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1.1 Introduction
Sometime in the distant past, humans developed the capacity for 
complex, conscious thought. This amazing ability, which dis-
tinguishes our species from all others, brought with it the gift of 
curiosity, an innate desire to understand and explain the workings 
of ourselves and of all that surrounds us—our Universe. Astrono-
mers define the Universe as all of space and all the matter and 
energy within it. Questions that we ask about the Universe differ 
little from questions a child asks of a playmate: Where do you 
come from? How old are you? Such musings first spawned legends 
in which heroes, gods, and goddesses used supernatural powers to 
mold the planets and sculpt the landscape. Eventually, researchers 
began to apply scientific principles to cosmology, the study of the 
overall structure and history of the Universe. 

In this chapter, we begin with a brief introduction to the 
principles of scientific cosmology—we characterize the basic 
architecture of the Universe, introduce the Big Bang theory 
for the formation of the Universe, and discuss scientific ideas 
concerning the birth of the Earth. Then we outline the basic 
characteristics of our home planet by building an image of its 
surroundings, surface, and interior. Our high-speed tour of 
the Earth provides a reference frame for the remainder of this 
book.

Chapter Objectives
By the end of this chapter you should know . . .

>	 modern	concepts	concerning	the	basic	architecture	
of	our	Universe	and	its	components.

>	 the	character	of	our	own	Solar	System.

>	 scientific	explanations	for	the	formation	of	the	
Universe	and	the	Earth.

>	 the	overall	character	of	the	Earth’s	magnetic	field,	
atmosphere,	and	surface.

>		the	variety	and	composition	of	materials	that	make	
up	our	planet.

>	 the	nature	of	Earth’s	internal	layering.

9

This truth within thy mind rehearse,
That in a boundless Universe
Is boundless better, boundless worse.

—Alfred, Lord Tennyson (British poet, 1809–1892)

The Hubble Space Telescope brings the Carina Nebula into 
focus. This 400 trillion km-wide cloud of dust and gas is a 
birthplace for stars. 
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10 chapter 1 The Earth in Context

An object always has the same mass, but its weight varies 
depending on where it is. For example, on the Moon, you 
weigh much less than on the Earth. The matter in the Universe 
does not sit still. Components vibrate and spin, they move  
from one place to another, they pull on or push against each 
other, and they break apart or combine. In a general sense, we 
consider such changes to be kinds of “work.” Physicists refer 

1.2 An Image of Our Universe
What Is the Structure of the Universe?
Think about the mysterious spectacle of a clear night sky. 
What objects are up there? How big are they? How far away 
are they? How do they move? How are they arranged? In 
addressing such questions, ancient philosophers first dis-
tinguished between stars (points of light whose locations 
relative to each other are fixed) and planets (tiny spots of 
light that move relative to the backdrop of stars). Over the 
centuries, two schools of thought developed concerning 
how to explain the configuration of stars and planets, and 
their relationships to the Earth, Sun, and Moon. The first 
school advocated a geocentric model (Fig. 1.1a), in which 
the Earth sat without moving at the center of the Universe, 
while the Moon and the planets whirled around it within 
a revolving globe of stars. The second school advocated a 
heliocentric model (Fig. 1.1b), in which the Sun lay at the 
center of the Universe, with the Earth and other planets 
orbiting around it. 

The geocentric image eventually gained the most followers, 
due to the influence of an Egyptian mathematician,  Ptolemy 
(100–170 C.E.), for he developed equations that appeared to 
predict the wanderings of the planets in the context of the 
geocentric model. During the Middle Ages (ca. 476–1400 C.E.), 
church leaders in Europe adopted Ptolemy’s geocentric model 
as dogma, because it justified the comforting thought that 
humanity’s home occupies the most important place in the 
Universe. Anyone who disagreed with this view risked charges 
of heresy.

Then came the Renaissance. In 15th-century Europe, 
bold thinkers spawned a new age of exploration and scien-
tific discovery. Thanks to the efforts of Nicolaus Copernicus 
(1473–1543) and Galileo Galilei (1564–1642), people grad-
ually came to realize that the Earth and planets did indeed 
orbit the Sun and could not be at the center of the Universe. 
And when Isaac Newton (1643–1727) explained gravity, the 
attractive force that one object exerts on another, it finally 
became possible to understand why these objects follow the 
orbits that they do.

In the centuries following Newton, scientists gradually 
adopted modern terminology for discussing the Universe. 
In this language, the Universe contains two related entities: 
matter and energy. Matter is the substance of the Universe—it 
takes up space and you can feel it. We refer to the amount of 
matter in an object as its mass, so an object with greater mass 
contains more matter. Density refers to the amount of mass 
occupying a given volume of space. The mass of an object deter-
mines its weight, the force that acts on an object due to gravity. 

Sun

Earth

Sun

Earth

Stars

(a) The geocentric image of the Universe shows the Earth at 
the center, surrounded by air, fire, and the other planets, all 
contained within the globe of the stars.

(b) The heliocentric image of the Universe shows the Sun at 
the center, as envisioned by Copernicus.

FIGURE 1.1  Contrasting views of the Universe, as drawn by
artists hundreds of years ago.
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A galaxy that looks like 
the Milky Way.

The Milky Way, as 
viewed from Earth.

FIGURE 1.2   A galaxy may contain about 300 billion stars.

(b) As seen from the Earth, the Milky Way 
looks like a hazy cloud.

(c) From space, it would look like a giant spiral.(a) A Hubble image reveals many galaxies in what looks 
like empty space to our naked eyes.

to the ability to do work as energy. One piece of matter can 
do work directly on another by striking it. Heat, light, mag-
netism, and gravity all provide energy that can cause change 
at a distance. 

As the understanding of matter and energy improved, 
and telescopes became refined so that astronomers could see 
and measure features progressively farther into space, the 
interpretation of stars evolved. Though it looks like a point 
of light, a star is actually an immense ball of incandescent 
gas that emits intense heat and light. Stars are not randomly 
scattered through the Universe; gravity holds them together 
in immense groups called galaxies. The Sun and over 300 
billion stars together form the Milky Way galaxy. More 
than 100 billion galaxies constitute the visible Universe 
(Fig. 1.2a). 

From our vantage point on Earth, the Milky Way looks 
like a hazy band (Fig. 1.2b), but if we could view the Milky 

Way from a great distance, 
it would look like a flattened 
spiral with great curving arms 
slowly swirling around a glow-
ing, disk-like center (Fig. 1.2c). 
Presently, our Sun lies near the 

outer edge of one of these arms and rotates around the center 
of the galaxy about once every 250 million years. So, we hurtle 
through space, relative to an observer standing outside the 
galaxy, at about 200 km per second. 

Clearly, human understanding of Earth’s place in the Uni-
verse has evolved radically over the past few centuries. Neither 
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the Earth, nor the Sun, nor even the Milky Way occupy the 
center of the Universe—and everything is in motion. 

The Nature of Our Solar System
Eventually, astronomical study demonstrated that our Sun is 
a rather ordinary, medium-sized star. It looks like a sphere, 
instead of a point of light, because it is much closer to the 
Earth than are the stars. The Sun is “only” 150 million km 
(93  million miles) from the Earth. Stars are so far away that 
we measure their distance in light years, where 1 light year is 
the distance traveled by light in one year, about 10 trillion km, 
or 6 trillion miles—the nearest star beyond the Sun is over 4 
light years away. How can we picture distances? If we imag-
ined that the Sun were the size of a golf ball (about 4.3 cm), 
then the Earth would be a grain of sand about one meter away, 
and the nearest star would be 270 km (168 miles) away. (Note 
that the distance between stars is tiny by galactic standards—
the Milky Way galaxy is 120,000 light years across!)

Our Sun is not alone as it journeys through the  heavens. Its 
gravitational pull holds on to many other objects which, together 
with the Sun, comprise the Solar System (Fig. 1.3a, b). The 
Sun accounts for 99.8% of the mass in the Solar System. The 
remaining 0.2% includes a great variety of objects, the larg-
est of which are planets. Astronomers define a planet as an 
object that orbits a star, is roughly spherical, and has “cleared 
its neighborhood of other objects.” The last phrase in this defi-
nition sounds a bit strange at first, but merely implies that a 
planet’s gravity has pulled in all particles of matter in its orbit.  

Did you ever wonder . . .
how fast you are traveling 

through space?
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12 chapter 1 The Earth in Context

Mercury Earth

Venus Mars

Jupiter Saturn Uranus

Neptune

(a) Relative sizes of the planets. All are much smaller than the Sun, but the gas-giant planets are much larger than the terrestrial planets. Jupiter’s 
diameter is about 11.2 times greater than that of Earth.

Jupiter

Mars

Earth

Venus

Mercury

Sun

Asteroid belt

Saturn

Uranus

Neptune

(not to scale)

(b) Relative positions of the planets. This figure is not to scale. If the Sun in this figure was the size of a large orange, the Earth would be the size of 
a sesame seed 15 meters (49 feet) away. Note that all planetary orbits lie roughly in the same plane.

FIGURE 1.3   The relative sizes and positions of planets in the Solar System.

According to this definition, which was formalized in 2005, our 
Solar System includes eight planets—Mercury, Venus, Earth, 
Mars, Jupiter, Saturn, Uranus, and Neptune. In 1930, astrono-
mers discovered Pluto, a 2,390-km-diameter sphere of ice, whose 
orbit generally lies outside that of Neptune’s. Until 2005, astrono-
mers considered Pluto to be a planet. But since it does not fit the 
modern definition, it has been dropped from the roster. Our Solar 
System is not alone in hosting planets; in recent years, astrono-
mers have found planets orbiting stars in many other systems. As 
of 2012, over 760 of these “exoplanets” have been found.

Planets in our Solar System differ radically from one 
another both in size and composition. The inner planets (Mer-
cury, Venus, Earth, and Mars), the ones closer to the Sun, 
are relatively small. Astronomers commonly refer to these as 

terrestrial planets because, like Earth, they consist of a shell 
of rock surrounding a ball of metallic iron alloy. The outer 
planets (Jupiter, Saturn, Uranus, and Neptune) are known as 
the giant planets, or Jovian planets. The adjective giant cer-
tainly seems appropriate, for these planets are huge—Jupiter, 
for example, has a mass 318 times larger than that of Earth 
and accounts for about 71% of the non-solar mass in the Solar 
System. The overall composition of the giant planets is very 
different from that of the terrestrial planets. Specifically, most 
of the mass of Neptune and Uranus contain solid forms of 
water, ammonia, and methane, so these planets are known as 
the ice giants. Most of the mass of Jupiter and Saturn consists 
of hydrogen and helium gas or liquefied gas, so these planets 
are known as the gas giants.
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In addition to the planets, the Solar System contains a great 
many smaller objects. Of these, the largest are moons. A moon 
is a sizable body locked in orbit around a planet. All but two 
planets (Mercury and Venus) have moons in varying numbers—
Earth has one, Mars has two, and Jupiter has at least 63. Some 
moons, such as Earth’s Moon, are large and spherical, but most 
are small and have irregular shapes. In addition to moons, mil-
lions of asteroids (chunks of rock and/or metal) comprise a belt 
between the orbits of Mars and Jupiter. Asteroids range in size 
from less than a centimeter to about 930 km in diameter. And 
about a trillion bodies of ice lie in belts or clouds beyond the orbit 
of Neptune. Most of these icy objects are tiny, but a few (includ-
ing Pluto) have diameters of over 2,000 km and may be thought 
of as “dwarf planets.” The gravitational pull of the main planets 
has sent some of the icy objects on paths that take them into the 
inner part of the Solar System, where they begin to evaporate 
and form long tails of gas—we call such objects comets.

from one point to another in the form of periodic motions. 
As each sound wave passes, air alternately compresses, then 
expands. We refer to the distance between successive waves 
as the wavelength, and the number of waves that pass a point 
in a given time interval as the frequency. If the wavelength 
decreases, more waves pass a point in a given time interval, 
so the frequency increases. The pitch of a sound, meaning its 
note on the musical scale, depends on the frequency of the 
sound waves.

Imagine that you are standing on a station platform 
while a train moves toward you. The train whistle’s sound 
gets louder as the train approaches, but its pitch remains 
the same. The instant the train passes, the pitch abruptly 
changes—it sounds like a lower note in the musical scale. 
Why? When the train moves toward you, the sound has 
a higher frequency (the waves are closer together so the 
 wavelength is smaller) because the sound source, the whis-
tle, has moved slightly closer to you between the instant 
that it emits one wave and the instant that it emits the next  
(Fig. 1.4a, b). When the train moves away from you, the 
sound has a lower frequency (the waves are farther apart), 
because the whistle has moved slightly farther from you 
between the instant it emits one wave and the instant it emits 
the next. An Austrian physicist, C. J. Doppler (1803–1853), 
first interpreted this phenomenon, and thus the change in 
frequency that happens when a wave source moves is now 
known as the Doppler effect.

Light energy also moves in the form of waves. We can 
represent light waves symbolically by a periodic succession of 
crests and troughs (Fig. 1.4c). Visible light comes in many 
colors—the colors of the rainbow. The color you see depends 
on the frequency of the light waves, just as the pitch of a sound 
you hear depends on the frequency of sound waves. Red light 
has a longer wavelength (lower frequency) than does blue light. 
The Doppler effect also applies to light but can be noticed only 
if the light source moves very fast, at least a few percent of 
the speed of light. If a light source moves away from you, the 
light you see becomes redder, as the light shifts to longer wave-
length or lower frequency. If the source moves toward you, the 
light you see becomes bluer, as the light shifts to higher fre-
quency. We call these changes the red shift and the blue shift, 
respectively.

Does the Size of the Universe Change?
In the 1920s, astronomers such as Edwin Hubble, after whom 
the Hubble Space Telescope was named, braved many a frosty 
night beneath the open dome of a mountaintop observatory 
in order to aim telescopes into deep space. These researchers 
were searching for distant galaxies. At first, they documented 
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take-home Message
The	Earth	is	one	of	eight	planets	(four	terrestrial	and	
four	gas	or	 ice	giants)	orbiting	our	Sun,	which	 is	one	
of	 300	 billion	 stars	 of	 the	 revolving,	 spiral-shaped	
Milky	 Way	 galaxy.	 Hundreds	 of	 billions	 of	 galaxies	
speckle	the	visible		Universe.

1.3 Forming the Universe
We stand on a planet, in orbit around a star, speeding through 
space on the arm of a galaxy. Beyond our galaxy lie hundreds 
of billions of other galaxies. Where did all this “stuff ”—the 
matter of the Universe—come from, and when did it first 
form? For most of human history, a scientific solution to these 
questions seemed intractable. But in the 1920s, unexpected 
observations about the nature of light from distant galaxies 
set astronomers on a path of discovery that ultimately led to a 
model of Universe formation known as the Big Bang theory. 
To explain these observations, we must first introduce an 
important phenomenon called the Doppler effect. We then 
show how this understanding leads to the recognition that the 
Universe is expanding, and finally, to the conclusion that this 
expansion began during the Big Bang, 13.7 billion years ago.

Waves and the Doppler Effect
When a train whistle screams, the sound you hear moved 
through the air from the whistle to your ear in the form of 
sound waves. Waves are disturbances that transmit energy 
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14 chapter 1 The Earth in Context

The Doppler effect
for sound

The Doppler effect
for light

Moving whistleStationary whistle

Red light (low frequency)

Moving source
of light

Blue light (high frequency)

Sun

Distant
galaxy

Waves that reach this observer 
are squeezed to shorter 
“blue-shifted” wavelengths.

Waves that reach this observer 
are spread out to longer “red- 
shifted” wavelengths.

This observer sees
no Doppler shift.

(a) The wavelength of sound waves emitted by a stationary 
train is the same in all directions.

(b) Waves behind a moving train have a longer wavelength 
than those in front.

(c) The wavelength of blue light is less than that of red light. If a light source moves very fast, the Doppler effect results in a shifting of the 
wavelengths. The observed shift depends on the position of the observer.

(d) The atoms in a star absorb certain specific wavelengths 
of light. We see these wavelengths as dark lines on a light 
spectrum. Note that the lines from a galaxy a billion light years 
away are shifted toward the red end of the spectrum (i.e., to 
the right), in comparison to the lines from our own Sun.

FIGURE 1.4   Manifestations of the Doppler effect for sound and for light.

only the location and shape of newly discovered galaxies, but 
eventually they also began to study the wavelength of light pro-
duced by the distant galaxies. The results yielded a surprise that 
would forever change humanity’s perception of the Universe. 
To their amazement, the astronomers found that the light of 
distant galaxies display a red shift relative to the light of a nearby 
star (Fig. 1.4d). 

Hubble pondered this mystery and, around 1929, 
attributed the red shift to the Doppler effect, and con-
cluded that the distant galaxies must be moving away from 
Earth at an immense velocity. At the time, astronomers 
thought the Universe had a f ixed size, so Hubble initially 
assumed that if some galaxies were moving away from 

Earth, others must be moving 
toward Earth. But this was 
not the case. On further 
examination, Hubble con-
cluded that the light from all 
distant galaxies, regardless of their direction from Earth, 
exhibits a red shift. In other words, all distant galaxies are 
moving rapidly away from us.

How can all galaxies be moving away from us, regardless 
of which direction we look? Hubble puzzled over this question 
and finally recognized the solution: the whole Universe must 
be expanding! To picture the expanding Universe, imagine a 
ball of bread dough with raisins scattered throughout. As the 

Did you ever wonder . . .
do	galaxies	move?
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Present

Time

Big Bang

As raisin-bread dough 
expands, the distance 
between raisins expands 
in all directions.

As the Universe expands, 
the distance between 
galaxies increases.

FIGURE 1.5   The concept of the expanding Universe and the Big Bang.

(a) A raisin-bread analogy for expansion.

(b) An artist’s rendition of Universe expansion: 
from the Big Bang, through the present and on 
into the future.

dough bakes and expands into a loaf, each raisin moves away 
from its neighbors, in every direction; Fig. 1.5a. This idea 
came to be known as the expanding Universe theory.

The Big Bang
Hubble’s ideas marked a revolution in cosmological think-
ing. Now we picture the Universe as an expanding bubble, in 
which galaxies race away from each other at incredible speeds. 
This image immediately triggers the key question of cosmol-
ogy: did the expansion begin at some specific time in the past? 
If it did, then that instant would mark the physical beginning 
of the Universe.

Most astronomers have concluded that expansion did 
indeed begin at a specific time, with a cataclysmic explosion 
called the Big Bang. According to the Big Bang theory, all 
matter and energy—everything that now constitutes the  
Universe—was initially packed into an infinitesimally small 
point. The point “exploded” and the Universe began, accord-
ing to current estimates, 13.7 (±1%) billion years ago.

Of course, no one was present at the instant of the Big 
Bang, so no one actually saw it happen. But by combining 
clever calculations with careful observations, researchers have 
developed a consistent model of how the Universe evolved, 
beginning an instant after the explosion (Fig. 1.5b). According 
to this model of the Big Bang, profound change happened at 
a fast and furious rate at the outset. During the first instant of 
existence, the Universe was so small, so dense, and so hot that 
it consisted entirely of energy—atoms, or even the smallest sub-
atomic particles that make up atoms, could not even exist. (See 
Box 1.1 for a review of atomic structure.) Within a few seconds, 
however, hydrogen atoms could begin to form. And by the time 
the Universe reached an age of 3 minutes, when its temperature 
had fallen below 1 billion degrees, and its diameter had grown 
to about 53 million km (35 million miles), hydrogen atoms 
could fuse together to form helium atoms. Formation of new 
nuclei in the first few minutes of time is called Big Bang nucleo-
synthesis because it happened before any stars existed. This pro-
cess could produce only light atoms, meaning ones containing 
a small number of protons (an atomic number less than 5), and  
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What does matter consist of? A Greek phi-
losopher named Democritus (ca. 460–370 
B.C.E.) argued that if you kept dividing 
matter into progressively smaller pieces, 
you would eventually end up with nothing; 
but since it’s not possible to make some-
thing out of nothing, there must be a small-
est piece of matter that can’t be subdivided 
further. He proposed the name “atom” for 
these smallest pieces, based on the Greek 
word atomos, which means indivisible.

Our modern understanding of matter 
developed in the 17th century, when 
chemists recognized that certain sub-
stances (such as hydrogen and oxygen) 
cannot break down into other substances, 
whereas others (such as water and salt) 
can break down. The former came to be 
known as elements, and the latter came 
to be known as compounds. John Dalton 
(1766–1844) adopted the word atom for 
the smallest piece of an element that has 
the property of the element; the smallest 
piece of a compound that has the prop-
erties of the compound is a molecule. 
Separate atoms are held together to form 
molecules by chemical bonds, which we 
discuss more fully later in the book. As an 
example, chemical bonds hold two hydro-
gen atoms to form an H2 molecule. 

Chemists in the 17th and 18th centuries 
identified 92 naturally occurring elements on 
Earth; modern physicists have created more 
than a dozen new ones. Each element has a 
name and a symbol (e.g., N = nitrogen; H = 
hydrogen; Fe = iron; Ag = silver).

Atoms are so small that over five tril-
lion (5,000,000,000,000) can fit on the 

head of a pin. Nevertheless, in 1910, 
Ernest Rutherford, a British physicist, 
proved that, contrary to the view of Dem-
ocritus, atoms actually can be divided 
into smaller pieces. Most of the mass in 
an atom clusters in a dense ball, called 
the nucleus, at the atom’s center. The 
nucleus contains two types of subatomic 
particles: neutrons, which have a neutral 
electrical charge, and protons, which have 
a positive charge. A cloud of electrons 
surrounds the nucleus (Fig. Bx1.1a); an 
electron has a negative charge and con-
tains only 1/1,836 as much mass as a 
proton. (“Charge,” simplistically, refers to 
the way in which a particle responds to 
a magnet or an electric current.) Roughly 
speaking, the diameter of an electron 
cloud is 10,000 times greater than that of 
the nucleus, yet the cloud contains only 
0.05% of an atom’s mass—thus, atoms 
are mostly empty space!

We distinguish atoms of different ele-
ments from one another by their atomic 
number, the number of protons in their 
nucleus. Smaller atoms have smaller atomic 
numbers, and larger ones have larger atomic 
numbers. The lightest atom, hydrogen, 
has an atomic number of 1, and the heavi-
est naturally occurring atom, uranium, has 
an atomic number of 92. Except for hydro-
gen nuclei, all nuclei also contain neutrons. 
In smaller atoms, the number of neutrons 
roughly equals the number of protons, but 
in larger atoms the number of neutrons 
exceeds the number of protons. The atomic 
mass of an atom is roughly the sum of the 
number of neutrons and the number of  

protons. For example, an oxygen nucleus 
contains 8 protons and 8 neutrons, and thus 
has an atomic mass of 16.

In 1869, a Russian chemist named 
Dmitri Mendelév (1834–1907) recognized 
that groups of elements share similar char-
acteristics, and he organized the elements 
into a chart that we now call the periodic 
table of the elements. With modern under-
standing of the periodic table, it became 
clear that the ordering of the elements 
reflects their atomic number and the 
stream of the electron cloud.

Nuclear bonds serve as the “glue” 
that holds together subatomic particles in 
a nucleus. Atoms can change only during 
nuclear reactions, when nuclear bonds 
break or form. Physicists recognize several 
types of nuclear reactions. For example, 
during “radioactive decay” reactions, a 
nucleus either emits a subatomic particle 
or undergoes fission. As a result of fis-
sion, a large nucleus breaks apart to form 
two smaller atoms (Fig. Bx1.1b). Radioac-
tive decay transforms an atom of one ele-
ment into an atom of another and produces 
energy. For example, fission reactions 
provide the energy of atomic bombs and 
nuclear power plants. Atoms that sponta-
neously undergo the process are known as 
radioactive elements.

During fusion, smaller atoms collide 
and stick together to form a larger atom. 
For example, successive fusion reactions 
produce a helium atom out of four hydro-
gen atoms. Fusion reactions power the Sun 
and occur during the explosion of a hydro-
gen bomb (Fig. Bx1.1c).

The Nature of Matter

B o x  1 . 1  c o n s i d e r  t h i s  . . .

Nucleus

Inner
electron

shell

Outer
electron

shell

Nuclear Reactions

Neutron

Fission

U nucleus

Neutron

235
92

U nucleus236
92

Xe143
54

Sr90
38

Deuterium

Tritium

Helium

Neutron
Fusion

(a) An image of an atom 
with a nucleus orbited 
by electrons.

FIGURE Bx1.1   The nature of atoms and nuclear reactions.

(b) A uranium atom splits during nuclear �ssion.
(c) Two atoms (versions of hydrogen) 
stick together to form one atom of 
helium during nuclear fusion in a 
hydrogen bomb.
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it happened very rapidly. In fact, virtually all of the new atomic 
nuclei that would form by Big Bang  nucleosynthesis existed by 
the end of the first 5 minutes.

Eventually, the Universe became cool enough for chemi-
cal bonds to bind atoms of certain elements together in mol-
ecules. Most notably, two hydrogen atoms could join to form 
molecules of H2. As the Universe continued to expand and 
cool further, atoms and molecules slowed down and accumu-
lated into patchy clouds called nebulae. The earliest nebulae 
of the Universe consisted almost entirely of hydrogen (74%, by 
volume) and helium (24%) gas.

Birth of the First Stars
When the Universe reached its 200 millionth birthday, it con-
tained immense, slowly swirling, dark nebulae separated by 
vast voids of empty space. The Universe could not remain this 
way forever, though, because of the invisible but persistent pull 
of gravity. Eventually, gravity began to remold the Universe 
pervasively and permanently.

All matter exerts gravitational pull—a type of force—on its 
surroundings, and as Isaac Newton first pointed out, the amount 
of pull depends on the amount of mass; the larger the mass, the 
greater its pull. Somewhere in the young Universe, the gravita-
tional pull of an initially more massive region of a nebula began to 
suck in surrounding gas and, in a grand example of the rich get-
ting richer, grew in mass and, therefore, density. As this denser 
region attracted progressively more gas, the gas compacted into 
a smaller region, and the initial swirling movement of gas trans-
formed into a rotation around an axis. As gas continued to move 
inward, cramming into a progressively smaller volume, the rota-
tion rate became faster and faster. (A similar phenomenon hap-
pens when a spinning ice skater pulls her arms inward.) Because 
of its increased rotation, the nebula evolved into a disk shape (see 
Geology at a Glance, pp. 22–23). As more and more matter 
rained down onto the disk, it continued to grow, until eventually, 
gravity collapsed the inner portion of the disk into a dense ball. 
As the gas squeezed into a smaller and smaller space, its tem-
perature increased dramatically. Eventually, the central ball of 
the disk became hot enough to glow, and at this point it became a 
protostar. The remaining mass of the disk, as we will see, even-
tually clumped into smaller spheres, the planets.

A protostar continues to grow, by pulling in successively 
more mass, until its core becomes extremely dense and its tem-
perature reaches about 10 million degrees. Under such condi-
tions, hydrogen nuclei slam together so forcefully that they join 
or “fuse,” in a series of steps, to form helium nuclei (see Box 1.1).  
Such fusion reactions produce huge amounts of energy, and 
the mass becomes a fearsome furnace. When the first nuclear 
fusion reactions began in the first protostar, the body “ignited” 
and the first true star formed. When this happened, perhaps 

800 million years after the Big Bang, the first starlight pierced 
the newborn Universe. This process would soon happen again 
and again, and many first-generation stars came into existence 
(see Chapter 1 opener photo).

First-generation stars tended to be very massive, perhaps 100 
times the mass of the Sun. Astronomers have shown that the 
larger the star, the hotter it burns and the faster it runs out of fuel 
and dies. A huge star may survive only a few million years to a few 
tens of millions of years before it becomes a supernova, a giant 
explosion that blasts much of the star’s matter back into space. 
Thus, not long after the first generation of stars formed, the Uni-
verse began to be peppered with the first generation of supernovas.

take-home Message
According	to	the	Big	Bang	theory,	a	cataclysmic	explo-
sion	at	 13.7	Ga	 formed	 the	Universe,	which	has	been	
expanding	 ever	 since.	 Atoms	 formed	 during	 the	 Big	
Bang	collected	into	nebulae	which,	due	to	gravity,	col-
lapsed	into	dense	balls,	the	first	stars.

1.4 We Are All Made of Stardust
Where Do Elements Come From?
Nebulae from which the first-generation stars formed con-
sisted entirely of the lightest atoms, because only these atoms 
were generated by Big Bang nucleosynthesis. In contrast, the 
Universe of today contains 92 naturally occurring elements. 
Where did the other 87 elements come from? In other words, 
how did elements with larger atomic numbers (such as carbon, 
sulfur, silicon, iron, gold, and 
uranium), which are common 
on Earth, form? Physicists 
have shown that these ele-
ments form during the life 
cycle of stars, by the process 
of stellar nucleosynthesis. 
Because of stellar nucleosynthesis, we can consider stars to be 
“element factories,” constantly fashioning larger atoms out of 
smaller atoms.

What happens to the atoms formed in stars? Some escape 
into space during the star’s lifetime, simply by moving fast 
enough to overcome the star’s gravitational pull. The stream 
of atoms emitted from a star during its lifetime is a stellar 
wind (Fig. 1.6a). Some escape only when a star dies. A small 
or medium star (like our Sun) releases a large shell of gas as it 
dies, ballooning into a “red giant” during the process, whereas 
a large star blasts matter into space during a supernova explo-
sion (Fig. 1.6b). Most very heavy atoms (those with atomic 

Did you ever wonder . . .
where	the	atoms	in	your	
body	first	formed?
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18 chapter 1 The Earth in Context

numbers greater than that of iron) require even more violent 
circumstances to form than generally occurs within a star. In 
fact, most very heavy atoms form during a supernova explo-
sion. Once ejected into space, atoms from stars and supernova 
explosions form new nebulae or mix back into existing nebulae.

When the first generation of stars died, they left a legacy 
of new, heavier elements that mixed with residual gas from the 

FIGURE 1.6   Element factories in space.

(a) The solar wind ejects matter from the Sun into space.

(b) This expanding cloud of gas, ejected into space from an explosion 
whose light reached the Earth in 1054 C.E., is called the Crab Nebula.

Big Bang. A second generation of stars and associated plan-
ets formed out of these compositionally more diverse nebu-
lae. Second-generation stars lived and died, and contributed 
heavier elements to third-generation stars. Succeeding genera-
tions contain a greater proportion of heavier elements. Because 
not all stars live for the same duration of time, at any given 
moment the Universe contains many different generations of 
stars. Our Sun may be a third-, fourth-, or fifth-generation 
star. Thus, the mix of elements we find on Earth includes rel-
icts of primordial gas from the Big Bang as well as the dis-
gorged guts of dead stars. Think of it—the elements that make 
up your body once resided inside a star!

The Nebular Theory for Forming  
the Solar System
Earlier in this chapter, we introduced scientific concepts of 
how stars form from nebulae. But we delayed our discussion 
of how the planets and other objects in our Solar System origi-
nated until we had discussed the production of heavier atoms 
such as carbon, silicon, iron, and uranium, because plan-
ets consist predominantly of these elements. Now that we’ve 
discussed stars as element factories, we return to the early  
history of the Solar System and introduce the nebular theory, 
an explanation for the origin of planets, moons, asteroids, and 
comets. According to the nebular theory, these objects formed 
from the material in the flattened outer part of the disk, the 
material that did not become part of the star. This outer part is 
called the protoplanetary disk.

What did the protoplanetary disk consist of? The disk 
from which our Solar System formed contained all 92 ele-
ments, some as isolated atoms, and some bonded to others in 
molecules. Geologists divide the material formed from these 
atoms and molecules into two classes. Volatile materials—such 
as hydrogen, helium, methane, ammonia, water, and carbon 
dioxide—are materials that can exist as gas at the Earth’s 
surface. In the pressure and temperature conditions of space, 
all volatile materials remain in a gaseous state closer to the 
Sun. But beyond a distance called the “frost line,” some vola-
tiles condense into ice. (Note that we do not limit use of the 
word “ice” to water alone.) Refractory materials are those that 
melt only at high temperatures, and they condense to form 
solid soot-sized particles of “dust” in the coldness of space. 
As the proto-Sun began to form, the inner part of the disk 
became hotter, causing volatile elements to evaporate and 
drift to the outer portions of the disk. Thus, the inner part 
of the disk ended up consisting predominantly of refractory 
dust, whereas the outer portions accumulated large quantities 
of volatile materials and ice. As this was happening, the pro-
toplanetary disk evolved into a series of concentric rings in 
response to gravity.
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How did the dusty, icy, and gassy rings transform into plan-
ets? Even before the proto-Sun ignited, the material of the sur-
rounding rings began to clump and bind together, due to gravity 
and electrical attraction. First, soot-sized particles merged to form 
sand- to marble-sized grains that resembled “dust bunnies.” Then, 
these grains stuck together to form grainy basketball-sized blocks 
(Fig. 1.7), which in turn collided. If the collision was slow, blocks 
stuck together or simply bounced apart. If the collision was fast, 
one or both of the blocks shattered, producing smaller fragments 
that recombined later. Eventually, enough blocks coalesced to 
form planetesimals, bodies whose diameter exceeded about 1 km. 
Because of their mass, the planetesimals exerted enough gravity 
to attract and pull in other objects that were nearby (see Geol-
ogy at a Glance, pp. 22–23). Figuratively, planetesimals acted like 
vacuum cleaners, sucking in small pieces of dust and ice as well 
as smaller planetesimals that lay in their orbit, and in the process 
they grew progressively larger. Eventually, victors in the compe-
tition to attract mass grew into protoplanets, bodies approach-
ing the size of today’s planets. Once a protoplanet succeeded in 
incorporating virtually all the debris within its orbit, it became a 
full-fledged planet.

Early stages in Earth’s planet-forming process probably 
occurred very quickly—some computer models suggest that it 
may have taken less than a million years to go from the dust 
and gas stage to the large planetesimal stage. Planets may have 
grown from planetesimals in 10 to 200 million years. In the 
inner orbits, where the protoplanetary disk consisted mostly 
of dust, small terrestrial planets composed of rock and metal 
formed. In the outer part of the Solar System, where signif-
icant amounts of ice existed, protoplanets latched on to vast 
amounts of ice and gas and evolved into the giant planets. 
Fragments of materials that were not incorporated in planets 
remain today as asteroids and comets.

When did the planets form? Using techniques intro-
duced in Chapter 10, geologists have found that special types 
of meteorites thought to be leftover planetesimals formed at 
4.57 Ga, and thus consider that date to be the birth date 
of the Solar System. If this date is correct, it means that 
the Solar System formed about 9 billion years after the Big 
Bang, and thus is only about a third as old as the Universe.

Differentiation of the Earth  
and Formation of the Moon
When planetesimals started to form, they had a fairly homoge-
neous distribution of material throughout, because the smaller 
pieces from which they formed all had much the same compo-
sition and collected together in no particular order. But large 
planetesimals did not stay homogeneous for long, because they 
began to heat up. The heat came primarily from three sources: 
the heat produced during collisions (similar to the phenomenon 
that happens when you bang on a nail with a hammer and they 

both get warm), the heat pro-
duced when matter is squeezed 
into a smaller volume, and the 
heat produced from the decay 
of radioactive elements. In 
bodies whose temperature 
rose sufficiently to cause internal melting, denser iron alloy sep-
arated out and sank to the center of the body, whereas lighter 
rocky materials remained in a shell surrounding the center. 
By this process, called differentiation, protoplanets and large 
planetesimals developed internal layering early in their history. 
As we will see later, the central ball of iron alloy constitutes the 
body’s core and the outer shell constitutes its mantle.

In the early days of the Solar System, planets continued to 
be bombarded by meteorites (solid objects, such as fragments 
of planetesimals, falling from space that land on a planet) even 
after the Sun had ignited and differentiation had occurred 
(Box 1.2). Heavy bombardment in the early days of the Solar 
System pulverized the surfaces of planets and eventually left 
huge numbers of craters (See for Yourself A). Bombardment 
also contributed to heating the planets.

Based on analysis and the dating of Moon rocks, most 
geologists have concluded that at about 4.53 Ga, a Mars-sized 
protoplanet slammed into the newborn Earth. In the process, 
the colliding body disintegrated and melted, along with a large 
part of the Earth’s mantle. A ring of debris formed around the 
remaining, now-molten Earth, and quickly coalesced to form 
the Moon. Not all moons in the Solar System necessarily formed 
in this manner. Some may have been independent protoplanets 
or comets that were captured by a larger planet’s gravity.

Why Are Planets Round?
Small planetesimals were jagged or irregular in shape, and 
asteroids today have irregular shapes. Planets, on the other 
hand, are more or less spherical. Why? Simply put, when a 
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FIGURE 1.7   The grainy interior of this meteorite may resemble the 
texture of a small planetesimal.

Did you ever wonder . . .
is	the	Moon	as	old	as	the	

Earth?
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During the early days of the Solar System,  
the Earth collided with and incorporated 
countless planetesimals and smaller frag-
ments of solid material lying in its path. 
Intense bombardment ceased about  
3.9 Ga, but even today collisions with 
space objects continue, and over 1,000 
tons of material (rock, metal, dust, and 
ice) fall to Earth, on average, every year. 
The vast majority of this material consists 
of fragments derived from comets and 
asteroids sent careening into the path of 
the Earth after billiard-ball-like collisions 
with each other out in space, or because 
of the gravitational pull of a passing planet 
deflected their orbit. Some of the material, 
however, consists of chips of the Moon 
or Mars, ejected into space when large 
objects collided with those bodies.

Astronomers refer to any object from 
space that enters the Earth’s atmosphere 
as a meteoroid. Meteoroids move at speeds 
of 20 to 75 km/s (over 45,000 mph), so 
fast that when they reach an altitude of 
about 150 km, friction with the atmo-
sphere causes them to heat up and vapor-
ize, leaving a streak of bright, glowing 
gas. The glowing streak, an atmospheric  
phenomenon, is a meteor (also known 

colloquially, though incorrectly, as a “fall-
ing star”) (Fig. Bx1.2a). Most visible 
meteors completely vaporize by an alti-
tude of about 30 km. But dust-sized ones 
may slow down sufficiently to float to 
Earth, and larger ones (fist-sized or bigger) 
can survive the heat of entry to reach 
the surface of the planet. In some cases, 
meteoroids explode in brilliant fireballs.

Objects that strike the Earth are called 
meteorites. Although almost all meteor-
ites are small and have not caused notable 
damage on Earth during human history, a 
very few have smashed through houses, 
dented cars, and bruised people. During 
the longer term of Earth history, however, 
there have been some catastrophic colli-
sions that left huge craters (Fig. Bx1.2b).

Most meteorites are asteroidal or 
planetary fragments, for icy material is 
too fragile to survive the fall. Researchers 
recognize three basic classes of mete-
orites: iron (made of iron-nickel alloy), 
stony (made of rock), and stony iron (rock 
embedded in a matrix of metal). Of all 
known meteorites, about 93% are stony 
and 6% are iron (Fig. Bx1.2c). Research-
ers have concluded that some meteors (a 
special subcategory of stony meteorites 

called carbonaceous chondrites, because 
they contain carbon and small spherical 
nodules called chondrules) are asteroids 
derived from planetesimals that never 
underwent differentiation into a core and 
mantle. Other stony meteorites and all 
iron meteorites are asteroids derived from 
planetesimals that had differentiated into 
a metallic core and a rocky mantle early in 
Solar System history but later shattered 
into fragments during collisions with 
other planetesimals. Most meteorites 
appear to be about 4.54 Ga, but carbo-
naceous chondrites are as old as 4.57 Ga 
and are the oldest solar system materials 
ever measured.

Since meteorites represent fragments 
of undifferentiated and differentiated 
planetesimals, geologists consider the 
average composition of meteorites to be 
representative of the average composi-
tion of the whole Earth. In other words, 
the estimates that geologists use for 
the proportions of different elements in 
the Earth are based largely on studying 
meteorites. Stony meteorites are prob-
ably similar in composition to the mantle, 
and iron meteorites are probably similar in 
composition to the core.

Meteors and Meteorites

B o x  1 . 2  c o n s i d e r  t h i s  . . .

The meteorite forming the 
crater was 50 m across.

(a) A shower of meteors over Hong Kong in 2001.

FIGURE Bx1.2   Meteors and meteorites.

(b) The Barringer meteor 
crater in Arizona. It formed 
about 50,000 years ago 
and is 1.1 km in diameter.

(c) Examples of stony 
meteorites (left) and 
iron meteorites (right).
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protoplanet gets big enough, gravity can change its shape. To 
picture how, imagine a block of cheese sitting outside on a hot 
summer day. As the cheese gets softer and softer, gravity causes 
it to spread out in a pancake-like blob. This model shows that 
gravitational force alone can cause material to change shape 
if the material is soft enough. Now let’s apply this model to 
planetary growth.

The rock composing a small planetesimal is cool and 
strong enough so that the force of gravity is not sufficient to 
cause the rock to flow. But once a planetesimal grows beyond 
a certain critical size (about 1,000 km in diameter), its interior 
becomes warm and soft enough to flow in response to grav-
ity. As a consequence, protrusions are pulled inward toward 
the center, and the planetesimal re-forms into a special shape 
that permits the force of gravity to be nearly the same at all 
points on its surface. This special shape is spherical because 
in a sphere mass is evenly distributed around the center (see 
Geology at a Glance, pp. 22–23).

A First Glance at the Magnetic Field
As our rocket approaches the Earth, and we see its beauti-
ful bluish glow (Fig. 1.8), our instruments detect the planet’s 
magnetic field, like a signpost shouting, “Approaching Earth!” 
A magnetic field, in a general sense, is the region affected by 
the force emanating from a magnet. In the context of physics, 
a force is a push or pull that can cause the velocity or shape 
of an object to change. Magnetic force, which grows pro-
gressively stronger as you approach the magnet, can attract 
or repel another magnet and can cause charged particles to 
move. Earth’s magnetic field, like the familiar magnetic field 
around a bar magnet, is largely a dipole, meaning that it has 
two poles—a north pole and a south pole (Fig. 1.9a, b). When 
you bring two bar magnets close to one another, opposite poles 
attract and like poles repel. By convention, we represent the 
orientation of a magnetic dipole by an arrow that points from 
the south pole to the north pole, and we represent the mag-
netic field of a magnet by a set of invisible magnetic field lines 
that curve through the space around the magnet and enter the 
magnet at its poles. Arrowheads along these lines point in a 
direction to complete a loop. Magnetized needles, such as iron 
filings or compass needles, when placed in a field align with 
the magnetic field lines.

If we represent the Earth’s magnetic field as emanating 
from an imaginary bar magnet in the planet’s interior, the 
north pole of this bar lies near the south geographic pole of 
the Earth, whereas the south pole of the bar lies near the north 
geographic pole. (The geographic poles are the places where 
the spin axis of the Earth intersects the planet’s surface.)  

take-home Message
Heavier	 elements	 formed	 in	 stars	 and	 supernovas	
added	to	gases	in	nebulae	from	which	new	generations	
of	stars	formed.	Planets	formed	from	rings	of	dust	and	
ice	orbiting	the	stars.	As	they	formed,	planets	differen-
tiated,	with	denser	materials	sinking	to	the	center.

1.5 Welcome to the Neighborhood
Introducing the Earth System
So far in this chapter, we’ve described scientific ideas about 
how the Universe, and then the Solar System, formed. Now, 
let’s focus on our home planet and develop an image of the 
Earth’s overall architecture. We will see that our planet con-
sists of several components—the atmosphere (Earth’s gaseous 
envelope), the hydrosphere (Earth’s surface and near-surface 
water), the biosphere (Earth’s great variety of life forms), 
the lithosphere (the outer shell of the Earth), and the inte-
rior (material inside the Earth). These components, and 
the complex interactions among them, comprise the Earth 
System. Our planet remains a dynamic place. Heat retained 
inside from the planet’s formation, as well as from continu-
ing radioactive decay, provides the energy to move the litho-
sphere. And heat from the Sun keeps the atmosphere and 
hydrosphere in motion.

To get an initial sense of what the Earth System looks like, 
imagine that we are explorers from space rocketing toward the 
Earth for a first visit. After we pass the Moon, we begin to 
detect the Earth’s magnetic field. Then we enter its atmo-
sphere and orbit its surface.

1.5 Welcome to the Neighborhood 21

FIGURE 1.8   A view of the Earth as seen from space.
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2.  Gravity pulls gas and dust inward to form 
an accretion disk. Eventually a glowing 
ball—the proto-Sun—forms at the center 
of the disk.

1.  Forming the solar system, according 
to the nebular hypothesis: A nebula 
forms from hydrogen and helium left 
over from the Big Bang, as well as from 
heavier elements that were produced 
by fusion reactions in stars or during 
explosions of stars.

6.  Gravity reshapes the 
proto-Earth into a sphere. 
The interior of the Earth 
differentiates into a core 
and mantle.

5.  Forming the planets from planetesimals: 
Planetesimals grow by continuous 
collisions. Gradually, an irregularly 
shaped proto-Earth develops. The 
interior heats up and becomes soft.

7.  Soon after Earth forms, a small planet collides with it, 
blasting debris that forms a ring around the Earth.

8. The Moon forms from the ring of debris.

Forming the Planets and  
the Earth-Moon System

G e o l o G y  a t  a  G l a n c e
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3.  “Dust” (particles of refractory materials) concentrates in 
the inner rings, while “ice” (particles of volatile materials) 
concentrates in the outer rings. Eventually, the dense ball of 
gas at the center of the disk becomes hot enough for fusion 
reactions to begin. When it ignites, it becomes the Sun.

4.  Dust and ice particles collide and stick 
together, forming planetesimals.

9.  Eventually, the atmosphere develops from volcanic gases. When the 
Earth becomes cool enough, moisture condenses and rains to create 
the oceans. Some gases may be added by passing comets.
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Solar wind

Magnetic field lines

Van Allen belts
Magnetosphere

Magnetic
field lines

Aligned
iron filings

Northern
polarity

Southern
polarity

North magnetic pole
(southern polarity)

North geographic pole

North-
seeking
end of a
compass

South magnetic pole
(northern polarity)South geographic pole

Compass
needle

Imaginary
bar magnet

(a) A bar magnet produces a magnetic field. Magnetic field 
lines point into the “south pole” and out from the “north pole.”

(b) We can represent the Earth‘s field by an imaginary 
bar magnet inside.

(c) Earth behaves like a magnetic dipole, but the field lines are distorted by 
the solar wind. The Van Allen radiation belts trap charged particles.

(d) Charged particles flow toward 
Earth’s magnetic poles and cause 
gases in the atmosphere to glow, 
forming colorful aurorae in polar skies.

FIGURE 1.9    A magnetic field permeates the space around the Earth. It can be symbolized by a bar magnet.

Nevertheless, geologists and geographers by convention refer 
to the magnetic pole closer to the north geographic pole as 
the north magnetic pole, and the magnetic pole closer to the 
south geographic pole as the south magnetic pole. This way, 
the north-seeking end of a compass points toward the north 
geographic pole, since opposite ends of a magnet attract.

Our Sun’s stellar wind, known as the “solar wind,” interacts 
with Earth’s magnetic field, distorting it into a huge teardrop 
pointing away from the Sun. The solar wind consists of dan-
gerous, high-velocity charged particles. Fortunately, the mag-
netic field deflects most (but not all) of the particles, so that 
they do not reach Earth’s surface. In this way, the magnetic 
field acts like a shield against the solar wind; the region inside 
this magnetic shield is called the magnetosphere (Fig. 1.9c).

Though it protects the Earth from most of the solar 
wind, the magnetic field does not stop our spaceship, and we 
continue to speed toward the planet. At distances of about 
3,000 km and 10,500 km out from the Earth, we encounter 
the Van Allen radiation belts, named for the physicist who 
first recognized them in 1959. These belts trap solar wind 
particles as well as cosmic rays (nuclei of atoms emitted from 

supernova explosions) that were moving so fast they were 
able to penetrate the weaker outer part of the magnetic field. 
Some charged particles make it past the Van Allen belts and 
are channeled along magnetic field lines to the polar regions 
of Earth. When these particles interact with gas atoms in 
the upper atmosphere, they cause the gases to glow, like the 
gases in neon signs, creating spectacular aurorae (Fig. 1.9d).

Introducing the Atmosphere
As our spaceship descends further, we enter Earth’s atmo-
sphere, an envelope of gas consisting of 78% nitrogen (N2) 
and 21% oxygen (O2), with minor amounts (1% total) of 
argon, carbon dioxide (CO2), neon, methane, ozone, carbon 
monoxide, and sulfur dioxide (Fig. 1.10a, b). Other terres-
trial planets have atmospheres, but they are not like Earth’s.
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(a) An orbiting astronaut's photograph shows the haze of the 
atmosphere fading up into the blackness of space.

(c) Molecules pack together more tightly at the base of the atmosphere, 
so atmospheric pressure changes with elevation.

(d) The atmosphere can be divided into several distinct layers. 
We live in the troposphere.

(b) Composition of atmosphere. 
Nitrogen and oxygen dominate.

FIGURE 1.10   Characteristics of the atmosphere that envelops the Earth.

The weight of overlying air squeezes down on the air 
below, pushing gas molecules closer together. Thus, both 
the density of air and the air pressure (the amount of push 
that the air exerts on material beneath it) increases closer to 
the surface (Fig. 1.10c). Technically, we specify pressure in 
units of force per unit area. Such units include atmospheres  
(abbreviated atm) and bars, where 1 atm = 1.04 kilograms per 
square centimeter, or 14.7 pounds per square inch. An atmo-
sphere and a bar are almost the same: 1 atm = 1.01 bars. 
At sea level, average air pressure is 1 atm. Air pressure (and, 
therefore, density) decreases by half for every 5.6 km that 
you rise above sea level. Thus, at the peak of Mt. Everest, 
the highest point of the planet (8.85 km above sea level), 
air pressure is only 0.3 atm. People can’t survive for long at 
elevations above about 5.5  km. Because of the decrease in 

density with elevation, 99% of atmospheric gas lies at eleva-
tions below 50 km, and the atmosphere is barely detectable 
at elevations above 120  km. The vacuum (lack of matter) 
characterizing interplanetary 
space lies above an elevation 
of about 600 km.

The nature of the atmo-
sphere changes with increas-
ing distance from the Earth’s 
surface. Because of these changes, atmospheric scientists 
divide the atmosphere into layers. Most winds and clouds 
develop only in the lowest layer, the troposphere. The layers 
of the atmosphere that lie above the troposphere are named, in 
sequence from base to top: the stratosphere, the mesosphere, 
and the thermosphere (Fig.  1.10d). Boundaries between layers 

are defined as elevations at which temperature stops 
decreasing and starts increasing, or vice versa. 

Boundaries are named for the underlying 
layer. For example, the boundary between 
the troposphere and the overlying strato-

sphere is the tropopause. 
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Did you ever wonder . . .
how	thick	is	our		
atmosphere?
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Land and Oceans

Imagine that we now guide our spaceship into orbit around 
the Earth. Our first task is to make a map of the planet. 
What features should go on this map? Starting with the 
most obvious, we note that land (continents and islands) 
covers about 30% of the surface (Fig. 1.11). Some of the 
land surface consists of solid rock, whereas some has a cover-
ing of sediment (materials such as sand and gravel, in which 
the grains are not stuck together). The amount of cover by 
vegetation varies widely (See For Yourself A). Surface water 
covers the remaining 70% of the Earth. Most surface water 
is salty and in oceans, but some is fresh and fills lakes and 
rivers. Our instruments also detect groundwater, the water 
that fills cracks and holes (pores) within rock and sediment 
under the land surface. Finally, we find that ice covers sig-
nificant areas of land and sea in polar regions and at high 
elevations, and that living organisms populate the land, sea, 
air, and even the upper few kilometers of the subsurface.

To finish off our map of the Earth’s surface, we note that 
the surface is not flat. Topography, the variation in elevation 
of the land surface, defines plains, mountains, and valleys 
(See for Yourself A). Similarly, bathymetry, the variation in 
elevation of the ocean floor, defines mid-ocean ridges, abyssal 
plains, and deep-ocean trenches (see Fig. 1.11). The deepest 
point on the ocean floor is 10.9 km below sea level, and the 
highest point on land is almost 8.9 km above—the total dif-
ference in elevation (19.8 km) is only 0.3% of Earth’s radius 
(6,371 km).

Ice sheet

Plain

Mountain
belt Mountain

belt

Abyssal
plain

Abyssal
plain

Continental
shelf

Seamounts

Fracture zone

Mid-ocean
ridge

Trench

Trench

FIGURE 1.11   This map of the Earth shows variations in elevation on both the land surface and the sea floor. Darker blues are deeper
water in the ocean. Greens are lower elevation on land.
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take-home Message
The	Earth	produces	a	magnetic	field	that	deflects	solar	
wind.	An	atmosphere	of	N2	 and	O2	 gas	 surrounds	 the	
planet.	Oceans	cover	70%	of	the	surface,	and	land	the	
remainder.	The	difference	between	the	highest	and	the	
lowest	points	is	only	about	0.3%	of	the	radius.

1.6  Looking Inward—Introducing 
the Earth’s Interior 

What Is the Earth Made Of?
At this point, we leave our fantasy space voyage and turn our 
attention inward to the materials that make up the solid Earth, 
because we need to be aware of these before we can discuss the 
architecture of the Earth’s interior. Let’s begin by reiterating 
that the Earth consists mostly of elements produced by fusion 
reactions in stars and by supernova explosions. Only four ele-
ments (iron, oxygen, silicon, and magnesium) make up 91.2% 
of the Earth’s mass; the remaining 8.8% consists of the other 
88 elements (Fig. 1.12). The elements of the Earth comprise 
a great variety of materials. For reference in this chapter and 
the next, we introduce the basic categories of materials. All of 
these will be discussed in more detail later in the book.

> Organic chemicals. Carbon-containing compounds that either 
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occur in living organisms or have characteristics that resemble 
compounds in living organisms are called organic chemicals.

> Minerals. A solid, natural substance in which atoms are ar-
ranged in an orderly pattern is a mineral. A single coherent 
sample of a mineral that grew to its present shape is a crystal, 
whereas an irregularly shaped sample, or a fragment derived 
from a once-larger crystal or cluster of crystals, is a grain.

> Glasses. A solid in which atoms are not arranged in an orderly 
pattern is called glass.

> Rocks. Aggregates of mineral crystals or grains, or masses of 
natural glass, are called rocks. Geologists recognize three main 
groups of rocks. (1) Igneous rocks develop when hot molten 
(liquid) rock cools and freezes solid. (2) Sedimentary rocks 
form from grains that break off preexisting rock and become 
cemented together, or from minerals that precipitate out of a 
water solution. (3) Metamorphic rocks form when preexisting 
rocks change in response to heat and pressure.

> Sediment. An accumulation of loose mineral grains (grains 
that have not stuck together) is called sediment.

> Metals. A solid composed of metal atoms (such as iron, alumi-
num, copper, and tin) is called a metal. An alloy is a mixture 
containing more than one type of metal atom.

> Melts. A melt forms when solid materials become hot and 
transform into liquid. Molten rock is a type of melt— 
geologists distinguish between magma, which is molten rock 
beneath the Earth’s surface, and lava, molten rock that has 
flowed out onto the Earth’s surface.

> Volatiles. Materials that easily transform into gas at the rela-
tively low temperatures found at the Earth’s surface are called 
volatiles.

The most common minerals in the Earth contain silica 
(a compound of silicon and oxygen) mixed in varying propor-
tions with other elements. These minerals are called silicate 
minerals. Not surprisingly, rocks composed of silicate min-
erals are silicate rocks. Geologists distinguish four classes of 
igneous silicate rocks based, in essence, on the proportion of 
silica to iron and magnesium. In order, from greatest to least 
proportion of silica to iron and magnesium, these classes are 

felsic (or silicic), intermediate, mafic, and ultramafic. As the pro-
portion of silica in a rock increases, the density (mass per unit 
volume) decreases. Thus, felsic rocks are less dense than mafic 
rocks. Many different rock types occur in each class, as will 
be discussed in detail in Chapters 4 through 7. For now, we 
introduce the four rock types whose names we need to know 
for our discussion of the Earth’s layers that follows. These are  
(1) granite, a felsic rock with large grains; (2) gabbro, a mafic 
rock with large grains; (3) basalt, a mafic rock with small 
grains; and (4) peridotite, an ultramafic rock with large grains.

Discovering the Earth’s Internal Layers
People have speculated about what’s inside our planet since 
ancient times. What is the source of incandescent lavas that 
spew from volcanoes, of precious gems and metals found in 
mines, of sparkling mineral waters that bubble from springs, 
and of the mysterious forces that shake the ground and topple 
buildings? In ancient Greece and Rome, the subsurface was 
the underworld, Hades, home of the dead, a region of fire 
and sulfurous fumes. Perhaps this image was inspired by the 
molten rock and smoke emitted by the volcanoes of the Medi-
terranean region. In the 18th and 19th centuries, European 
writers thought the Earth’s interior resembled a sponge, con-
taining open caverns variously filled with molten rock, water, 
or air. In fact, in the popular 1864 novel Journey to the Center 
of the Earth, by the French author Jules Verne, three explor-
ers hike through interconnected caverns down to the Earth’s 
center.

How can we explore the interior for real? We can’t dig 
or drill down very far. Indeed, the deepest mine penetrates 
only about 3.5 km beneath the surface of South Africa. And 
the deepest drill hole probes only 12 km below the surface 
of northern Russia—compared with the 6,371 km radius of 
the Earth, this hole makes it less than 0.2% of the way to 
the center and is nothing more than a pinprick. Our modern 
image of the Earth’s interior, one made up of distinct layers, 
is the end product of many discoveries made during the past 
200 years. 

The first clue that led away from Jules Verne’s sponge 
image came when researchers successfully measured the mass 
of the whole Earth, and from this information derived its 
average density. They found that the average density of our 
planet far exceeds the density of common rocks found on the 
surface. Thus, the interior of the Earth must contain denser 
material than its outermost layer and can’t possibly be full of 
holes. In fact, the mass of the Earth overall is so great that the 
planet must contain a large amount of metal. Since the Earth 
is close to being a sphere, the metal must be concentrated 
near the center. Otherwise, centrifugal force due to the spin 
of the Earth on its axis would pull the equator out, and the  

Iron
32.1% Other 8.8%

Magnesium
13.9%

Oxygen
30.1%

Silicon
15.1%

FIGURE 1.12   The proportions of major elements making
up the mass of the whole Earth.
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planet would become a disk. (To picture why, consider that 
when you swing a hammer, your hand feels more force if 
you hold the end of the light wooden shaft, rather than the 
heavy metal head.) Finally, researchers realized that, though 
molten rock occasionally oozes out of the interior at volca-
noes, the interior must be mostly solid, because if it weren’t, 
the land surface would rise and fall due to tidal forces much 
more than it does. 

Eventually, researchers concluded that the Earth resem-
bled a hard-boiled egg, in that it had three principal layers: 
a not-so-dense crust (like an eggshell, composed of rocks 
such as granite, basalt, and gabbro), a denser solid mantle 
in the middle (the “white,” composed of a then-unknown 
material), and a very dense core (the “yolk,” composed of 
an unknown metal) (Fig. 1.13a, b). Clearly, many questions 
remained. How thick are the layers? Are the boundaries 
between layers sharp or gradational? And what exactly are 
the layers composed of?

Clues from the Study of Earthquakes: 
Refining the Image
When rock within the outer portion of the Earth suddenly 
breaks and slips along a fracture called a fault, it generates shock 
waves (abrupt vibrations), called seismic waves, that travel 
through the surrounding rock outward from the break. Where 
these waves cause the surface of the Earth to vibrate, people feel 
an earthquake, an episode of ground shaking. You can simulate 
this process, at a small scale, when you break a stick between 
your hands and feel the snap with your hands (Fig. 1.14a, b). 

Crust
(least dense)

Mantle
(denser)

Core
(most dense)

Yolk

Shell

White

(b) Earth’s interior
is denser than the
mantle and crust.

FIGURE  1.13   An early image of Earth’s internal layers.

(a) The hard-boiled egg
analogy for the Earth’s
interior.

In the late 19th century, geologists learned that earth-
quake energy could travel, in the form of waves, all the way 
through the Earth’s interior from one side to the other. 
Geologists immediately realized that the study of earthquake 
waves traveling through the Earth might provide a tool for 
exploring the Earth’s insides, much as ultrasound today helps 
doctors study a patient’s insides. Specifically, laboratory mea-
surements demonstrated that earthquake waves travel at dif-
ferent velocities (speeds) through different materials. Thus, by 
detecting depths at which velocities suddenly change, geosci-
entists pinpointed the boundaries between layers and even rec-
ognized subtler boundaries within layers. For example, such 
studies led geoscientists to subdivide the mantle into the upper 
mantle and lower mantle, and subdivide the core into the inner 
core and outer core. (Chapter 8 provides further details about 
earthquakes, and Interlude D shows how the study of earth-
quake waves defines the Earth’s layers.)

Pressure and Temperature Inside the Earth
In order to keep underground tunnels from collapsing under the 
pressure created by the weight of overlying rock, mining engi-
neers must design sturdy support structures. It is no surprise 

Fault
plane

Earthquake
wave

(not to scale)

(b) Similarly, when the rock inside the Earth suddenly breaks and slips, 
forming a fracture called a fault, it generates shock waves that pass 
through the Earth and shake the surface.

(a) Snapping a stick generates vibrations that pass through the stick to 
your hands.

FIGURE 1.14  Faulting and earthquakes.
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suddenly increased at a depth of tens of kilometers beneath the 
Earth’s surface, and he suggested that this increase was caused 
by an abrupt change in the properties of rock (see Interlude 
D for further details). Later studies showed that this change 
can be found most everywhere around our planet, though it 
occurs at different depths in different locations. Specifically, 
it’s deeper beneath continents than beneath oceans. Geolo-
gists now consider the change to define the base of the crust, 
and they refer to it as the Moho in Mohorovičić’s honor. The 
relatively shallow depth of the Moho (7 to 70 km, depend-
ing on location) as compared to the radius of the Earth (6,371 
km) emphasizes that the crust is very thin indeed. In fact, the 
crust is only about 0.1% to 1.0% of the Earth’s radius, so if the 
Earth were the size of a balloon, the crust would be about the 
thickness of the balloon’s skin.

The crust is not simply cooled mantle, like the skin on 
chocolate pudding, but rather consists of a variety of rocks that 
differ in composition (chemical makeup) from mantle rock. 
Geologists distinguish between two fundamentally different 
types of crust—oceanic crust, which underlies the sea floor, and 
continental crust, which underlies continents. 

Oceanic crust is only 7 to 10 km thick. At highway speeds 
(100 km per hour), you could drive a distance equal to the thick-
ness of the oceanic crust in about five minutes. At the top, we 
find a blanket of sediment, generally less than 1 km thick, 
composed of clay and tiny shells that settled like snow out of 
the sea. Beneath this blanket, the oceanic crust consists of a 
layer of basalt and, below that, a layer of gabbro.

Most continental crust is about 35 to 40 km thick—
about four to five times the thickness of oceanic crust—but 
its thickness varies significantly. In some places, continental 
crust has been stretched and thinned so it’s only 25 km from 
the surface to the Moho, and in some places, the crust has 
been crumpled and thickened to become up to 70 km thick. 
In contrast to oceanic crust, continental crust contains a  
great variety of rock types, ranging from mafic to felsic in 
composition. On average, upper continental crust is less mafic 
than oceanic crust—it has a felsic (granite-like) to interme-
diate composition—so continental crust overall is less dense 
than oceanic crust. Notably, oxygen is the most abundant  
element in the crust (Fig. 1.16).

The Mantle

The mantle of the Earth forms a 2,885-km-thick layer sur-
rounding the core. In terms of volume, it is the largest part of 
the Earth. In contrast to the crust, the mantle consists entirely 
of an ultramafic (dark and dense) rock called peridotite. This 
means that peridotite, though rare at the Earth’s surface, is 
actually the most abundant rock in our planet! Researchers 
have found that earthquake-wave velocity changes at a depth 

that deeper tunnels require stronger supports: the downward 
push from the weight of overlying rock increases with depth, 
simply because the mass of the overlying rock layer increases 
with depth. In solid rock, the pressure at a depth of 1 km is 
about 300 atm. At the Earth’s center, pressure probably reaches 
about 3,600,000 atm.

Temperature also increases with depth in the Earth. Even 
on a cool winter’s day, miners who chisel away at gold veins 
exposed in tunnels 3.5 km below the surface swelter in tem-
peratures of about 53°C (127°F). We refer to the rate of change 
in temperature with depth as the geothermal gradient. 
In the upper part of the crust, the geothermal gradient  
averages between 20°C and 30°C per km. At greater depths, 

the rate decreases to 10°C per  
km or less. Thus, 35 km below 
the surface of a continent, the 
temperature reaches 400°C to 
700°C, and the mantle-core 
boundary is about 3,500°C. No 

one has ever directly measured the temperature at the Earth’s 
center, but calculations suggest it may exceed 4,700°C, close 
to the Sun’s surface temperature of 5,500°C. 

take-home Message
The	Earth	consists	of	many	materials,	the	most	common	
of	 which	 is	 silicate	 rock.	 Studies,	 including	 analysis	 of	
earthquake	 waves,	 show	 that	 the	 Earth	 can	 be	 divided	
into	 three	 layers—the	 crust,	 the	 mantle,	 and	 the	 core.	
Temperature	and	pressure	increase	with	depth.

1.7  What Are the Layers 
Made Of?

As a result of studies during the past century, geologists have a 
pretty clear sense of what the layers inside the Earth are made 
of. Let’s now look at the properties of individual layers in more 
detail (Fig. 1.15a, b).

The Crust
When you stand on the surface of the Earth, you are stand-
ing on top of its outermost layer, the crust. The crust is our 
home and the source of all our resources. How thick is this all-
important layer? Or, in other words, what is the depth to the 
crust-mantle boundary? An answer came from the studies of 
Andrija Mohorovičić, a researcher working in Zagreb, Croatia. 
In 1909, he discovered that the velocity of earthquake waves 
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Did you ever wonder . . .
how	hot	it	gets	at	the	center	

of	this	planet	?
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of 400 km and again at a depth of 660 km in the mantle. 
Based on this observation, they divide the mantle into two 
sublayers: the upper mantle, down to a depth of 660 km, 
and the lower mantle, from 660 km down to 2,900 km. The 
transition zone is the interval between 400 km and 660 km 
deep.

Almost all of the mantle is solid rock. But even though it’s 
solid, mantle rock below a depth of 100 to 150 km is so hot 
that it’s soft enough to flow. This flow, however, takes place 
extremely slowly—at a rate of less than 15  cm a year. Soft here 
does not mean liquid; it simply means that over long periods 
of time mantle rock can change shape without breaking. We 
stated earlier that almost all of the mantle is solid. We used the 
word “almost” because up to a few percent of the mantle has 
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FIGURE 1.15   A modern view of Earth‘s interior layers.

(b) By studying earthquake waves, geologists 
produced a re�ned image of Earth‘s interior, 
in which the mantle and core are subdivided.

(a) There are two basic types of 
crust. Oceanic crust is thinner 
and consists of basalt and 
gabbro. Continental crust varies 
in thickness and rock type.

melted. This melt occurs in films or bubbles between grains in 
the mantle at a depth of 100 to 200 km beneath the ocean floor.

Although overall, the temperature of the mantle increases 
with depth, temperature also varies significantly with location 

even at the same depth. The warmer regions are 
less dense, while the cooler regions are denser. The 
distribution of warmer and cooler mantle indicates 

that the mantle convects like water in 
a simmering pot; warmer mantle is 
relatively buoyant and gradually flows 
upward, while cooler, denser mantle 
sinks.

The Core
Early calculations suggested that the 

core had the same density as gold, so 
for many years people held the fanci-

ful hope that vast riches lay at the heart 
of our planet. Alas, geologists eventu-

ally concluded that the core consists of a 
far less glamorous material, iron alloy (iron 

mixed with tiny amounts of other elements). 
Studies of seismic waves led geo scientists to 

divide the core into two parts, the outer core 
(between 2,900 and 5,155 km deep) and the 

inner core (from a depth of 5,155 km down 
to the Earth’s center at 6,371 km). The outer 

core consists of liquid iron alloy. It can exist as a 
liquid because the temperature in the outer core 

is so high that even the great pressures squeezing 
the region cannot keep atoms locked into a solid 

framework. The iron alloy of the outer core can 
flow, and this flow generates Earth’s magnetic field.

The inner core, with a radius of about 1,220 km, 
is a solid iron alloy that may reach a temperature of 

over 4,700°C. Even though it is hotter than the outer core, 
the inner core is a solid because it is deeper and is subjected 
to even greater pressure. The pressure keeps atoms locked 
together tightly in very dense materials.

The Lithosphere and the Asthenosphere
So far, we have identified three major layers (crust, mantle, and 
core) inside the Earth that differ compositionally from each 
other. Earthquake waves travel at different velocities through 
these layers. An alternative way of thinking about Earth layers 
comes from studying the degree to which the material making 
up a layer can flow. In this context, we distinguish between rigid 
materials, which can bend or break but cannot flow, and plastic 
materials, which are relatively soft and can flow without breaking.
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asthenosphere is entirely in the mantle and generally lies 
below a depth of 100 to 150 km. We can’t assign a specific 
depth to the base of the asthenosphere because all of the 
mantle below 150 km can flow, but for convenience, some 
geologists consider the base of the asthenosphere to be the 
top of the transition zone.

Now, with an understanding of Earth’s overall architec-
ture at hand, we can discuss geology’s grand unifying theory—
plate tectonics. The next chapter introduces this key topic.

take-home Message
Earth’s	 outermost	 layer,	 the	 crust,	 is	 very	 thin;	 oce-
anic	and	continental	crust	differ	 in	composition.	Most	of	
Earth’s	mass	 lies	 in	 the	mantle.	 A	metallic	 core	 lies	 at	
this	planet’s	center.	The	crust	and	the	outermost	mantle	
together	comprise	the	rigid	lithosphere.

Geologists have determined that the outer 100 to 150  km 
of the Earth is relatively rigid. In other words, the Earth has 
an outer shell composed of rock that cannot flow easily. This 
outer layer is called the lithosphere, and it consists of the crust 
plus the uppermost, cooler part of the mantle. We refer to the 
portion of the mantle within the lithosphere as the lithospheric 
mantle. Note that the terms lithosphere and crust are not  
synonymous—the crust is just the upper part of the lithosphere. 
The lithosphere lies on top of the asthenosphere, which is the 
portion of the mantle in which rock can flow. The boundary 
between the lithosphere and asthenosphere occurs where the 
temperature reaches about 1280°C, for at temperatures higher 
than this value mantle rock becomes soft enough to flow. 

Geologists distinguish between two types of litho-
sphere (Fig. 1.17). Oceanic lithosphere, topped by oceanic 
crust, generally has a thickness of about 100 km. In con-
trast, continental lithosphere, topped by continental crust, 
generally has a thickness of about 150 km. Notice that the 
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FIGURE 1.16 A table and a graph illustrating the abundance of elements in the Earth’s crust.
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FIGURE 1.17   A block diagram of the lithosphere, emphasizing the difference between continental and oceanic lithosphere.
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Chapter Summary

> The geocentric model of the Universe placed the Earth at 
the center of the Universe. The heliocentric model placed 
the Sun at the center.

> The Earth is one of eight planets orbiting the Sun. This 
Solar System lies on the outer edge of the Milky Way galaxy. 
The Universe contains hundreds of billions of galaxies.

> The red shift of light from distant galaxies led to the expand-
ing Universe theory. Most astronomers agree that expansion 
began after the Big Bang, 13.7 billion years ago.

> The first atoms (hydrogen and helium) of the Universe 
developed within minutes of the Big Bang. These atoms 
formed vast gas clouds, called nebulae.

> Gravity caused clumps of gas in the nebulae to coalesce into 
flattened disks with bulbous centers. The center of each disk 
became so dense and hot that fusion reactions began and 
they became true stars.

> The Earth, and the life forms on it, contains elements that 
could have been produced only during the life cycle of stars. 
Thus, we are all made of stardust. 

> Planets developed from the rings of gas and dust sur-
rounding protostars. These condensed into planetesi-
mals that then clumped together to form protoplanets, 
and finally true planets. Inner rings became the terres-
trial planets. Outer rings grew into gas-giant  planets.

> The Moon formed from debris ejected when a protoplanet 
collided with the Earth in the young Solar System.

> A planet assumes a near-spherical shape when it becomes so 
soft that gravity can smooth out irregularities.

> The Earth has a magnetic field that shields it from solar 
wind and cosmic rays.

> A layer of gas surrounds the Earth. This atmosphere 
(78% N2, 21% O2, and 1% other gases) can be subdivided into 
layers. Air pressure decreases with increasing elevation. 

> The surface of the Earth can be divided into land (30%) and 
ocean (70%).

> The Earth consists of organic chemicals, minerals, glasses, 
rocks, metals, melts, and volatiles. Most rocks on Earth con-
tain silica (SiO2). We distinguish among various major rock 
types based on the proportion of silica. 

> The Earth’s interior can be divided into three distinct layers: 
the very thin crust, the rocky mantle, and the metallic core.

> Pressure and temperature both increase with depth in the 
Earth. The rate at which temperature increases as depth in-
creases is the geothermal gradient.

> The crust is a thin skin that varies in thickness from 7–10 km 
(beneath the oceans) to 25–70 km (beneath the continents). 
Oceanic crust is mafic in composition, whereas average up-
per continental crust is felsic to intermediate. The mantle is 
composed of ultramafic rock. The core is made of iron alloy.

> Studies of earthquake waves reveal that the mantle can be sub-
divided into an upper mantle (including the transition zone) 
and a lower mantle. The core can be subdivided into the liquid 
outer core and a solid inner core. Circulation of the outer core 
produces the Earth’s magnetic field.

> The crust plus the upper part of the mantle constitute the 
lithosphere, a rigid shell. The lithosphere lies over the asthe-
nosphere, mantle that can flow.
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On Further Thought
19. The further a galaxy lies from Earth, the greater its red 

shift. Why? (Hint: Draw two points that are initially 
1  cm apart, and two points that are initially 2 cm apart. 
Imagine doubling the distance between the points in each 
pair in a given time.)

20. Did all first-generation stars form at the same time?
21. Why are the giant planets, which contain abundant gas 

and ice, further from the Sun?

22. Recent observations suggest that the Moon has a very 
small, solid core that is less than 3% of its mass. In 
comparison, Earth’s core is about 33% of its mass. Explain 
why this difference might exist.

 23. The Moon has virtually no magnetosphere. Why?
 24. Popular media sometimes imply that the crust floats on a 

“sea of magma.” Is this a correct image of the mantle just 
below the Moho? Explain your answer. 

Review Questions
 1. Contrast the geocentric and heliocentric Universe concepts.
 2. Describe how the Doppler effect works.
 3. What does the red shift of the galaxies tell us about their 

motion with respect to the Earth?
 4. What is the Big Bang, and when did it occur?
 5. Describe the steps in the formation of the Solar System 

according to the nebular theory.
 6. Why isn’t the Earth homogeneous?
 7. Describe how the Moon was formed.
 8. Why is the Earth round?
 9. What is the Earth’s magnetic field? Draw a representation 

of the field on a piece of paper. What causes aurorae?
 10. What is the Earth’s atmosphere composed of? Why would 

you die of suffocation if you were to eject from a fighter 
plane at an elevation of 12 km without an oxygen tank?

 11. What is the proportion of land area to sea area on Earth?

 12. Describe the major categories of materials constituting 
the Earth. On what basis do geologists distinguish among 
different kinds of silicate rock?

 13. What are the principal layers of the Earth?
 14. How do temperature and pressure change with increasing 

depth in the Earth?
 15. What is the Moho? Describe the differences between 

continental crust and oceanic crust.
 16. What is the mantle composed of? Is there any melt in it?
 17. What is the core composed of? How do the inner and 

outer cores differ? Which produces the magnetic field?
 18. What is the difference between the lithosphere and 

asthenosphere? At what depth does the lithosphere- 
astheno sphere boundary occur? Is this above or below the 
Moho? In the asthenosphere entirely liquid?

Chapter Review 33

Every chapter of SmartWork contains active learning 
exercises to assist you with reading comprehension and 
concept mastery. This particular chapter also features:
>  Labeling problems that help students understand 

Earth’s atmospheric layers.

>  An animation-based exercise demonstrating planetary 
movement.

>  A video exercise on the formation of the Moon.

smartwork.wwnorton.com

Earth and Sky

Barringer Crater, Arizona
Latitude  35°1′35.23″N,
Longitude 111°1′22.23″W 

This structure, also known as Me-
teor Crater, is 1.2 km in diameter and 
formed from the impact of an iron me-
teorite about 50,000 years ago. Viewed 
from an elevation of 5 km, you can see 
the raised rim of the crater.

View of the Whole Earth
Latitude 05°56′59.21″N,
Longitude 143°6′23.83″E

An astronaut looking down on the 
western Pacific region from 14,000 
km out in space can distinguish land 
from sea and can see the variation in 
amount of vegetation. Instruments 
reveal the shape of the sea-floor.

See For YourSelF A . .  .

Download Google EarthTM from the Web in order to visit the locations described below (instructions 
appear in the Preface of this book). You’ll find further locations and associated active-learning exercises 
on Worksheet A of our Geotours Workbook.
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