairly slowly.
(d) Without ignition, diamonds do not react
with air.
(e) Large amounts of gunpowder burn explo-
sively.
(f) Silver reacts slowly with sulfur-containing
vapors which are common around cooking
foods.
(g) Dyes in clothes fade slowly in sunlight.
(h) It takes years for DDT to decay in the envi-
ronment.

19.6.  Elements:  F2, Cu, Ar.  Compounds:  CO2,
BeO, CH4.

19.7.  (a) 2CH4, (b) 3HI, (c) 3N2H4 or 3H2NNH2,
(d) H2SO4

19.8.  There are eight atoms of hydrogen in
H3CCH2CH3.  The drawing looks something like poly-
ethylene in Figure 19.8, except that there are three
hydrogens on the two endmost carbons.

19.9.  Three molecules of N2O contain six atoms of
nitrogen.  Fifteen atoms of oxygen are found in 5Al2O3.
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19.10.  Equations (a) and (c) are balanced.

19.11. The promoter is probably a crackpot because
his process allegedly turns four atoms of silver into
eight atoms of silver.

19.12.  Crushing merely makes smaller pieces of
the same material which would still taste the same, have
the same melting point, etc.  Electrolysis produces
materials with entirely new properties.

19.13.
7-Up: mixture orange juice: mixture
nickel: element air: mixture
CCl4: compound tin: element
vitamin A: compound diamond: element
tungsten: element chlorine: element

19.14. HCN would give the peaks listed.  HCN
(hydrogen cyanide) is the gas used for executing people
in the gas chamber.

19.15. There are 18 atoms of F in 3SF6.

19.16. Equations (b) and (c) are balanced.

19.17. (d)

19.18. (c)

Chapter 20

20.1.  The density of a gold-silver alloy is interme-
diate between that of pure silver and pure gold.  So are
other properties such as electrical conductivity and ther-
mal conductivity.  Any of these could be used to distin-
guish the alloy from pure gold.

20.2.  (b) Sn (tin) and Pb (lead) are most likely to
form alloys of all compositions because they are verti-
cally adjacent in the Periodic Table.  This is the alloy
used in common solder.

20.3. Electrical conductivity is the ability of a
material to carry electricity (electrons).  Metallic luster
is the high reflectivity of most of the visible wave-
lengths of light.  Malleability is the ability to deform
without breaking when force is applied.  Thermal con-
ductivity is a measure of a material’s ability to transfer
heat within itself when one part is at a higher tempera-
ture than another.

20.4.  (b) Platinum and gold are most likely to form
alloys in all proportions because they are neighbors in

the Periodic Table.

20.5.  The distance between diagonal lines in
Figure 20.4 is generally about eight atoms, both hori-
zontally and vertically.

20.6.  Of the 23 atoms in the left half of Figure
20.4, 14 have only a single oxidation state.

20.7.
(a) +1 for K, column IA
(b) O for Ne, column VIIIA, noble gases
(c) +l for Cu, column IB
(d) –1 for Br, column VIIA
(e) –3 for P, column VA

20.8.  (a) B:  +3,  (b) Ca:  +2, (c) Cl:  –1,  (d) H:  +1
(or possibly –1),  (e) Ar: 0,  (f) Ni:  +2 or +3 (can’t tell
which from the rules),  (g) Cr:  +6.

20.9.  Two atoms with high ionization energies and
negative oxidation states are O and F.

20.10.  A pair of atoms with low ionization energies
is Li and Na.  Their uppermost electrons are near the top
of the well and their primary oxidation state is +1.

20.11.  Common oxidation states:
(a) N: –3, +1, +2, +3, +4, +5;  
(b) P: –3, +3, and +5;  
(c) O: –2;  
(d) S: –2, +4, and +6; 
(e) Ne: 0;  
(f) Ar: 0.

20.12. Lithium loses the highest energy electron
(alone in a 2s orbital) to become Li1+.  Beryllium loses
both of its 2s electrons to become Be2+.

20.13. Three I1– ions will be required to neutralize
the charge on Al3+.

20.14. Two Al3+ and three O2– must be combined to
achieve neutrality.

20.15. (a) KF, (b) Na2S, (c) Mg3N2

20.16.
(a) Be2+ and Br– yield BeBr2

(b) Ga3+ and O2– yield Ga2O3

20.17.
(a) beryllium oxide
(b) calcium chloride
(c) lithium fluoride   
(d) sodium sulfide
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20.18. 
(a) chromium (II) oxide
(b) chromium (VI) oxide 
(c) chromium (III) oxide
(d) nitrogen dioxide
(e) sulfur trioxide

20.19.  See completed Table 20.1 below.

20.20. (e)

20.21. (b)

20.22. (e).  The primary oxidation state of Rb is +1.

Chapter 21

21.1.  
(a) incorrect—needs a total of 14 electrons
(b) correct
(c) correct

21.2   
(a) incorrect—needs 14 electrons and a single bond
(b) correct
(c) incorrect—needs 14 electrons
(d) incorrect—needs 20 electrons and single bonds

21.3.

21.4.

21.5.  (c) P and O is the only pair of nonmetals and
should be covalently bonded.

21.6.  There is no valid electron-dot structure for
SO4.  The electron-dot structures shown for SO and SO3

are valid.  In addition, there are two resonance struc-
tures for SO3 not shown.

21.7.  Very long chains with carbon backbones can
indeed be formed.  The ones proposed here exist as
polyethylene.

21.8.

Name Formula Luster or Color Form Conductivity

Sodium fluoride NaF transparent solid salt no
Iron-cobalt alloy indefinite metallic luster solid yes
Copper(II) chloride CuCl2 transparent solid salt no
Calcium oxide CaO transparent solid salt no
Calcium chloride CaCl2 transparent solid salt no
Silver-gold alloy indefinite metallic luster solid yes
Chromium(III) oxide Cr2O3 transparent solid salt no
Iron(II) oxide FeO transparent solid salt no
Magnesium bromide MgBr2 transparent solid salt no
Sodium Na metallic luster solid yes

Table 20.1.
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21.9.  CCl4 is a volatile liquid rather than a solid.  It
does not conduct electricity under any conditions and is
a poor conductor of heat.  It is transparent rather than
lustrous.

21.10.  (a) Cl and I and (c) Si and F would be
expected to be covalently bonded because they are non-
metals.

21.11. Oxygen has six electrons in the incomplete
second shell.  Two more would complete the shell and
picking them up is energetically favorable for oxygen,
so it has an oxidation number of –2.  Fluorine has seven
electrons in the second shell, and it is energetically
favorable for it to add one more electron to complete the
shell.  Fluorine therefore has an oxidation number of –1.

21.12.

21.13.  Ammonium nitrate

21.14.  H2SO4

21.15.  (e)

21.16.  (a)

21.17.  (b)

21.18.  Complete Table 21.1.

Chapter 22

22.1.  The arrangement of the orbitals of four H
atoms about the central C atom gives methane its tetra-
hedral shape.  Wave-particle duality leads to the exis-
tence of the orbital shapes.  An orbital is a standing
wave of probability.

22.2.  (b)

22.3.  Refer to Figure 22.2.  Propane has three car-
bon atoms in a chain.

Type of Physical
Name Elements Formula Bonding State

Carbon nonmetal CO covalent transparent gas
monoxide

Carbon nonmetal CO2 covalent transparent gas
dioxide

Calcium metal and CaBr2 ionic solid salt
bromide nonmetal

Silicon nonmetal SiCl4 covalent transparent gas
tetrachloride

Phosphorus nonmetal PF3 covalent transparent gas
fluoride

Copper-zinc metal indefinite metallic solid
alloy

Nitrogen (N2) nonmetal N2 covalent transparent gas

Magnesium metal and MgCO3 covalent solid salt
carbonate nonmetal and ionic

Table 21.1.
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22.4.  Refer to Figure 22.4.

22.5.  Refer to Figure 22.6.

22.6.  (a)

22.7.  (d)

22.8.  (e)

22.9.  (d)

22.10. (b)

22.11. (d)

22.12.  (b)

22.13. (c)

22.14. (c) and (d)

22.15. (b)

22.16. (a)

22.17. The equal amounts of G and C in DNA pro-
vided a clue to the G-C pairing and the double stranding
in DNA.

22.18. (b)

22.19. (e)

22.20. DNA and RNA have the bases G, C, and A
in common.  DNA has the base T and is double strand-
ed;  RNA has the base U and is single stranded.

22.21. Refer to Figure 22.12.

22.22. (c)

22.23. (a)

Chapter 23

23.1.  The one-celled organism needs sugar for
energy;  methane, carbon dioxide, and ammonia for
building and repairing;  water for solution;  and various
other elements.  The cell absorbs these from the envi-
ronment.

(a) A heterotroph cannot make its own organic
compounds from sunlight, carbon dioxide, and 
water.
(b) An autotroph can make its own organic com-

pounds.
(c) Chlorophyll is a molecule found in autotrophs
that enables them to make sugar from carbon diox-
ide and water with the sun as an energy source.

23.2.  A one-celled organism fabricates amino acids
and nucleotides from raw materials. 

(a) The raw materials come from breaking down
nutrients.
(b) The raw materials are sugar, ammonia, and
phosphates.
(c) Enzymes catalyze the reactions.

23.3.  Enzymes get energy from nutrients.
(a) Nutrient energy released directly would be too
disordered.
(b) The nutrient energy converts ADP molecules
into higher energy ATP molecules.
(c) The energy of one sugar molecule is used to
carry out about 40 ADP to ATP conversions.
(d) The special molecule is ATP.

23.4.  The organism makes proteins by chaining
amino acids together.

(a) The master plans are kept in DNA.
(b) The plans are coded as three-base sequences in
the DNA.
(c) The proteins are assembled at the ribosomes.

23.5.  The amino acids are delivered to the ribo-
somes by tRNA.

(a) Specific tRNA attaches to specific amino acids.
(b) The tRNA line the amino acids up in the proper
sequence at the ribosomes.

23.6.  The blueprints are delivered to the ribosomes
by mRNA.

(a) mRNA carries a complementary code of the
DNA code.
(b) The double-stranded DNA is unzipped and the
single-stranded mRNA makes a complementary
copy of the DNA code which it then carries to the
ribosomes.

23.7.  The mRNA is inserted into the ribosomes and
as it slides along tRNA with attached amino acids asso-
ciate with matching mRNA links.  This results in an
amino acid chain giving rise to the specified protein.

23.8.  An enzyme unzips the DNA molecule into
two halves.  Other  enzymes assemble from nucleotides
the pieces to restore the “missing” halves.  Two com-
plete and identical DNA molecules result.

23.9.  Favorable conditions for organic life on a
planet include an atmosphere with water, methane,
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ammonia, carbon dioxide, and hydrogen sulfide; and a
stable temperature of the proper magnitude and “day-
night” variation.

23.10. Some people think organic life in our uni-
verse is inevitable because the raw materials are every-
where, there is an abundance of organized energy, and
there has been adequate time for it to develop.

23.11.  Accidental changes in the DNA code of
organic life can produce changes in an organism either
favorable or unfavorable to its survival.  Changes favor-
able to survival could result in evolution of the species.

Chapter 24

24.1.  The number of neutrons (21) plus the number
of protons (19) must add to the total number of nucle-
ons, in this case 40.

24.2.  They both have six protons.  Carbon-14 has
eight neutrons and carbon-12 has six in each nucleus.

24.3.  Review the Rutherford experiment in
Chapter 15.

24.4.  Nuclei are made up of protons and neutrons.
Protons have a positive charge; neutrons have no
charge.  Neutrons are very slightly more massive than
protons.  Both “feel” the strong force.  Protons and neu-
trons are both composed of three quarks, but the
charges on the quarks that make up a proton add up to
+1 while the charges on the quarks that make up a neu-
tron add up to zero.

24.5.  The atomic number of an atom is the number
of protons in each nucleus and also the number of orbit-
ing electrons in each neutral atom.

24.6.  Mass number refers to the total number of
nucleons, neutrons plus protons, in an atomic nucleus.

24.7.  All have the same number of protons.
Different isotopes have different numbers of neutrons
and, therefore, different mass numbers.

24.8.  Radon-222.  The alpha is a helium nucleus
with two protons and two neutrons.  Radium is atomic
number 88 (see Appendix B or C), so each radium
nucleus starts with 88 protons.  Two of these are taken
by the alpha, so there are 88 – 2 = 86 left.  The new
nucleus has atomic number 86 and is therefore a radon
nucleus (look up 86 on the Periodic Table of Appendix
C for this assignment).  The original mass number is
226, with four nucleons being carried away by the

alpha.  Thus there are 226 – 4 = 222 nucleons left.  The
new nucleus, then, is radon-222.

24.9.  Xenon-131.  Iodine has 53 protons.  One neu-
tron changes to a proton during beta decay, so the new
nucleus has 54 protons and is therefore a xenon nucle-
us.  Beta decay does not change mass number, since the
total number of nucleons is the same as before.

24.10. An electron with a positive charge.  These
combine with regular negative electrons in electron-
positron annihilation to yield two high-energy photons
(gamma rays).

24.11. See Study Guide glossary.

24.12. Gold-195.  Mercury has 80 protons.  One
changes to a neutron during electron capture, so there
are 79 left.  The element with 79 protons is gold.  Again,
electron capture does not change the total number of
nucleons, so the mass number does not change.

24.13. Such particles exert relatively large forces,
by the electrical interaction, on electrons in atoms near
their paths.  The forces are strong enough to force atom-
ic electrons from their atoms, leaving electrically unbal-
anced atoms behind.

24.14.  We have already seen that chemical reac-
tions are governed by the outer electrons in atoms.
These configurations are different when electrons are
removed from atoms, so the chemical reactions in
which they participate are different than before.

24.15. 50,000 after one half-life, 25,000 after two,
and 12,500 after three.  The total number decreases by a
factor of two during each half-life.

24.16. Any process which either adds or subtracts
electrons from otherwise neutral atoms, leaving behind
atoms which are electrically unbalanced.

24.17. An atom with a net electric charge.

24.18. Comparatively large amounts of energy are
concentrated in the resulting “rays.”  These then can
cause ionization and change the chemical reactions
which are essential to life.

24.19. See “radioactive half-life” in the Study
Guide glossary.

24.20. The amount of carbon-14 to carbon-12 in the
remains of a formerly living object is compared to the
constant carbon-14/carbon-12 ratio that characterizes
atmospheric carbon and which is maintained by solar



379

radiation.  Some assumptions and limitations to the
method are mentioned in the section on “Radioactive
Dating” in Chapter 24.

24.21. The amount of argon-40 in a rock sample is
measured to determine how much potassium-40 has
decayed to argon-40 by electron capture within the
rock.  The method measures the time from the solidifi-
cation of an igneous rock.  Some assumptions and lim-
itations to the method are mentioned in the section on
“Radioactive Dating”.

24.22. Refer to Exercise 24.20.

24.23. Radium-dial watches, treatment of cancer,
and power cells.  Refer to text for descriptions.  Ionizing
radiation can upset the normal chemistry of living sys-
tems.

24.24. No.  Carbon-14 has a half-life of about 6000
years.  Its usefulness for radioactive dating extends to
only about 12 half-lives or 70,000 years.

24.25. (d)

24.26. (c)

Chapter 25

25.1.  The strong force is the strongest of the fun-
damental forces at sufficiently short range.  It is a short-
range force which “cuts off” at a distance comparable to
the diameter of a nucleus.  It is an interaction that only
affects certain particles, such as protons and neutrons.

25.2.  The electrical interaction, causing the repul-
sion, is a long-range force.  The strong interaction, caus-
ing an attractive force, acts only at short range.

25.3.  The nucleus has lost energy and therefore
mass, since mass and energy are equivalent.  (You may
want to review the discussion regarding the equivalence
of mass and energy in Chapter 9.)  Mass-energy is con-
served in the process, since nuclear potential energy is
lost while the same amount of energy appears as a high-
energy photon, the gamma ray.

25.4.  The nucleus loses nuclear potential energy, in
this case enough to create an electron with kinetic ener-
gy and a neutrino.

25.5.  Nuclear particles lose nuclear potential ener-
gy when they come close enough to each other so that
they are held together by the strong interaction.  This
energy must be resupplied if they are to be separated.

Nuclei do not usually break apart very easily because of
the large amount of energy that would be required.  That
much energy is rarely concentrated in one nucleus dur-
ing chemical explosions.

25.6.  Before the reaction, there is kinetic energy of
the colliding nuclei and a certain amount of nuclear
potential energy.  Afterward, there is less nuclear poten-
tial energy and more kinetic energy than before.  The
total energy remains the same, the increase in kinetic
energy being just balanced by the decrease in nuclear
potential energy.

25.7.  The same answer as for Exercise 25.6 except
in this case there is also a small change in electrical
potential energy during the reaction.

25.8.  The mass loss in each case is due to the ener-
gy transferred to other atoms or nuclei.  Nuclear poten-
tial energy is first transformed to kinetic energy.  This,
in turn, is lost to other particles by collision so that the
particles involved in the reaction have less total energy
than before.  The equivalence of mass and energy pre-
dicted by Einstein leads us to the conclusion that these
particles then have less mass as well as less energy.  The
prediction is verified by experimental measurements.

25.9.  See Study Guide glossary.

25.10. See Study Guide glossary.

25.11. There is a loss of nuclear potential energy in
both cases.

25.12. Neutrons released in an induced fission of a
nucleus are slowed down and then captured by a second
fissionable nucleus to cause that nucleus to fission,
which releases more neutrons, etc., etc.  If enough neu-
trons are released at each step, the process snowballs.

25.13. Control rods are made of a substance such as
cadmium that absorbs neutrons without fissioning.  The
control rods are inserted into an operating reactor to
absorb neutrons and thus slow down and control the
chain reaction that releases energy in a nuclear power
plant.

25.14. Nuclei repel each other because of the long-
range electrical interaction.  They can come close
enough to interact by the strong interaction only if they
initially approach each other at very high speed.
Raising a plasma to a very high temperature seems to be
the most efficient way to do this on a scale large enough
to be useful.

25.15.  The fuel is plentiful, radioactive byproducts
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are much more easily controlled, and there cannot be a
runaway (a reactor going out of control and exploding).

25.16.  No one has yet succeeded in confining the
high-temperature plasma long enough to provide more
energy than is required to actually run the device
(breakeven).  However, modern devices do work and
are getting very close to breakeven.

25.17. More energy is released in nuclear reactions
because of the strength of the strong interaction.

25.18. (e)

25.19. (b)

Chapter 26

26.1.  See Study Guide glossary.

26.2.  The sound has a higher tone (higher frequen-
cy ) when the car is approaching and a lower tone
(lower frequency) after the car passes.

26.3.  The star is moving toward the earth (or the
earth is moving toward the star).  The Doppler effect for
light implies that light will be bluer than normal when
source and receiver are moving toward each other.

26.4.  The earth’s orbit represents the one known
length in the triangulation establishing the distance to
close stars.  These distances, in turn, become the basis
for the intensity versus distance estimates for more dis-
tant stars.  The entire system of astronomical distances
hinges upon an accurate value of the diameter of the
earth’s orbit.

26.5.  By triangulation, using the same technique
described in the text for measuring the distance across a
river.  You might want to know that surveyors don’t
really draw a small triangle every time they want to use
the triangulation method.  Relationships between the
sides and angles of triangles are contained in mathe-
matical formulae studied in trigonometry.  Surveyors
use these, together with calculators and computers, to
compute trigonometric functions and to calculate
unknown distances and angles.

26.6.  The time required for a beam of light or
microwave radiation (radar) to travel to one of the plan-
ets and back can be measured.  This, together with the
speed of light, allows a computation of distances
between objects in the solar system.

26.7.  Light from distant objects, stars and galaxies,

is redder than the light from similar objects nearby.  The
amount that the frequency is shifted increases with dis-
tance from the earth.

26.8.  The cosmological redshift is interpreted as a
Doppler effect frequency shift indicating that the galax-
ies are all moving apart.

26.9.  Gravity would be pulling the universe
inward, thus decreasing the speeds at which objects
would move away from the center.  This is just like the
decreasing speed of a ball thrown upward from the
earth. Dark energy causes an accelerated expansion.

26.10. This is the same question as 26.8.

26.11. This important model is defined in the Study
Guide.  Basically, it describes an expanding universe,
beginning with matter in the form of elementary particles
concentrated at extremely high density and temperature
but then rarifying, cooling, and forming the composite
structures of the universe as the matter expands.

26.12. The cosmological redshift, the fact that the
rate of expansion seems to be slowing, the existence of
microwave radiation which is similar to that which
would be expected as the remains of a primordial “fire-
ball”, and the ability of the model to predict the 75/25
mass ratio for hydrogen to helium all strongly support
the Big Bang cosmology.

26.13. It cannot explain the observed microwave
radiation from space and it cannot explain the hydro-
gen/helium ratio.  The Steady State Model also does not
seem to be consistent with the slowing in the rate of
expansion.

26.14. Nucleons form 0.0001 to 0.001 second after
the Big Bang.  Neutron/proton ratio frozen at three min-
utes.  500,000 years.  500,000 years. 

26.15. Gravity.  See page 249.

26.16. This important model, now discredited, is
defined in the Study Guide.

26.17. If the universe were infinite in space and
time we would see a star in every direction.  But we do
not, so the universe must be finite in space or time or
both.

26.18. It would collapse under gravitational forces.

26.19. It would be in precarious balance—the
slightest perturbation would cause its collapse.
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26.20. The surface of a sphere.  An ever-expanding
universe.  The average density of mass in the universe
is thought to determine whether it is open or closed.
Too little luminous (visible) mass to close the universe.

26.21. (a)

26.22. Why is the universe homogeneous on the
largest scale?  How do the lumpy galaxies form from
the early smooth distribution of matter?  Why is there an
apparent imbalance between matter and antimatter in
the universe?

26.23. (c)

Chapter 27

27.1.  The mutual gravitational attraction of the
atoms for each other.

27.2.  The atoms “fall” toward each other, losing
gravitational potential energy and gaining kinetic energy.
This becomes randomized as the atoms collide with each
other, converting the directed kinetic energy to thermal
energy which is manifest as increased temperature.

27.3.  The protostar emits light because its atoms
become ionized, the gas becoming a plasma.  The ener-
gy comes from the thermal energy mentioned in 27.2
when the atoms collide with each other strongly enough
to cause ionization.  The energy is converted to light in
two ways.  Some electrons are recaptured by nuclei and
fall back into lower energy states, emitting their excess
energy as light.  Other free electrons are accelerated by
collisions in the hot plasma.  These emit light with a
continuous spectrum in harmony with Maxwell’s pre-
diction that all accelerating electric charges emit elec-
tromagnetic radiation.

27.4.  The gravitational forces causing the contrac-
tion are greater in stars with greater mass.

27.5.  Energy is lost as light is emitted, so temper-
ature of the star decreases.  This reduces the outward
pressure which opposes gravitational collapse.

27.6.  Nuclear fusion begins.  This replaces the
thermal energy lost by radiation and maintains the inter-
nal temperature of the star.

27.7.  It emits light because the atoms making up
the star are mostly ionized.  This answer is the same as
for 27.3, except the energy now comes from nuclear
potential energy released by nuclear fusion.

27.8.  Gravity pulls inward, tending to shrink the
star.  The hot core exerts outward pressure, tending to
expand the star.  These two just balance each other dur-
ing the hydrogen fusion part of the star’s life.

27.9.  The star loses energy by emitting light.
Nuclear potential energy is converted to thermal energy
and eventually to light.  The star is in balance when
energy is supplied from nuclear potential energy at the
same rate that it is lost by light.  The temperature of the
star does not change under this circumstance.

27.10. See the discussion of nuclear fusion in
Chapter 25.  Nuclear potential energy is lost during the
fusion of these particles.  It is released in the form of
positrons, neutrinos, and kinetic energy of these parti-
cles and the final helium nuclei.

27.11. Remember that the gravitational forces tend-
ing to collapse the star are large if the star has more
mass.  This means that a higher internal temperature is
needed to keep the star from collapsing.  The rate at
which nuclear fusion occurs increases very rapidly at
higher temperatures, so the more massive stars convert
their hydrogen to helium at a much faster rate than stars
with less mass.

27.12. The outward pressure of the very hot hydro-
gen-fusion region of the star becomes greater than the
inward forces due to gravity.

27.13. For the same reason that it became hotter
during its initial collapse.  As it expands, the particles
gain gravitational potential energy.  In effect, they con-
vert thermal energy to gravitational potential energy and
the temperature falls.

27.14. Its outer layers are cooler than before.
Cooler objects emit a continuous spectrum that is redder
than hotter objects.  For example, compare the red light
emitted by an electric hot plate on a stove with the white
light by the much hotter filament of an electric lightbulb.

27.15. They have more mass.  Therefore, the grav-
itational force pulling them to the center of the star is
greater than for hydrogen nuclei.

27.16. Helium nuclei have more electric charge
than hydrogen nuclei—in fact, twice as much.  The
repulsive force between two helium nuclei is then four
times the repulsive force between two protons.  The ini-
tial speeds and temperatures of the helium nuclei must
therefore be much greater if they are to get close enough
so that the strong interaction can be significant.

27.17. Remember that the high internal energy
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(high temperature) of a star initially comes from gravi-
tational potential energy.  Also, stars with more mass
have more gravitational potential energy.  Finally, high-
er temperatures are required to overcome the electrical
repulsion of larger nuclei.  More massive stars start with
enough gravitational potential energy to create high
enough internal temperature so that larger nuclei can
fuse; less massive stars do not.

27.18. Remember that the strength of the gravitation-
al force depends on mass and on distance.  A white dwarf
is about the same size as the earth with a mass about that
of the sun.  An object on its surface would be attracted to
a much more massive object than when near the earth.

27.19. The gravitational forces tending to cause
less massive stars to collapse can be balanced by elec-
trical repulsive forces between atomic nuclei and elec-
trons.  Gravitational forces in more massive stars are
greater and cannot be balanced by electromagnetic
forces between the particles.

27.20. A white dwarf is a dying star about the size
of the earth with a mass about equal to that of the sun.
It is white because it is very (white) hot, its internal tem-
perature being maintained by helium fusion.

27.21. It does not have enough gravitational potential
energy to raise the internal temperature high enough to
initiate the next stage of fusion after helium fusion stops.

27.22. A black hole is a star whose surface gravity
is so high that light cannot escape.  It is black because it
emits no light.

27.23. These three kinds of stars are the end results
of the gravitational collapse and “death” of stars of dif-
ferent mass.  Stars of modest mass (like our sun) col-
lapse to objects about the size of earth (white dwarf),
stars several times as massive as our sun collapse to the
size of an object a few tens of miles across in a state of
matter similar to a nucleus, and the most massive stars
are believed to collapse without limit as a black hole.

27.24. It doesn’t have enough gravitational poten-
tial energy (because it doesn’t have enough mass) to ini-
tiate nuclear fusion.

27.25. Present theories suggest that all the heavy
elements (with mass numbers greater than about 50 or
60) are formed in supernova explosions associated with
the last stages of the life of very massive stars.

27.26. Pulsars.

27.27. Quasars.  The effects of a black hole’s

intense gravitational field.

27.28. (e)

27.29. (d)

Chapter 28

28.1.  (c) Stable platforms are found on the conti-
nents, not in the oceans.

28.2.  Catastrophe theories require that some unusu-
al and presumably rare event occur in order to form a sys-
tem of planets about a star; this might be the nearby pas-
sage of another star, for example.  Nebular theories
assume that the formation of planets is a natural, possibly
common result of stellar formation and occurs as a cloud
of dust and gases (a protostar) condenses gravitationally.

28.3.  (c) If a spinning object is contracting in a
direction perpendicular to its spin axis, then it must spin
faster to conserve angular momentum.  A spinning
object that is spreading out perpendicular to its spin axis
will slow down.

28.4.  Igneous rocks form from molten material
(lava if it erupts onto the surface of the earth, magma if
it remains below the surface) that cools and crystallizes.
Sedimentary rocks consist of debris, eroded from other
rocks, that has been deposited in layers and cemented
together by chemicals dissolved in groundwater, or of
chemical precipitates deposited at the bottoms of bodies
of water.  When igneous or sedimentary rocks are sub-
jected to great pressures and temperatures, they are
altered, producing metamorphic rocks; new metamor-
phic rocks can also be produced, of course, by subject-
ing old metamorphic rocks to these conditions.

28.5.  All continents have features in common.
Among these are shields, stable platforms, and fold
mountain belts.

28.6.  (d)

28.7.  A topographically high ridge winds through the
ocean basins, near the middle in some places but far off-
center in others, and it is flanked on either side by the
abyssal hills.  These hills become smaller the farther one
moves away from the ridge, because they become covered
with sediment that has accumulated on the seafloor.  Given
enough sediment, they are completely covered, and the
resulting flat areas are the abyssal plains.  In various loca-
tions, but generally far from the ridges, are deep trenches;
and these are always adjacent to island arcs (or volcanic
mountain ranges if the ridge is adjacent to a continent).
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28.8.  The continents are made of a great variety of
rock types, but if the chemical compositions of all of
them are averaged together, the result is close to the
chemical composition of granite, an igneous rock.  The
rocks of the ocean floor are all of essentially one type—
basalt, a different type of igneous rock.

28.9.  (b)

Chapter 29

29.1.  Relative dating establishes only a sequence
of events, without providing information about the actu-
al times or dates of those events.  The determination of
those times or dates is absolute dating.

29.2.  (a) Radioactive isotopes are used in absolute
dating.

29.3.  The Principle of Superposition establishes
that the sedimentary layer is younger than the lava flow,
and the Principle of Cross-Cutting Relationships
requires that it be older than the igneous body, so the
correct answer is (d).

29.4.  The Geologic Column evolved over a period
of many years, before there was a way to determine
absolute ages.  The periods of the Column were delin-
eated on the basis of the appearance and disappearance
of particular fossils in the rock record, but there was no
way to know whether the fossils chosen yielded periods
of anywhere near uniform length.  It turned out that they
didn’t.

29.5.  The key to this question is the meaning of
“half-life”:  the period of time required for one-half of
the amount of radioactive isotope initially present to
decay.  A decay curve is simply a graph relating amount
of parent isotope left to time elapsed (see Fig. 29.9).  If
the time elapsed is expressed in numbers of half-lives
rather than in years, then the same decay curve will do
for any radioactive isotope.  Only the length of the half-
life makes one decay curve different from another.

29.6.  If a radioactive isotope is not fairly common,
there will not be enough of it in a rock to be reliably
useful.  If the half-life is too short, then the parent mate-
rial will decay rapidly, leaving too little in the rock for
reliable analysis.  Thus, the correct answer is (c).

29.7.  Carbon-14 has a half-life of only 5730
years—far too short to use for dating anything older
than very recent material (about 70,000 years old, at
most).  In addition, carbon-14 dating measures the time
since an object died and stopped replenishing its com-

plement of radioactive carbon, so objects dated in this
way must once have been alive.

29.8.  The oldest lunar rocks have radiometric ages
of 4.6 billion years, as do the oldest meteorites.  The
moon is thought to have undergone little change since
its formation in the early solar system, and this is also
true of meteorites.  Because there appears to be no rea-
son to suppose that the earth was formed at a different
time, the age of the earth is taken to be 4.6 billion years
also, even though rocks of that age on earth have been
lost to erosion or tectonic processes.

29.9.  (a)

Chapter 30

30.1.  (b)

30.2.  (a)

30.3.  A wave changes direction when it encounters
a different medium than the one in which it is travel-
ing—a phenomenon we know as refraction.  For seis-
mic waves, different media are characterized by differ-
ent densities and rigidities (stiffnesses).  As seismic
waves travel through a layer like the mantle, in which
density and rigidity are slowly changing with depth,
their directions are slowly changed so that the waves
follow curved paths.  At a seismic discontinuity, say the
boundary between the mantle and the outer core, the
density and rigidity change abruptly, causing sharp
changes in the directions of the waves.  The velocities
of seismic waves also change abruptly at discontinu-
ities.

30.4.  One discontinuity is found at the base of the
crust and is the crust-mantle boundary.  Another is the
boundary between the mantle and the outer core, and
another is between the outer core and the inner core.
Finally, seismic discontinuities bound the low-velocity
zone within the upper mantle.

30.5.  The inner core is indeed at a higher tempera-
ture than the outer core, but it is also under higher pres-
sure.  The pressure is so large that, at the prevailing tem-
peratures, the core is solid.

30.6.  A differentiated planet is a layered planet,
and the densities of the layers decrease as distance from
the center of the planet increases.  Thus the inner core is
denser that the outer core, the outer core is denser than
the mantle, and so on out to the atmosphere, which is
least dense of all the layers.  How this came about is a
subject for another chapter.
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30.7.  (d)  Be sure that you understand the distinc-
tion between chemically distinct layers and mechanical-
ly different layers.

30.8.  At the locations of fold mountain belts the crust
is particularly thick.  Because of that, it projects down into
the mantle further than crust that is thin, displacing a vol-
ume of mantle rock whose weight is equal to the crustal
weight.  The situation is analogous to floating icebergs:
thicker icebergs project higher above the surface of the
water than do thinner ones, even though the same propor-
tion of the iceberg is immersed.  You recognize this as a
statement of Archimedes’ Principle; when applied to the
lithosphere of the earth, the concept is called isostasy.

30.9.  (b)

Chapter 31

31.1.  The continental shelves are those portions of
the continents that happen to be below sea level at this
time.  They consist of continental rocks, however, and
are not part of the ocean basins.

31.2.  (c)

31.3.  (d)  The geometrical fits of some continents
constitute good evidence for continental drift, but not of
North America and Australia.

31.4.  If the directions of the inherent magnetic
fields of ancient lava flows on different continents are
measured, it is found that they do not all point toward
the same north pole.  However, if the continents are
rearranged so that their continental shelves fit best, then
the magnetic directions all point toward a single loca-
tion.  In answering this question, you should be sure that
you can discuss the origin of these magnetic fields in the
rocks, including the concept of Curie temperature.

31.5.  (a) Note, however, that while the magnetic
stripes are parallel to the oceanic ridges, they indicate
that the movement has been perpendicular to the ridges.

31.6.  If the seafloor is spreading, then the oldest
parts of it should be far from the ridges and the youngest
parts closest to them.  In addition, the thickness of sed-
iment on the ocean floor should increase away from the
ridges, because there has been more time for older sea
floor to accumulate sediment.  Both predictions are con-
firmed by observation.

Chapter 32

32.1.  (c) Creation of new oceanic lithosphere
occurs at oceanic spreading centers.

32.2.  (b) Continental shields are the ancient cores
of the continents and are generally geologically quiet.

32.3.  As the oceanic lithosphere spreads away
from the oceanic ridges, it cools, becomes denser, and
subsides.  What had once been topographically high
ridges become low hills—the abyssal hills.  As sediment
rains down upon them, low areas are filled in, and even-
tually the hills may be completely covered in some
places, forming the abyssal plains.

32.4.  (a) The theory does predict that continents
can be pulled apart, but it cannot currently predict
where or when that will happen for any given continent.

32.5.  (b) The California coast is the location of a
major transform fault (the San Andreas Fault), Iceland
is situated astride the Mid-Atlantic Ridge, and Japan sits
above a subduction zone.  See the answer to Exercise
32.2.

32.6.  Fold mountain belts come into existence
when a continental mass located on a plate boundary
becomes involved in plate convergence—particularly a
continent-against-continent collision.  As two conti-
nents collide, they tend to do so along a relatively long
collision zone (a former subduction zone), and this is
where the fold mountain belts are generated as a result
of collision.

Chapter 33

33.1.  Because special conditions must be satisfied
for an organism to be preserved as a fossil, the vast
majority of organisms that have lived on the earth must
never have been preserved.  There may even be many
entire species that lived but left no record of their exis-
tence.  Certainly, the fossils that now exist represent only
a small fraction of all life that has populated the earth.

33.2.  (d)  Worms have no hard parts, and hard parts
greatly enhance the changes of fossilization.

33.3.  (b) Organisms that live in water are much
more likely to be fossilized than those that live on land
because their remains are more likely to be covered by
sediment that protects them from predators and bacteri-
al attack.  Thus, the fish and the clam are more likely to
be fossilized than the bird.  We have already established
in Exercise 33.2 that the worm is the least likely to be
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fossilized.

33.4.  First, in, on, or above the sediment is where
most organisms live.  Second, the processes by which
igneous and metamorphic rocks are formed (see Chapter
28) are not conducive to the preservation of fossils.

33.5.  (a) Coal beds are formed from fossil plant
matter from a lush tropical or subtropical forest.

33.6.  (c) Organisms that reproduce slowly provide
fewer candidates for fossilization.

Chapter 34

34.1.  In your discussion, you should be able to
include and discuss evaporation, precipitation, surface
runoff, glaciers, groundwater, and the contribution of
the plate tectonic system to the hydrologic system.

34.2.  (a)

34.3.  In order to erode at all, water must be able to
flow; and thus the stream channels must have some slope.
Moreover, as that slope decreases through erosional low-
ering of the land, erosion also slows because water veloc-
ity decreases.  Thus, there is an erosional level, called
base level, below which the land is not lowered.  

34.4.  (d)

34.5.  There is not enough oxygen in volcanic ema-
nations to account for the oxygen in the atmosphere.
That must have been provided by plants, through pho-
tosynthesis.

34.6.  Some mountain ranges are considerably
older than late Paleozoic (the time when Pangaea was
formed) and are also far from any plate boundaries
related to Pangaea.  For example, the Urals, which lie in
the middle of the Eurasian plate, are not close enough to
any plate boundaries to have been caused by conver-
gence of present tectonic plates;  they are of early
Paleozoic (pre-Pangaea) age.
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hot-spot trails, 321-322
hydrocarbons, 107, 202, 267
hydrologic cycle, 337-338, 345
hydrologic system, 337-340, 342, 344-345, 385
hydrosphere, 269, 275, 297, 299
hydroxyl group, 203, 205, 211-213
hypocenter, 292-293, 299, 318
igneous (rocks), 270-271, 275-276, 279, 282, 286-289,

295, 323, 331, 334, 343, 379, 382-384
inclusions, 280-281, 287-288
index fossils, 331, 334
inductive method, 17
infrared, 124
inner core, 14, 17, 101, 294-297, 299-300, 383
insulators, 33, 35, 91
interference, 15, 120-122, 125-127, 129-132, 143-145,

148, 151-152, 155, 160, 312, 340, 368-370

391



interference curve, 145, 151
interferometry, 309, 312, 322
internal energy, 58-59, 61, 63-65, 97-104, 107-108,

110, 112-113, 343, 361-362, 364, 366-368, 381
internal mold, 330, 334
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noncontradiction, 3, 8, 128-129, 131
nonionic material, 93
nonmetals, 91, 169-170, 183-188, 193, 195, 197, 199,

373, 375-376
normal polarity, 308-309, 312
nuclear energy, 233-234, 236, 239-241, 257, 261
nuclear fission, 226, 235, 240-242
nuclear fusion, 234-235, 240-242, 249, 256-258, 285,
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oxidation number, 188-189, 198, 376
oxidation states, 169, 185-190, 193, 374
p waves, 292-295, 299-300
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paleoenvironment, 333-334
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primary waves, 292, 299
principle of motion symmetry, 67-69, 72, 362-363
principle of noncontradiction, 3, 128-129, 131
probability curve, 144-145, 148, 151
probability wave, 145, 151, 156, 160
products, 64, 85, 174-180, 198, 226, 230, 234-237,

242, 270, 360
properties of covalent molecules, 195
properties of gases, 99
properties of waves, 117, 122
protein manufacture, 216-218
proteins, 207-208, 210, 212-221, 377
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protostar, 255-256, 261-263, 265, 275-276, 381-382
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quasars, 259, 261, 309, 312, 322, 382
radar ranging, 244, 253
radiation (electromagnetic), 123
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relativistic mass, 82, 84
replacement, 329-330, 334
rest mass, 82-84, 225, 364
resultant force, 21, 25, 53, 358
reversals, 308
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ribonucleic acid, 208, 212
ribose, 204, 208, 210, 212-213
ribosomes, 217-218, 220-221, 377
RNA, 208, 210, 212, 214, 216-218, 220-221, 377
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Rutherford model, 137, 141
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sand dunes, 266, 341
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solar system, 263-265, 276
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