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Chapter 5 Earth and Moon

WHAT DO YOU THINK?

1

Will the Earth’s ozone layer, which is now being
depleted, naturally replenish itself?

2

Who was the first person to walk on the Moon, and
on what Apollo space mission did this event occur?

3

Do we see all parts of the Moon’s surface at some
time throughout the lunar cycle of phases?

4
5
6

Does the Moon rotate and, if so, how fast?
What causes the ocean tides?
When does the spring tide occur?

1

V

uppose that you arrive in our solar system
from a distant star system, looking for inhabitable worlds. Your spacecraft approaches the inner solar system on the opposite side of the
Sun from the Earth. You encounter Mars, with its thin,
chilled, unbreathable atmosphere and barren desert landscapes. Not very promising. Moving much closer to the Sun,
the next planet you happen to encounter, Venus, is enshrouded in corrosive clouds hiding a menacingly hot surface.
Finally, moving back out you spy Earth, orbiting the Sun
between these two relatively forbidding planets—one too
cold, the other too hot. Ever-changing white clouds pirouette
EO 5.
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above the browns and blues of Earth’s continents and
oceans. Its close companion, the Moon, pockmarked by
countless craters, causes those oceans to move up and down
in a ceaseless rhythm. Is this Earth a world that your funding agency back home can use to justify more astronomical
research?

EARTH: A DYNAMIC, VITAL WORLD
A space traveler might first study the sunlight reflected from
the Earth’s shifting clouds and its surface. The Earth has an
average albedo of 0.37, meaning it scatters about 37% of
the sunlight it receives right back into space. That scattered
light would tell an interstellar traveler that the Earth is
indeed an appealing world to investigate, because it indicates large quantities of liquid water as well as dry land.
Water, the nearly universal solvent in which life probably
first formed, covers about 71% of the Earth’s surface.
Beneath the clouds, our visitor would find a geologically
active world. Earthquakes shake many regions of it. Volcanoes pour huge quantities of molten rock from inside the
Earth onto the surface, and gas from within it vents into the
atmosphere. Some mountains are still rising, while others are
wearing away. Water flow erodes topsoil and carves river valleys. Rain and snow help rid the atmosphere of dust particles.
And life teems virtually everywhere, making the Earth unique
in the solar system. Figure 5-1 details Earth’s important

Earth’s Vital Statistics
Mass
Radius
Average density
Orbital eccentricity
Inclination of equator to plane of orbit
Sidereal period of revolution (yr)
Average distance from Sun
Sidereal rotation period
Solar rotation period (day)
Albedo (average)
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6.0 × 1024 kg (1 M)
6378 km = 1 R
5520 kg/m3
0.017
23.5°
365.26 d (1.00 yr)
1.496 × 108 km (1 AU)
0.997 d
1.00 d
0.37

FIGURE 5-1 A View of Earth’s Surface An oasis in the forbidding void of space, the Earth is a
world of unsurpassed beauty and variety. Ever-changing cloud patterns drift through its skies. More than
two-thirds of its surface is covered with oceans. This liquid water, in combination with a huge variety of
chemicals from its lands, led to the formation and evolution of life over most of the planet’s surface. (NASA)

136

Chapter 5 Earth and Moon

5-1 The Earth’s atmosphere has evolved
over billions of years

WE
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force
Pressure = ———
area
The average atmospheric pressure at sea level is
14.7 pounds per square inch, or 1 atmosphere (atm). This
pressure is due to the weight of the air pushing down. The
atmospheric pressure decreases smoothly with increasing
altitude, falling by roughly half with every 5.5 km of altitude. Seventy-five percent of the mass of the atmosphere lies
within 11 km (approximately 7 mi, or 36,000 ft) of the
Earth’s surface.
All Earth’s weather—clouds, rain, sleet, and snow—
occurs in this lowest region of the atmosphere, called the
troposphere. Commercial jets generally fly at the top of the
troposphere to avoid having to plow through the denser air
below. If the Earth were the size of a typical classroom
globe, the troposphere would only be as thick as a sheet of
paper wrapped around its surface.
Starting at the Earth’s surface, atmospheric temperature
initially decreases upward, reaching a minimum of 218 K
(–67°F) at the top of the troposphere. Above this level is
the region called the stratosphere, which extends from 11 to
50 km (approximately 7 to 31 mi) above the Earth’s surface.
This is the realm of the ozone layer.

Insight into Science What’s in a Word The importance of word meanings in science cannot be overstressed. The word “layer” in the term “ozone layer”
suggests a narrow region, perhaps a few meters thick.
Not so. The ozone layer extends in altitude over some
40 kilometers of the atmosphere!
Ozone molecules (three oxygen atoms, O3, bound
together) are created in the stratosphere when
ultraviolet radiation from the Sun occasionally
splits O2 up there into two separate oxygen atoms. Each resulting oxygen atom then combines with different O2 molecules to create ozone. Once created, ozone efficiently absorbs solar ultraviolet rays, thereby heating the air in this
B
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Essential to the existence of complex life is an atmosphere
containing oxygen molecules. The Earth’s early atmosphere
contained no oxygen, and we begin our survey of the Earth
with a study of its atmosphere. The Earth’s atmosphere is
unique among the planets. The air we breathe is predominantly a 4-to-1 mixture of nitrogen to oxygen, two gases
that are found only in small amounts in the atmospheres of
other planets. This is, however, the third atmosphere to
envelop the Earth.
The first one, composed of trace remnants of hydrogen
and helium left over from the formation of the solar system,
did not last very long. These gases are too light to stay
near the Earth (consider what happens to helium balloons).
Heated by sunlight, these gases quickly dissipated into space.
LINK 5
The gases of the second atmosphere came from
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inside the Earth through volcanoes and fissures. It
was composed primarily of carbon dioxide and
water along with some nitrogen. In fact, there was roughly
100 times as much gas in this second atmosphere as there is
today. Carbon dioxide and water store a lot of heat, helping
to create what is called the greenhouse effect, about which
we will say more shortly. The high concentration of these
gases early in the Earth’s life stored more heat than the
atmosphere does today. The Earth back then would have
been a serious hothouse had the Sun reached its full intensity.
Evidence indicates it had not and so, without the high concentrations of carbon dioxide and water in the air, the young
Earth would have actually been frozen solid.
Oceans began forming when water precipitated out of
this atmosphere, as well as from impacts of water-rich space
debris. The oceans eventually absorbed about half the carbon dioxide in that second atmosphere. (Water holds a lot
of carbon dioxide, as you can see by the amount of carbon
dioxide fizz in a can of soda.) As life evolved in the oceans,
much of that dissolved carbon dioxide was transformed into
the shells of many creatures, and then, as the animals died,
their carbon-rich shells sank to the ocean bottoms. Shells
piled up and compressed the shells underneath them into
rock such as limestone.
Early plant life in the oceans and then on the shores
removed most of the remaining carbon dioxide in the air by
converting it into oxygen and the nutrients that the plants
needed to survive. The most efficient of such conversion
mechanisms is photosynthesis, which today helps maintain
the balance between carbon dioxide and oxygen in the air.
What remained in the air was nitrogen and water vapor.
The first oxygen that returned to the air, a by-product
of plant life activity, did not stay there for long. Oxygen is

highly reactive, and early atmospheric oxygen thus combined quickly with many elements on the Earth’s surface,
notably iron, to form new compounds. (In Chapter 6, we
will see similar iron compounds on Mars.)
Eventually, after all the minerals that could combine
with oxygen had done so, the atmosphere began to fill with
this gas. With the carbon dioxide gone, the air became the
nitrogen-oxygen mixture that we breathe today. While nitrogen had been a tiny fraction of that earlier atmosphere, it
now dominates the thinner air of today.
Because it has mass, the air is pulled down toward the
Earth by gravity, thereby creating a pressure on the surface.
We define pressure as a force acting over some area:

WE

physical and orbital properties. The symbol  in Figure 5-1
and hereafter is astronomer’s shorthand for “Earth.”
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Stratosphere

Note in Figure 5-2 that above the stratosphere lies the
mesosphere. Atmospheric temperature again declines as one
moves up through the mesosphere, reaching a minimum of
about 200 K (–103°F) at an altitude of about 80 km (50 mi).
This minimum marks the bottom of the thermosphere,
above which the Sun’s ultraviolet light ionizes atoms, producing charged particles that reflect radio waves. You can
tune in distant AM radio stations because their transmissions bounce off this region and return to Earth. On the
other hand, FM radio stations use much higher frequencies
that pass through this layer without bouncing back. That is
why you must be quite near an FM station to receive it.

Troposphere
0

195 215 235 255 275 295 315 335 355 375
Temperature (K)

FIGURE 5-2 Temperature Profile of Earth’s Atmosphere The
atmospheric temperature changes with altitude because of the way
sunlight interacts with various gases at different heights.

1

layer while preventing most of this lethal radiation from
reaching the Earth’s surface. The temperature therefore increases upward through the stratosphere to about 285 K
(50°F) at its top (Figure 5-2).
Not much ozone actually exists in the ozone layer. If all
of it was compressed to the density of the air we breathe, it
would be a layer only a few millimeters (about one-eighth of
an inch) thick. It is enough, however, to protect us from the
Sun’s ultraviolet radiation. Because the Earth’s early atmosphere lacked ozone, ultraviolet radiation penetrated to the
planet’s surface, where it provided much of the energy necessary for life to evolve in the oceans. After life developed,
however, the formation of the ozone layer by the same ultraviolet radiation was essential in lessening the amount of
ultraviolet radiation that reached the surface, thereby allowing life-forms to leave the oceans and survive on land.
Today, the ozone layer is still vital, because the energy it
absorbs would otherwise cause skin cancer and various eye
diseases. In sufficiently high doses, ultraviolet radiation even
damages the human immune system. The ozone layer is
being depleted today by human-made chemicals, such as
chlorofluorocarbons (CFCs). At present, ozone levels in the
mid-latitudes of the northern hemisphere are decreasing by
about 4% per decade. Much more rapid and dramatic drops
in the ozone layer over the Earth’s poles, especially over the
south pole, have been observed for more than two decades.
These seasonal ozone holes typically extend over 24 million
square kilometers, or 4.6% of the Earth’s surface area.
Fortunately, as explained above, sunlight creates ozone.
If current international efforts aimed at slowing the depletion rate succeed, the ozone layer will naturally replenish
itself, and the ozone holes will probably stop occurring.

5-2 Plate tectonics produce major changes
on the Earth’s surface
Land masses protrude through Earth’s oceans. These are
regions of the Earth’s outermost layer, or crust, and are composed of relatively low-density rock that floats on denser
material below it. By studying the various kinds of rocks at a
particular location, geologists can deduce the history of that
site. For example, whether an area was once covered by an
ancient sea or flooded by lava from volcanoes is readily apparent from the kinds of rocks that are present.
Beneath the Earth’s oceans, the crust has distinct segments, indicating that the continents are separate bodies. We
all believe, or at least hope, that the land under our feet will
remain secure and unchanged. But the segmented appearance of the Earth’s crust reveals that the planet is constantly
changing. Earthquakes and volcanoes hint at activity hidden
below the Earth’s crust.
Anyone who carefully examines the shapes of Earth’s
continents (see Figure 5-5a) might conclude that landmasses move. Eastern South America, for example, looks
like it would fit snugly against western Africa. Between
1912 and 1915, the German scientist Alfred Wegener published his observations on the remarkable fit between landmasses on either side of the Atlantic Ocean, an idea proposed by Isaac Newton two centuries earlier. Wegener was
inspired to advocate the theory of continental drift—that
the continents on either side of the Atlantic Ocean have
drifted apart.
Wegener argued that a single, gigantic supercontinent
called Pangaea (meaning “all lands”) began to break up
and drift apart some 200 million years ago. Initially, most
geologists ridiculed Wegener’s ideas. Although it was
generally accepted that the continents do float on denser
rock beneath them, few geologists could accept that entire
continents move across the Earth’s face at speeds as great
as several centimeters per year. Wegener and other “continental drifters” could not explain what forces would shove
the massive continents around or how less-dense continental rock had gotten through the dense rock of the ocean
floor.
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established Wegener’s theory of crustal motion, which was
developed into the modern theory of plate tectonics.
The Earth’s surface is made up of about a dozen major
tectonic plates that move relative to each other. In recent
years, geologists have uncovered evidence that points to a
whole succession of supercontinents that broke apart and
reassembled. Pangaea is only the most recent supercontinent
in this cycle, which repeats on average every 500 million
years (Figure 5-4).
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FIGURE 5-3

The Mid-Atlantic Ridge This artist’s rendition of
the floor of the North Atlantic Ocean shows an unusual mountain
range in the middle of the ocean floor. Called the Mid-Atlantic Ridge,
these mountains are created by lava seeping up from the Earth’s
interior along a rift that extends from Iceland to Antarctica.

Then, in the mid-1950s, long, underwater mountain ranges were discovered. The Mid-Atlantic
Ridge, for example, stretches all the way from
Iceland to Antarctica (Figure 5-3). Careful examination revealed that molten rock from the Earth’s interior is being
forced upward there, as the ocean floor slides apart on
either side of the ridge. This seafloor spreading is in fact
pushing the Americas away from Europe and Africa at a
speed of roughly 3 cm per year.
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Insight into Science From Proof to Acceptance
Scientific theories may take years or decades of testing
and replication before they are accepted. Newton speculated about continental drift in the late seventeenth
century. Wegener had proposed plate tectonics by 1915.
His theory was not verified until the 1950s and was not
accepted until the late 1960s.
Seafloor spreading provided just the physical mechanism
that had been missing from the theory of continental drift. It

c Today

FIGURE 5-4 The Supercontinent Pangaea (a) The continents of
today are pieces of what was once a bigger, united body called Pangaea.
(b) Geologists now argue that Pangaea must have first split into two
smaller supercontinents, which they call Laurasia and Gondwanaland.
(c) These bodies later separated into the continents of today.
Gondwanaland split into Africa, South America, Australia, and
Antarctica, while Laurasia divided to become North America and Eurasia.
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The boundaries between plates are the sites of
some of the most impressive geological activity on
our planet. Earthquakes tend to occur at the boundaries of the Earth’s crustal plates, where the plates are colliding (convergent boundaries), separating (divergent boundaries), or grinding against each other (transform fault
boundaries). The boundaries between tectonic plates (Figure 5-5a) stand out clearly when the epicenters of earthquakes are plotted on a map. The San Andreas Fault, running along the West Coast of the United States, is an example
of a fault where the North American and Pacific plates are
rubbing against each other. The Red Sea and Gulf of Suez are
expanding as Africa and the Middle East move apart (Figure
5-5b). Great mountain ranges, such as the Himalayas, are
thrust up by ongoing collisions between the IndianAustralian and Eurasian plates (Figure 5-5c). During such
collisions, one plate moves downward into the Earth (subducts) under the other. Where old crust subducts, we find
deep trenches, such as the ones off the coasts of Japan and
Chile.
But what powers all this activity? Some enormous energy
source has caused shifting among landmasses for billions of
WE
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years. The answer to that question leads us to a scientific
model of the Earth’s interior.

5-3 Earth’s interior consists of a rocky
mantle and an iron-rich core
Geologists have calculated that the Earth was entirely
molten soon after its formation, about 4.6 billion years ago.
The violent impact of space debris, along with energy
released by the breakup of radioactive elements, heated and
kept the young Earth molten. A similar process of atoms
breaking apart, called nuclear fission, creates heat used to
generate electricity in nuclear power plants.
Iron and the other dense elements sank toward the center of the young, liquid Earth, just as a rock sinks in a pond.
At the same time, less dense materials were forced upward
toward the surface (Figure 5-6a). This process, called planetary differentiation, produced a layered structure within the
Earth: a very dense central core surrounded by a mantle of
less dense minerals, which in turn was surrounded by a thin
crust of relatively light minerals (Figure 5-6b).
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FIGURE 5-5 The Earth’s Major Tectonic
Plates (a) The Earth’s surface is divided into a
dozen or so rigid plates that move relative to each
other. The boundaries of the plates are the scenes of
violent seismic and geologic activity, such as
earthquakes, volcanoes, rising mountain ranges, and
sinking seafloors. The arrows indicate whether
plates are moving apart (← →), together (→ ←), or
sliding past one another (←
→).
TION
(b) The Separation of Two Plates. The
MA
plates that carry Egypt and Saudi Arabia
are moving apart, leaving the trench
that contains the Red Sea. This view, taken by
astronauts in 1966, shows the northern Red Sea on
the right.
TION
(c) The Collision of Two Plates. The
MA
plates that carry India and China are
colliding. As a result, the Himalayas are
being thrust upward. In this photograph, taken by
astronauts in 1968. Mount Everest is one of the
snow-covered peaks near the center. (a: Digital image
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by Peter W. Sloss, NOAA-NESDIS-NGDC; b: Gemini 12,
NASA; c: Apollo 7, NASA)
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waves traveling through the Earth. By studying the deflection of these waves, geologists have been able to determine
properties of the Earth’s interior.
KNOW
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Differentiation explains why most of the rocks you find
on the ground are composed of lower-density elements like
silicon and aluminum. The iron, gold, lead, and other denser
elements found on the Earth today actually had to return to
the surface via volcanoes and other lava flows. Despite this
return of heavier elements to the surface, the average density
of crustal rocks is 3000 kg/m3, considerably less than the
average density of the Earth as a whole (5520 kg/m3).
The temperature in the Earth rises steadily from about
290 K on the surface to nearly 5000 K at the center. Radioactivity in the Earth’s interior helps replenish heat lost
through the planet’s surface. In addition to temperature,
pressure also increases with increasing depth below the
Earth’s surface. The deeper you go, the more mass presses
down on you. These factors shape the Earth’s inner layers.
You might think that temperatures of 5000 K (9000°F)
would melt virtually any substance. The mantle, in particular, is composed largely of minerals rich in iron and magnesium, both of which have melting points of only slightly
more than 1250 K at the Earth’s surface. However, the
melting point of anything also depends on the pressure to
which it is subjected: The higher the pressure, the higher the
melting point. The high pressures within the Earth (1.4 million atm at the bottom of the mantle) preserve a solid mantle down to a depth of about 2900 km and allow for a solid
iron core in the center of the planet, as we will see shortly.
Geologists have deduced basic properties of the Earth’s
interior by studying the response of the planet to earthquakes. Earthquakes produce a variety of seismic waves,
vibrations that travel through the Earth either as ripples like
ocean waves or by compressing matter like sound waves.
Geologists use sensitive seismographs to detect and record
these vibratory motions. The varying density and composition of the Earth’s interior affects the direction of seismic

MORE

a

FIGURE 5-6 Cutaway Model of
the Earth The early Earth was probably a
homogeneous mixture of elements with no
continents or oceans. (a) While molten, iron sank
to the center and light material floated upward
to form a crust. (b) As a result, Earth has a dense
iron core and a crust of light rock, with a mantle
of intermediate density between them.

Waves in and on the Earth

By 1906, the year of the great San Francisco earthquake,
analysis of seismic recordings led to the discovery that the
Earth has a molten iron core with a radius of about 3500 km
(2150 mi). For comparison, the overall radius of our planet
is 6378 km (3963 mi). More careful measurements in the
1930s revealed that the molten core actually surrounds a
solid core with a radius of about 1250 km (775 mi). The
cores are composed of roughly 80% iron and 20% lighter
elements such as silicon. The interior of our planet therefore
has a curious structure: a liquid region sandwiched between
a solid inner core and a solid mantle (see Figure 5-6b).
A sophisticated computer model of the Earth’s interior
predicts that the solid inner core is rotating faster than the
rest of the planet. Seismic evidence supports the model that
the core goes around about 2 degrees more per year than the
surface. Refined models and observations like these are
finally revealing the secrets of the Earth’s interior.
The tremendous heat and molten rock inside the Earth
provide the energy that drives the plate motion. That heat,
from the formation of the planet and from the decay of
radioactive elements, affects the Earth’s surface today. This
heat transport is accomplished by convection. In this process
a liquid or gas is heated and as a result, it expands, becomes
buoyant, and therefore rises, carrying the heat it received
with it. At a suitable height it gives off the heat, cools, condenses, and sinks back down. You witness convection every
time you see simmering soup. Heated from below, blobs of
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5-4 The Earth’s magnetic field shields us
from the solar wind
If you have ever used a compass, you have seen the effect of
the Earth’s magnetic field. This planetary field is quite similar to the field that surrounds a bar magnet (Figure 5-8a).
Magnetic fields are created by electrical charges in motion.
Thus, the motion of your compass is caused by electrical
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FIGURE 5-7 The Mechanism of Plate Tectonics
Convection currents in the Earth’s interior are responsible
for pushing around rigid plates on its crust. New crust forms
in oceanic rifts, where lava oozes upward between separating plates.
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charges moving inside the Earth. The wires in your house
also carry moving charges called electric currents that, in
turn, create magnetic fields of their own.
KNOW
TO

5.2

hot soup move upward. The rising soup gives off its heat at
its surface.
Heated from below, parts of the Earth’s upper mantle
are hot enough to have an oozing, plastic flow (like stretching Silly Putty). As sketched in Figure 5-7, molten rock, or
magma, seeps upward along cracks or rifts in the ocean floor,
where convection currents below them are carrying plates
apart. Crustal rock sinks back down into the Earth where
plates collide. The continents ride on top of the plates as they
are pushed around by the convection currents circulating beneath them.
Supercontinents like Pangaea apparently sow the seeds
of their own destruction by blocking the flow of heat from
the Earth’s interior. As soon as a supercontinent forms, temperatures beneath it rise. As heat accumulates, the supercontinent domes upward and cracks. Overheated molten
rock wells up to fill the resulting rifts, which continue to
widen as pieces of the fragmenting supercontinent are
pushed apart.
The Earth’s molten, iron-rich interior affects the Earth’s
exterior in another important way, one that has fewer obvious signs than tectonic plate motion. It is the creation of a
magnetic field that extends through the Earth’s surface and
out into space. As we will see next, that magnetic field
results from the convection of molten metal inside the Earth
combined with the Earth’s rotation.

The Origin of the Earth’s Magnetic Field

Many geologists believe that convection of molten iron in
the Earth’s outer core combined with our planet’s rotation
creates electric currents, which in turn create the Earth’s
magnetic field. The details of this so-called dynamo theory
of Earth’s magnetic field are still being developed.
Magnetic fields nearly always form complete loops (see
Figure 5-8b). The magnetic fields near the Earth’s south
rotation pole loop out tens of thousands of kilometers into
space and then return near the Earth’s north rotation pole.
The places where the magnetic fields pierce the Earth’s surface most intensely are called the north and south magnetic
poles. These poles move daily. Evidence in solidified lava
also reveals that the Earth’s magnetic field completely reverses or flips on an irregular schedule ranging from tens
of thousands to hundreds of thousands of years. The last
reversal was about 600,000 years ago. Today, the magnetic
and rotation poles of the Earth are about 11.3° apart; other
planets have much larger angles between their magnetic
and rotation poles. Figure 5-9 is a scale drawing of the magnetic fields around the Earth, which comprise the Earth’s
magnetosphere.
Our planet’s magnetic field protects the Earth’s surface
from bombardment by energetic particles from space. Most
of these particles originate in the Sun (see Chapter 9) and are
called the solar wind. The solar wind is an erratic flow of
electrically charged particles away from the Sun’s upper
atmosphere. Near the Earth, the particles in the solar wind
move at speeds of approximately 400 km/s, or about a million miles per hour.
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Mountain ranges and deep oceanic trenches are formed where plates
collide. Note that not all tectonic plates move together or apart—some
scrape against each other.
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FIGURE 5-8 The Earth’s Magnetic Field (a) The magnetic field of a bar magnet is revealed by the alignment of
iron filings on paper. (b) Generated in the Earth’s molten, metallic core, the Earth’s magnetic field extends far into
space. Note that the field is not aligned with the Earth’s rotation axis. By convention, the magnetic pole near the
Earth’s north rotation axis is called the magnetic north pole even though it is actually the south pole on a magnet! We
will see similar misalignments and flipped magnetic fields when we study other planets. (a: Jules Bucher/Photo Researchers)

Magnetic fields can change the direction of moving
charged particles. The solar wind particles heading toward
the Earth are deflected by our planet’s magnetic field. The
field is strong enough to trap these charged particles in two
huge, doughnut-shaped rings called the Van Allen radiation

belts, which surround the Earth (see Figure 5-9). These belts,
discovered in 1958 during the flight of the first successful
U.S. Earth-orbiting satellite, were named after the physicist
James Van Allen, who insisted that the satellite carry a Geiger
counter to detect charged particles.
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FIGURE 5-9 Earth’s Magnetosphere
A slice through the Earth’s magnetic field,
which surrounds the entire planet, carves out
a cavity in space that excludes charged
particles ejected from the Sun, called the solar
wind. The Earth is located in this cavity. Most
of the particles of the solar wind are deflected
around the Earth by the fields in a turbulent
region colored blue in this drawing. Because
of the strength of the Earth’s magnetic field,
our planet can trap charged particles in two
huge, doughnut-shaped rings called the Van
Allen belts (in red).
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Insight into Science Pace of Discovery Discoveries such as the Van Allen belts remind us of how much
remains to be learned, even about our own planet.
Scientists continue to make such fundamental discoveries for many reasons. The technology necessary to
make certain discoveries, for example, may just have
been developed. Or our understanding of the laws of
physics may be incomplete. Sometimes the equations
are so complex that their implications are not yet clear.
Progress in science requires unquenchable curiosity and
unfailing open-mindedness.

2

V

Sometimes the Van Allen belts overload with particles. The particles then leak through the magnetic fields near the poles and cascade down into
the Earth’s upper atmosphere, usually in a ring-shaped pattern. As these high-speed, charged particles collide with
gases in the upper atmosphere, the gases fluoresce (give off
light) like the gases in a neon sign. The result is a beautiful,
shimmering display called the northern lights (aurora borealis) or the southern lights (aurora australis), depending on
the hemisphere in which the phenomenon is observed (Figure 5-10).
Occasionally a violent event on the Sun’s surface called
a coronal mass ejection sends a burst of protons and electrons straight through the Van Allen belts and into the
atmosphere. These events deplete the ozone layer and cause
spectacular auroral displays (see Figure 5-10) that can often
be seen over a wide range of latitudes and longitudes. Such
events also disturb radio transmissions and can damage
communications satellites and electrical transmission lines.
EO 5.
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FIGURE 5-10 The Northern Lights (Aurora Borealis)
A deluge of charged particles from the Sun can overload the
Van Allen belts and cascade toward the Earth, producing
auroras that can be seen over a wide range of latitudes. Auroras typically
occur 100 to 400 km above the Earth’s surface. (a) View of aurora from
the deep space satellite Dynamics Explorer 1. (b) View of aurora from the
Space Shuttle. (c) This aurora seen from Earth is green because of the
glow of oxygen atoms. (a: L. A. Frank and J. D. Crave, The University of Iowa;
WE

B

LINK 5

.6

Earth’s only natural satellite provides one of the most dramatic sights in the nighttime sky. The Moon is so large and
so nearby that some of its surface features are readily visible
to the naked eye. Even without a telescope, you can easily
see dark gray and light gray areas that cover vast expanses
of the Moon (Figure 5-11). Appearances can be deceiving,
however, as our ancestors interpreted what they saw of the
Moon’s surface as flat and some asserted that it is covered
by large seas of water (maria). Our modern understanding
of the lunar surface only began with the telescopic observations of Galileo.
In Galileo’s day, most people believed that the Moon
had a smooth face. Galileo’s telescope revealed mountains
towering above its barren surface. Was the Moon’s geological history as active as that of the Earth? What are the
Moon’s surface features telling us about its evolution? Our
exploration of the Moon starts with a study of its surface.

b: NASA; c: Paul A. Souders/Corbis)
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The Moon’s Vital Statistics
Maria

Mass
Radius
Average density
Average distance from Earth

0.012 M (7.35 × 1022 kg)
0.272 R (1738 km or 1079 mi)
3340 kg/m3
384,400 km (238,900 mi)

Orbital eccentricity around the Earth 0.055

Craters

Sidereal period of revolution

27.3 d

Synodic period of revolution
(cycle of lunar phases)

29.5 d

Sidereal rotation period

27.3 d

Lunar
highlands

WE

LINK 5
.7

B

0.07

FIGURE 5-11 The Moon Our Moon is one of seven large satellites in the solar system.
The Moon’s diameter of 3476 km (2160 mi) is slightly less than the distance from New York to San
Francisco. This photograph is a composite of first quarter and last quarter views, in which long
shadows enhance the surface features. (Lick Observatory)

5-5 The Moon’s surface is covered with
craters, plains, and mountains

.8

Perhaps the most familiar and characteristic features on the
Moon are its craters (Figure 5-12). Through an Earth-based
telescope, some 30,000 craters, with diameters ranging from
1 km to more than 100 km, are visible. Following a tradition established in the seventeenth century, the most prominent craters are named after scientists, mathematicians, and
philosophers, such as Kepler, Copernicus, Pythagoras, Plato,
and Aristotle. Close-up photographs from lunar orbit reveal
millions of craters too small to be seen with Earth-based telescopes. Indeed, extreme close-up photos of the Moon’s surface reveal countless microscopic craters (Figure 5-13).
Earth, by comparison, has only about 200 known
LINK 5
B
impact craters. Many craters on Earth have been
drawn inside our planet by plate tectonic motion
and obliterated. Many other craters of a few kilometers in
diameter and smaller have been worn away (eroded) by
weathering effects of wind and water. The Earth’s atmosphere vaporized countless space rocks that would otherwise
have created small craters here. Moreover, those that did hit
had been slowed down by the atmosphere so that they produced smaller craters than they would have otherwise. We
will discuss Earth’s craters further in Chapter 8.
WE

Albedo (average)

Virtually all lunar craters, both large and small, are the
result of bombardment by meteoritic material. Nearly all
these craters are circular, indicating that they were not merely
gouged out by high-speed rocks. Instead, the high speed (upwards of 180,000 km/hr or 112,000 mi/hr) collisions with the
Moon’s surface vaporized the rapidly moving debris, often
with the power of a large nuclear bomb. The resulting explosions of hot gas and debris produced the round-rimmed
craters we observe today.
Meteoritic impact causes material from the crater site to
be ejected onto the surrounding surface. This pulverized rock
is called an ejecta blanket. You can see some of the more
recent ejecta blankets, which are lighter colored than the
older ones (see Figure 5-11). The blanket darkens with time
as its surface roughens from impacts by the solar wind. The
lightness of its ejecta is one clue astronomers use to determine how long ago a crater formed.
Craters larger than about 20 km also form central peaks
(see Figure 5-12). These occur because the impact compresses the crater floor so much that afterward the crater
rebounds and pushes the peak upward. As the peak goes up,
the crater walls collapse and form terraces.
Besides the craters, the most obvious characteristic of the
Moon visible from Earth is that its surface is various shades
of gray. Most prominent are the large, dark gray plains called
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Central peak

FIGURE 5-12 Details of a Lunar Crater This photograph, taken
from lunar orbit by astronauts in 1969, shows a typical view of the
Moon’s heavily cratered far side, the hemisphere we never see from
Earth. The large crater near the middle of the picture is approximately
80 km (50 mi) in diameter. Note the crater’s central peak, collapsed
crater wall, and the numerous tiny craters that pockmark the
surrounding lunar surface. (NASA)

maria (pronounced “mar-ee-uh”). The singular form of this
term, mare (pronounced “mar-ay”), means “sea” in Latin
and was introduced in the seventeenth century when observers using early telescopes thought that these features
were large bodies of water. We know now that no water exists
in liquid form on our satellite. Nevertheless, we retain these
poetic, fanciful names, from Mare Tranquillitatis (Sea of
Tranquillity) and Mare Nubium (Sea of Clouds) to Mare Nectaris (Sea of Nectar) and Mare Serenitatis (Sea of Serenity). As
we will discuss shortly, maria are basins on the Moon that
were filled in with lava after most cratering ended.
The largest of the maria is Mare Imbrium (Sea of
Showers). It is roughly circular and measures 1100 km
(700 mi) in diameter. Although the maria seem quite smooth
in telescopic views from the Earth, close-up photographs
from lunar orbit reveal that they contain small craters and
occasional cracks called rilles (Figure 5-14). Rilles are the
collapsed roofs of underground lava rivers. When the flowing lava solidified, it shrank and the roofs fell in on the
spaces created.
As we will discuss further in Section 5-8, the same side of
the Moon always faces the Earth. One of the surprises stemming from the earliest lunar exploration is that only one small
mare graces the Moon’s far side (Figure 5-15). Except for that
lone mare, craters cover the entire far side of the Moon.

FIGURE 5-13 A Microscopic Lunar Crater This photograph
made with a microscope shows tiny microcraters less than 1 mm
across on a piece of moon rock. (NASA)

Extinct lava “rille”

Craters

FIGURE 5-14 Details of a Lunar Mare Close-up views of the
lunar surface reveal numerous tiny craters and rilles on the maria.
Astronauts in lunar orbit took this photograph of Mare Tranquillitatis
(Sea of Tranquillity) in 1969 while searching for potential landing sites
for the first manned landing. (NASA)
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Earth
side

Far
side

Detailed measurements by astronauts in lunar orbit
demonstrated that the maria on the Moon’s Earth-facing
side are 2 to 5 km below the average lunar elevation and the
one on the far side is 4 to 5 km above the average lunar elevation. The flat, low-lying, dark gray maria cover only 17%
of the lunar surface. The remaining 83% is composed of
light gray, heavily cratered, mountainous regions called highlands (Figure 5-16).
Lunar mountain ranges that rim the vast maria basins
suggest ancient impacts far more violent than those that produced typical craters. One such mountain range can be
seen around the edges of Mare Imbrium (see Figure 5-16).
Although they take their names from famous terrestrial
ranges, such as the Alps, the Apennines, and the Carpathians,
the lunar mountains were not formed through plate tectonics as mountains on Earth were. Analyses of Moon rocks and
observations from lunar orbit imply that violent impacts of
huge asteroids thrust up the lunar highlands.

sions by the former Soviet Union spurred President John F.
Kennedy’s goal of landing a person on the Moon by the end
of that decade. The Apollo missions focused our technologies, and, in the end, the drama of space travel and the compelling views from space of the oasis that is our Earth helped
bring all of humanity a little closer together. Amid all the
excitement, a prodigious amount of scientific research about
the Moon was accomplished during the Apollo program.
The first of six manned lunar landings, Apollo 11,
LINK 5
set down on Mare Tranquillitatis on July 20,
1969. Astronaut Neil Armstrong was the first
human to set foot on the Moon. In the same year, Apollo 12
also landed in a mare. Human voyages into space encountered a setback when Apollo 13 experienced a nearly fatal
explosion en route to the Moon. Fortunately, a titanic effort
by the astronauts and ground personnel brought it safely
home. Apollo 14 through Apollo 17 took on progressively
more challenging lunar terrain. The period of human visitation to our Moon lasted less than four years, culminating in
1972, when Apollo 17 landed amid rugged mountains just
east of Mare Serenitatis (Figure 5-17).
Astronauts discovered that the lunar surface is covered
with a layer of fine powder and rock fragments. This layer,
ranging in thickness from 1 to 20 m, is called the regolith
(from the Greek, meaning “blanket of stone”; Figure 5-18). It
formed during 4.5 billion years of relentless micro-meteorite
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5-6 Visits to the Moon yielded invaluable
information about its history
Reaching the Moon became a national
obsession for the United States in the early
1960s. A series of successful space mis-
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FIGURE 5-16 Mare Imbrium and the Surrounding Highlands
Mare Imbrium, the largest of the 14 dark plains that dominate the
Earth-facing side of the Moon, is ringed by lighter-colored highlands
strewn with craters and towering mountains. The highlands were
created by asteroid impacts pushing land together. (NASA)
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FIGURE 5-15 Comparing the Near and
Far Sides of the Moon On the left side of this
photograph are three maria visible from the
Earth. In this view, taken by the crew of Apollo 16, the far side of the
Moon is more uniformly and more heavily cratered than the side
facing the Earth. The curve indicates the separation between the near
and far sides of the Moon. (NASA)
B
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bombardment that pulverized the surface rock. We do not
refer to this layer as soil, because the term “soil” suggests
the presence of decayed biological matter, which is not found
on the Moon’s surface. The rough, powdered regolith absorbs most of the light incident on it. Therefore, the Moon’s
albedo is only 0.07, meaning that it scatters only 7% of the
light striking it.
A major goal of the Apollo program was to study the
geology of the Moon and help determine its history. The
astronauts brought back a total of 382 kg (842 lb) of lunar
rocks, which have provided important information about
the early history of the Moon. By carefully measuring trace
amounts of radioactive elements, geologists determined that
lunar rock from the maria is solidified lava that dates back
only 3.1 to 3.8 billion years. This indicates that the maria
developed about a billion years after the Moon formed and
that the maria were formed from molten rock. Indeed, these
Moon rocks are composed mostly of the same minerals that
are found in volcanic rocks on Hawaii and Iceland. The rock
of these low-lying lunar plains is called mare basalt (Figure
5-19). About 17% of the Moon’s surface rock is basalt.
In contrast to the dark mare basalt, the lunar highlands
are covered with a light-colored rock called anorthosite
(Figure 5-20). On Earth, anorthositic rock is found only in
very old mountain ranges, such as the Adirondacks in the
eastern United States. Compared to the mare basalts, which

FIGURE 5-19 Mare Basalt This 1.53-kg (3.38-lb) specimen of
mare basalt was brought back by Apollo 15 astronauts in 1971. Small
holes that cover about a third of its surface suggest that gas dissolved
in the lava from which this rock solidified. When the lava reached the
airless lunar surface, bubbles formed as the pressure dropped and the
gas expanded. Some of the bubbles were frozen in place as the rock
cooled. (NASA)

V

FIGURE 5-18 The Regolith The Moon’s surface is covered
by a layer of powdered rock that was created by billions of years of
bombardment by space debris. Called the regolith, this surface
material sticks together like wet sand, as illustrated by this Apollo 11
astronaut’s bootprint. (NASA)

5

FIGURE 5-17 An Apollo Astronaut on the Moon
Apollo 17 astronaut Harrison Schmitt enters the TaurusLittow Valley on the Moon. Here an enormous boulder had
once slid down a mountain, fracturing on the way. This final Apollo
mission landed in the most rugged terrain of any Apollo flight. (NASA)

148

Chapter 5 Earth and Moon

FIGURE 5-21 Impact Breccias These rocks are created from
shattered debris fused together under high temperature and pressure.
Such conditions prevail immediately following impacts of space debris
on the Moon’s surface. (NASA)

have more of the heavier elements like iron, manganese, and
titanium, anorthosite is rich in calcium and aluminum.
Anorthosite is therefore less dense than basalt. Many highland rocks brought back to Earth are impact breccias (Figure 5-21), which are composites of different rock fused together as a result of meteorite impacts.

near the poles that never receive sunlight, ideal for ice to
remain for eons (see Figure 5-22). In 1998 the Lunar Prospector confirmed Clementine’s discovery and also found evidence for ice at the Moon’s north pole. The ice probably was
deposited on the Moon during comet and asteroid impacts.
Current estimates are that at least 3 billion tons of water are
encased there.
The presence of water ice greatly simplifies the prospect
of human settlement of the Moon, because its ice can provide
us not only with liquid water but also with oxygen and
rocket fuel. The Space Shuttle’s primary rocket engine is
fueled by liquid oxygen and liquid hydrogen. Separating the
Moon’s water into liquid oxygen and liquid hydrogen would
create the same fuel. An existing water reservoir makes the
prospect of establishing a lunar colony much less expensive
and more feasible than lugging all that water from Earth or
dragging a water-rich comet to the Moon.
Astronauts found no traces of life on the Moon. Life as
we know it requires liquid water, of which the Moon has
none. The Moon has an atmosphere of sodium gas so thin
as to be considered an excellent vacuum compared to the
density of the air we breathe. An atmosphere is held around
a planet or moon by that body’s gravitational force. If the
atmospheric gases are too hot (moving too fast) for the gravitational force to hold them, they will leak into space. Our
Moon has so little gravitational attraction (about one-sixth
what we feel at the Earth’s surface) that it is unable to retain
its tenuous atmosphere. The atmosphere is renewed by sunlight striking the Moon, releasing more gas from its rocks.
The Earth, in contrast, has enough mass to retain such gases
as nitrogen, oxygen, carbon dioxide, water, and argon.
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FIGURE 5-20 Anorthosite The lunar highlands are covered
with this ancient type of rock, which is believed to be the material of
the original lunar crust. This sample’s dimensions are 18 × 16 × 7 cm.
While this sample is medium gray, other anorthosites retrieved from
the Moon have been white, while others are darker gray than this
one. It was brought back by Apollo 16 astronauts. (NASA)
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In contrast to rocks from maria, typical anorthositic specimens from the highlands are between 4.0 and 4.3 billion years
old. These ancient specimens of highland rock probably represent samples of the Moon’s original crust (Figure 5-22).
Since spacecraft began orbiting the Moon, scientists have
noted that their orbits do not follow the expected elliptical
paths. Every once in a while, usually over a circular mare,
the spacecraft momentarily dip Moonward, as they are
pulled by a higher than normal concentration of mass near
the Moon’s surface. These mass concentrations, or mascons,
are believed to be relatively dense rock that filled the mare
after the impact of an iron meteorite. New mascons continue
to be discovered, including 7 found by the Lunar Prospector
spacecraft in 1998.
In 1994 the lunar-orbiting Clementine spacecraft
LINK 5
made an incredible discovery: the first evidence of
frozen water on the Moon. Located in craters near
the Moon’s south pole, this ice is not in danger of being
evaporated by sunlight, because, like sunlight at Earth’s
poles, the Sun deposits very little energy at the lunar poles.
Indeed, using radar, astronomers have mapped out areas
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The slow rotation rate and a small iron core, whose presence was confirmed by Lunar Prospector, suggest that unlike
the Earth, the Moon should not have a strong magnetic field.
Spacecraft orbiting the Moon have confirmed this. However,
the Lunar Prospector has discovered local areas where the
magnetic fields are strong enough to keep the solar wind
away from the Moon’s surface. These anomalous regions
have yet to be explained.

Mare

Solid
lithosphere
Crust

To
Earth
Iron-rich core

1000 km

Plastic
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FIGURE 5-22 The Moon’s Interior Based on seismic
experiments left on the Moon by Apollo astronauts and the
studies done by Lunar Prospector, we know that the Moon
has a crust, mantle, and core. The lunar crust has an average thickness of
about 60 km on the Earth-facing side but about 100 km on the far side.
The crust and solid upper mantle extend to about 800 km, where the
nonrigid inner mantle begins. The Moon’s core has a radius of between
300 and 425 km. Although the main features of the Moon’s interior are
analogous to those of the Earth, the proportions and details are quite
different. The Clementine spacecraft revealed that the south pole has a
significant basin. The crust was apparently stripped away by an impact.
Top inset: A radar image of the Moon’s north polar region. The areas in
white and gray are cold traps where the Sun never shines. Bottom inset:
A radar image of the Moon’s south polar region, also showing cold traps.
NK
LI 5

(top & bottom inset: NASA/Galaxy)

5-7 The Moon probably formed from
debris cast into space when a huge
asteroid struck the young Earth
Before the Apollo program, scientists debated three different
theories about the origin of the Moon. The fission theory
holds that the Moon was pulled out from a rapidly rotating
proto-Earth. This theory does not explain why the Moon has
virtually no water incorporated in its rocks, as revealed by
the bone-dry samples brought back by Apollo astronauts.
The capture theory posits that the Moon was formed elsewhere in the solar system and then drawn into orbit about
the Earth by gravitational forces. However, it is physically
very difficult for a planet to capture a large moon. Furthermore, because bodies formed in different places have different overall chemical compositions, this theory does not explain the similar geochemistries of the Moon and the Earth’s
surface. The cocreation theory proposes that the Earth and
the Moon were formed near each other at the same time.
However, this theory fails to explain why, compared to the
Earth, the Moon has less of the denser elements, such as iron,
and why certain types of rocks found on the Moon are not
found on Earth.
A fourth theory, first proposed in the 1980s, applies the
established fact of age-old collisions in the solar system to the
formation of the Moon. Called the collision-ejection theory,
it proposes that the newly formed Earth was struck at an angle by a Mars-sized asteroid that literally splashed some of
the Earth’s surface layers into orbit around the young planet. Evidence from Moon rocks places this event at around
4.5 billion years ago, within the first 100 million years of the
Earth’s existence. A computer simulation of this cataclysm is
shown in Figure 5-23. This orbiting matter became a shortlived disk that eventually condensed into the Moon, just as
planetesimals condensed to form the Earth.
The collision-ejection theory is consistent with many of
the known facts about the Moon. For example, rock vaporized by the impact would have been depleted of volatile (easily evaporated) elements and water, leaving the parched
Moon rocks we now know. Also, the Moon has little heavy
iron-rich matter because that material had sunk deep into the
Earth before the asteroid struck. Furthermore, most of the
debris from the collision would lie near the plane of
the ecliptic as long as the orbit of the impacting asteroid had
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FIGURE 5-23 The Moon’s Creation This computer
simulation models the creation of the Moon from material
ejected by the impact of a large asteroid with the young
Earth. To follow the ejected material as it moves away from the Earth,
successive views (a–f) pan out to show increasingly larger volumes of

space. Blue and green indicate iron from the cores of the Earth and the
asteroid; red, orange, and yellow indicate rocky mantle material. In this
simulation, the impact ejects both mantle and core material, but most of
the dense iron falls back onto the Earth. The surviving ejected rocky
matter coalesces to form the Moon (indicated by arrow). (W. Benz)
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FIGURE 5-24 The Rate of Crater Formation The first 700 million
years of the Moon’s history were dominated by frequent crater-making
impacts. Near the end of this intense bombardment, several large
impacts gouged out the mare basins. For the past 3.8 billion years, the
impact rate has been relatively low.

5-8 Gravitational force and the orbits of the
Moon and Earth produce the tides on
Earth and also force the Moon to rotate
at the same rate that it revolves around
the Earth
If you observe the Moon from Earth over many nights, you
always see the same maria and highlands. Even as the Moon
goes through its phases, the same surface features face the
Earth (see Figure 1-19). Only from spacecraft have we seen
the “far side.”
The far side of the Moon is often, and incorrectly, called
the “dark side” of the Moon. Whenever we view less than a
full Moon, some sunlight is falling on its far side and we are
seeing part of its dark side. Indeed, throughout each cycle of
lunar phases all parts of the Moon get equal amounts of
sunlight.
TION
Although the same side of the Moon always faces
MA
the Earth, the Moon does rotate. In fact, it has
synchronous rotation: It rotates on its axis at the
same rate that it orbits the Earth (Figure 5-25). To see why
the Moon must be rotating, hold your arm out with your
palm facing you. Your palm represents the side of the Moon
facing the Earth. Standing still, swing your arm horizontally
6
5.

been near that plane. Also, the impact of an object large
enough to create the Moon could have tipped the Earth’s axis
of rotation and so inaugurated the seasons.
The surface of the newborn Moon probably stayed
molten for millennia, due to heat released during the impact
of rock fragments falling onto the young satellite and the
decay of short-lived radioactive isotopes. As the Moon gradually cooled, low-density lava floating on the Moon’s surface began to solidify into the anorthositic crust that exists
today in the highlands.
By correlating the ages of Moon rocks with the density
of craters at the sites where they were collected, geologists
have found that the rate of impacts on the Moon changed
over the ages. The ancient, heavily cratered lunar highlands
are evidence of intense bombardment that dominated the
Moon’s early history. As shown in Figure 5-24, this barrage
extended from 4.5 billion years ago, when the Moon’s surface first solidified, until about 3.8 billion years ago. This
period of impacts was punctuated by a severe pounding 4 billion years ago, part of a solar-system-wide reign of terror.

The frequency of impacts gradually tapered off as meteoroids and planetesimals were swept up by the newly formed
planets. Recorded among the final scars at the end of this
crater-making era are the impacts of more than a dozen
objects, each measuring at least 100 km across. As these huge
rocks pounded the young Moon, they blasted gaping craters
in what would later become the maria. Meanwhile, heat
from the decay of long-lived radioactive elements like uranium and thorium began to melt the inside of the Moon
again. Then, from 3.8 to 3.1 billion years ago, great floods
of molten rock gushed up from the lunar interior through the
weak spots in the crust created by the large impacts. Lava
filled the impact basins and created the maria we see today.
Because most cratering was over by then, maria have few
craters. The reason that the far side of the Moon has only
one maria apparently stems from the fact that the Moon’s
crust on the side facing Earth is thinner than on the far side.
It was therefore easier for the molten rock inside the Moon
to escape through the large craters on our side than those on
the far side.
Relatively little has happened on the Moon since those
ancient times. A few fresh large craters have been formed,
but the astronauts visited a world that has remained largely
unchanged for more than 3 billion years. Unlike the Earth,
which is still quite geologically active, the Moon is considered to be geologically dead.
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Light from Sun
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At all points in the orbit,
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from Earth but the blue
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Light from Sun

FIGURE 5-25 Synchronous Rotation of the Moon This figure
shows the motion of the Moon around the Earth as seen from above
the Earth’s north polar region. In order for the Moon to keep the same
side facing the Earth as it orbits our planet, the Moon must rotate on
its axis at precisely the same rate that it revolves around the Earth.

always keeping the palm facing you. The only way you can
do this is if your hand turns (rotates) at exactly the same rate
that it swings (revolves).

Earth

Moon

Barycenter

Barycenter’s elliptical
orbit around Sun

The origin of the Moon’s synchronous rotation is in the
tidal force that acts between the Earth and Moon. This tidal
force is also what creates ocean tides on Earth. To understand how the Moon came to have synchronous rotation,
we investigate the forces acting between the Earth and the
Moon. To “kill two birds with one stone,” the following discussion focuses on how the Moon creates the tides on Earth.
We will then turn this information around and see how the
Earth once created tides on the Moon that changed its original rotation rate to synchronous rotation.
Gravitational attraction is what keeps the Earth and
Moon together, while the angular momentum (see An
Astronomer’s Toolbox 2-1) given to the Moon when it was
formed keeps the Moon from being pulled back onto the
Earth. Contrary to appearances, the Moon does not orbit the
Earth, but rather both bodies are in motion around their center of mass called their barycenter (Figure 5-26a), just as a
spinning wrench sliding across a table has its parts move
around a similar common point (Figure 5-26b). Tides are a
result of the gravitational tug-of-war between the Earth and
Moon as the two bodies orbit this point. The details of this
interaction are presented in Guided Discovery: Tides.
Detailed calculations show that the Sun’s tidal effect is
just less than half the tidal effect of the Moon. In other
words, the Moon generates about 2/3 of the tidal activity on
Earth, while the Sun generates most of the rest.
When the Sun, Moon, and Earth are aligned, the Sun
and Moon pull in the same direction, and therefore the tides
are highest. These spring tides (so-called not because they

FIGURE 5-26 Gravitational and Centrifugal Forces Create
the Tides (a) The paths of the Earth and Moon as their barycenter
follows an elliptical orbit around the Sun. Their motions create
centrifugal forces on each body that always point away from the
other body. (b) This time-lapse image shows a spinning wrench sliding
across a table. Note that its center of mass (the red “plus” sign) moves
in a straight line, while its other parts follow curved paths.
(b: Berenice Abbott/Photo Researchers)
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Tides
ince tides would occur even if the Earth were not
rotating, we will ignore the Earth’s rotation until
after the basic tidal concepts are introduced. Likewise,
we will add in the Sun’s tidal effect later.
Consider the motion of the Earth and Moon around
their barycenter. The barycenter is located 1068 miles
below the Earth’s surface on the line between the centers
of the Earth and Moon (Figure 5-26a). As a result of its
motion around the barycenter, every point on Earth feels
a force away from the Moon. Two dancers or skaters
holding each other and whirling around feel a similar
force. Calculations show that the strength of the outward
force acting on the Earth, labeled Fcent in Figure 5-27a, is
the same everywhere on the planet.
Recall from Chapter 2 (An Astronomer’s Toolbox
2-2) that the gravitational force from one body on
another decreases with distance. Therefore, the Moon’s
gravitational attraction is greatest at the point on the
Earth’s surface closest to the Moon. This attraction is
greater than the force felt at, say, the center of the Earth,
which in turn is greater than the force felt on the opposite
side of the Earth from the Moon. The gravitational force
in various places is labeled Fgrav in Figure 5-27a.
Because forces in the same or opposite directions
simply add or subtract, respectively, we can add up the
two forces Fcent and Fgrav at any point on the Earth due to
the presence of the Moon. The resulting net force at various places is labeled Ftide in Figure 5-27a. This is the
tidal force acting at these places. For example, at the
point on the Earth directly below the Moon, the tidal
force is very strong and points toward the Moon. At the
center of the Earth the two forces cancel each other completely. At the point on the opposite side of the Earth
from the Moon, the tidal force is equal in strength to the
tidal force directly under the Moon, but directed away
from the Moon. The strength of the tidal force at various
places is summarized in Figure 5-27b.
Consider the point on the Earth closest to the Moon.
The strength of the tidal force, Ftide, seems to imply that the
Moon’s gravitational force lifts the water there to create the
high tide. However, the force of gravitation from the Moon
is not strong enough to raise that water substantially.
Rather, the high tide closest to the Moon occurs because

S

only occur in the spring—they occur in all seasons—but,
from the German, springen, meaning to “spring up”) occur
at every new and full Moon (Figure 5-28a). Note that it
doesn’t matter whether the Sun and Moon are on the same

ocean waters from nearly halfway around to the opposite
side of the Earth are pulled Moonward by the gravitational
force acting on them. This water slides toward the Moon
and fills the ocean directly under it. Likewise, the net outward force acting on the opposite side of the Earth from
the Moon pushes the waters that are just over halfway
around from the Moon to the side directly away from it,
creating a high tide of equal magnitude on the opposite
side of the Earth from the Moon. Where the water has
been drained away in this process, low tides occur.
Let’s spin the Earth back up. As the Earth rotates, the
geographical locations of the high and low tides continually change. Figure 5-28 indicates that high tides occur
when the Moon is high in the sky or below our feet, while
low tides occur when the Moon is near either horizon.
This means that there are two cycles of high and low tides
at most places on Earth each day. These cycles do not
span exactly 24 hours, because during that time the Moon
is moving around the Earth, changing the time at which
high or low tide occurs at any location. As a result, the
time between consecutive high tides is 24 h 50 min.
Tides are complicated by the fact that the oceans are
not uniformly deep and that the shores around continents
and islands have a variety of shapes. As a result, there are
some places where the oceans have only a single cycle of
tides each day. Some places have tides that change negligibly while some channels, such as the Bay of Fundy
between the United States and Canada, and the Bristol
Channel between Wales and England, have much higher
tides than normal.
The Earth’s rotation is nearly 30 times faster than
the Moon’s revolution around the Earth. Therefore, the
rotating Earth drags the high tides around with it. As a
result, the high tide that should be directly between the
centers of the Earth and Moon is dragged 10° ahead of
the Moon in its orbit around the Earth (Figure 5-28).
This high tide stays at roughly this position because the
Moon’s gravitational force pulls it westward while it is
being dragged eastward by the Earth’s rotation and the
two effects balance each other out. A similar argument
applies to the tide on the opposite side of the Earth.
We can repeat this analysis for the Earth-Sun system
and get exactly the same qualitative results.

or opposite sides of the Earth when creating the spring tides.
At first quarter and third quarter, the Sun and Moon form a
right angle as seen from the Earth. The gravitational forces
they exert compete with each other, so the tidal distortion is
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FIGURE 5-27 Tidal Forces (a) The Moon induces
tidal forces Ftide, on the Earth because of the force, Fcent,
created by the orbital motion of the two bodies combined
with the changing strength of the Moon’s gravitational force, Fgrav,
over the Earth’s surface. The magnitude and direction of each arrow

Friction between the Earth
and its oceans makes the
Earth rotate more slowly

Sun

Forward pull on the moon
makes it spiral outward

10°
Moon

a

Spring
Spring
tide
tide

represents the strength and direction of each force. (b) Water slides
along the Earth to create the tides. Ignoring the Earth’s rotation and
continents until Figure 5-28, this figure shows how two high tides are
created on the Earth by the Moon’s gravitational pull. The Sun has a
weaker, but otherwise identical, effect.

the least pronounced. The smaller tidal shifts on these days
are called neap tides (Figure 5-28b).
Finally, we can explain the Moon’s synchronous rotation: When the Moon was young, it was molten and Earth’s
gravity created huge tides of molten rock up to 60 ft high
there. The Earth’s tidal force acted to keep the Moon’s high
tide directly between the Moon’s center and the center of
the Earth. Friction created by the tidal motion changed the
Moon’s rotation rate. As a result, the Moon’s rotation rate
became the same as its revolution rate. When it solidified,
the Moon was locked into this synchronous rotation.

5-9
Sun

10°
Moon

b

Neap tide

FIGURE 5-28 Tides on the Earth The gravitational and
centrifugal forces of the Moon and Sun deform the oceans. Due to
Earth’s rapid rotation, the high tide closest to the Moon leads it around
the Earth by about 10°. (a) The greatest deformation (spring tides)
occurs when the Sun, Earth, and Moon are aligned with the Sun and
Moon either on the same or opposite sides of the Earth. (b) The least
deformation (neap tides) occurs when the Sun, Earth, and Moon form a
right angle.

The Moon is moving away from
the Earth

A century ago, Sir George Darwin (son of evolutionist Charles
Darwin) proposed that the Moon is moving away from the
Earth. To understand why, note in Figure 5-28 that the high
tide nearest the Moon is actually 10° ahead of the Moon in its
orbit around the Earth. As discussed in the Guided Discovery,
this offset occurs because friction between the ocean and the
ocean floor causes the rapidly spinning Earth to drag the tidal
bulge ahead of the line between the center of the Earth and
center of the Moon. Gravitational pull from the high ocean
tide nearest the Moon pulls the Moon ahead in its orbit, giving it energy and thereby forcing it to spiral outward.
To test this concept, the Apollo 11, 14, and 15 astronauts placed on the Moon a set of reflectors, similar to the
orange and red ones found on cars, to help measure the
Moon-Earth distance. Pulses of laser light were fired at the
Moon from the Earth (Figure 5-29), and the time it took the
light to reach the Moon, bounce off the reflector array, and
return to the Earth was carefully recorded. Knowing the
speed of light and the time it takes for the light pulse to make
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calculate that when the Earth first formed, the day was only
between 5 and 6 hours long.
Will the Moon ever leave the Earth completely as a
result of these dynamics? In fact, it won’t. Rather, the
Earth’s rotation will slow down until it is in synchronous
rotation with respect to the Moon. Thereafter, the Moon
will remain at a fixed distance over one side of the Earth.
However, billions of years before that happens, the Sun is
going to self-destruct, so it doesn’t really matter!

5-10 Frontiers yet to be discovered

4
.1

WEB

FIGURE 5-29 Lunar Ranging Beams of laser light
are fired through three telescopes at the Observatoire de
la Côte d’Azur, France. The light is then reflected back by
the corner reflectors placed on the Moon by Apollo astronauts. From
the time it takes the light to reach the Moon and return to Earth,
astronomers can determine the distance to the Moon to within 2 cm.
(Observatoire de la Côte d’Azur)
NK
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the circuit, astronomers can calculate the distance to the
Moon with an error of only a few millimeters. From such
measurements over time, astronomers have established that
the Moon is spiraling away from the Earth at a rate of 3.8 cm
per year.
This means, of course, that the Moon used to be closer
to the Earth. Although the initial distance of the Moon when
it coalesced is not known, its present rate of recession tells us
that it was at least half its present distance; more accurate
calculations suggest one-tenth. At that distance, the tides on
the Earth were a thousand times higher than they are today.
(What effects would those tides have had on the geology of
the young Earth?)
Where does the Moon get the energy necessary to spiral
away from the Earth? The answer, of course, is from the
Earth itself. As the tides move westward to try to stay under
the Moon, they encounter the eastward-moving landmasses,
which disrupt the water’s motion. Because the oceans move
westward, while the planet rotates eastward, the oceans
actually push on the continents opposite to the Earth’s direction of rotation. The result is that the tides are slowing the
Earth’s rotation. The angular momentum lost by the Earth is
gained by the Moon. At present, the day is slowing down by
about one thousandth of a second each century. Geologists

The Earth and Moon still hold many mysteries. We have yet
to understand the different rotation rate of the Earth’s core
from its surface, as well as the details of the dynamo effect
that generates the Earth’s magnetic field. We do not know
how fast the Earth was rotating initially. We also need to
better understand the impact of humans on the Earth and its
atmosphere.
The Moon still inspires many questions and hides many
secrets. The six American manned missions and three Soviet
soft, robotic lunar landings have barely scratched the Moon’s
surface, bringing back samples from only nine locations. We
still know very little about the Moon’s far side. Is there really
water buried at the poles? Is the Moon’s interior molten?
Does the Moon really have an iron-rich core? How old are
the youngest lunar rocks? Did lava flows occur over western
Oceanus Procellarum only two billion years ago, as crater
densities there suggest? Is the Moon really geologically dead,
or does it just appear dead because our examination of the
lunar surface has been so cursory? Such questions can be
answered only by returning to the Moon.

WHAT DID YOU KNOW?

1

Will the Earth’s ozone layer, which is now being
depleted, naturally replenish itself? Yes. Ozone is
created continuously from normal oxygen molecules
by their interaction with the Sun’s ultraviolet
radiation.

2

Who was the first person to walk on the Moon, and
on what Apollo space mission did this event occur? Neil
Armstrong was the first person to set foot on the Moon.
He and Buzz Aldrin flew on the Apollo 11 spacecraft
piloted by Michael Collins. Armstrong and Aldrin set
down the Eagle lander on the Moon on July 20, 1969.

3

Do we see all parts of the Moon’s surface at some
time throughout the lunar cycle of phases? No.
Because the Moon’s rotation around Earth is
synchronous, we always see the same side. The far
side of the Moon has been seen only from spacecraft
that pass or orbit it.
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Does the Moon rotate and, if so, how fast? The Moon
rotates at the same rate that it revolves around the
Earth. If the Moon did not rotate, then, as it revolved,
we would see its entire surface from the Earth, which
we do not.

5

What causes the ocean tides? The tides are created by
centrifugal and gravitational forces, primarily from
the Moon and, to a lesser extent, from the Sun.

6

When does the spring tide occur? Spring tides occur
twice monthly, during each full and new Moon.
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KEY IDEAS
Earth: A Dynamic, Vital World

some nickel mixed in. The mantle is composed of ironrich minerals.

• The Earth’s atmosphere is about four-fifths nitrogen and
one-fifth oxygen. This abundance of oxygen is due to the
biological processes of life-forms on the planet.

• The Earth’s magnetic field produces a magnetosphere
that surrounds the planet and blocks the solar wind.

• The Earth’s atmosphere is divided into layers named the
troposphere, stratosphere, mesosphere, and thermosphere.
Ozone molecules in the stratosphere absorb ultraviolet
light rays.

• Some charged particles from the solar wind are trapped
in two huge, doughnut-shaped rings called the Van Allen
radiation belts. A deluge of particles from a coronal mass
ejection by the Sun can initiate an auroral display.

• The outermost layer, or crust, of the Earth offers clues to
the history of our planet.
• The Earth’s surface is divided into huge plates that move

over the upper mantle. Movements of these plates, a
process called plate tectonics, are caused by convection in
the mantle, upwelling of molten material along cracks in
the ocean floor produces seafloor spreading. Plate
tectonics is responsible for most of the major features of
the Earth’s surface, including mountain ranges, volcanoes,
and the shapes of the continents and oceans.
• Study of seismic waves (vibrations produced by

earthquakes) shows that the Earth has a small, solid inner
core surrounded by a liquid outer core. The outer core is
surrounded by the dense mantle, which in turn is
surrounded by the thin, low-density crust. The Earth’s
inner and outer cores are composed primarily of iron with

The Moon and Tides
• The Moon has light-colored, heavily cratered highlands
and dark-colored, smooth-surfaced maria.
• Many lunar rock samples are solidified lava formed
largely of minerals also found in Earth rocks.
• Anorthositic rock in the lunar highlands was formed
between 4.0 and 4.3 billion years ago, whereas the mare
basalts solidified between 3.1 and 3.8 billion years ago.
The Moon’s surface has undergone very little geological
change over the past 3 billion years.
• Impacts have been the only significant “weathering”
agent on the Moon; the Moon’s regolith (pulverized rock
layer) was formed by meteoritic action. Lunar rocks
brought back to Earth contain no water and are depleted
of volatile elements.
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• Frozen water has been discovered at the Moon’s poles.
• The collision-ejection theory of the Moon’s origin holds
that the young Earth was struck by a huge asteroid, and
debris from this collision coalesced to form the Moon.
• The Moon was molten in its early stages, and the
anorthositic crust solidified from low-density magma that
floated to the lunar surface. The mare basins were created

later by the impact of planetesimals and were then filled
with lava from the lunar interior.
• Gravitational and centrifugal interactions between the
Earth and the Moon produce tides in the oceans of the
Earth and set the Moon in synchronous rotation. The
Moon is moving away from the Earth, and consequently,
the Earth’s rotation rate is decreasing.

REVIEW QUESTIONS

4 Describe the process of plate tectonics. Give specific
examples of geographic features created by plate tectonics.

5

E
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15 Why are there so few craters on the maria?
RACT
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5 To review the Earth’s tectonic plates, do
Interactive Exercise 5-1 and print out or sketch the
completed diagram.
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6 To review the mechanism of plate tectonics, do
Interactive Exercise 5-2 and print out or sketch
RC
the completed diagram.
ISE
7 How do we know about the Earth’s interior, given that
the deepest wells and mines extend only a few kilometers
into its crust?
8 Describe the interior structure of the Earth.
9 Why is the center of the Earth not molten?
10 Describe the Earth’s magnetosphere.
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11 To review the Earth’s magnetosphere, do Interactive Exercise 5-3 and print out or sketch the
completed diagram.
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14 On the basis of lunar rocks brought back by the
astronauts, explain why the maria are dark-colored, but
the lunar highlands are light-colored.

.4

3 Describe the structure of the Earth’s atmosphere.

13 What kind of features can you see on the Moon with a
small telescope?

5

2 Why is the Earth’s surface not riddled with craters as
is that of the Moon?

12 What are the Van Allen belts?

IN

1 Why does the Earth’s albedo change daily? seasonally?

ISE

16 To review the crater formation history in the
solar system, do Interactive Exercise 5-4 and
print out or sketch the completed diagram.

17 Briefly describe the main differences and similarities
between Moon rocks and Earth rocks.
18 How do we know that the maria were formed after
the lunar highlands?
19 What is a tidal force? How do tidal forces produce
tides in the Earth’s oceans?
20 What is the difference between spring tides and neap
tides?
21 Why do most scientists support the collision-ejection
theory for the Moon’s formation?

ADVANCED QUESTIONS
22 Explain how the outward flow of energy from the
Earth’s interior drives the process of plate tectonics.
23 Why do some geologists believe that Pangaea was the
most recent in a succession of supercontinents?
24 Why are active volcanoes, such as Mount St. Helens,
usually located in mountain ranges along the boundaries
of tectonic plates?
25 Why is more lunar detail visible through a telescope
when the Moon is near quarter phase than when it is at
full phase?

26 In The Tragedy of Pudd’nhead Wilson, Mark Twain
wrote, “Everyone is a Moon, and has a dark side which he
never shows to anybody.” What, if anything, is wrong
with Twain’s astronomy?
27 Why are the Moon rocks retrieved by astronauts so
much older than typical Earth rocks, even though both
worlds formed at nearly the same time?
28 Some people who supported the fission theory
proposed that the Pacific Ocean basin is the scar left when
the Moon pulled away from the Earth. Explain why this
idea is wrong.
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29 Apollo astronauts left seismometers on the Moon that
radioed seismic data back to Earth. The data showed that
moonquakes occur more frequently when the Moon is at
perigee (closest to the Earth) than at other locations along
its orbit. Give an explanation for this finding.

30 Why do you think that no Apollo missions landed on
the far side of the Moon?
31 How might studying albedo help astronomers locate
inhabitable worlds orbiting other stars?

DISCUSSION QUESTIONS
32 If the Earth did not have a magnetic field, do you
think auroras would be more common or less common
than they are today? Explain.
33 Comment on the idea that without the Moon’s
presence, life would have developed far more slowly.
34 Identify and compare the advantages and disadvantages
of lunar exploration by astronauts as opposed to mobile,
unmanned instrument packages and robots.

kinds of topography (for example, mountains, plains,
seashore) dominate the geography of your hometown
area? Does that topography and the frequency of
earthquakes seem to be consistent with your hometown’s
proximity to a plate boundary?
36 The ice on the Moon is believed to be mixed with rock
just under the Moon’s surface. How might that water be
economically extracted and purified?

35 When was the last earthquake near your hometown?
How far is your hometown from a plate boundary? What

WHAT IF …
37 The Earth had two moons? Assume one is at our Moon’s
distance and the other is at half that distance. Describe the
motion of the two moons in the sky and how they might
appear to us. What would be different here on Earth?
38 The Moon orbited the Earth in the opposite direction
from the Earth’s rotation, rather than in the same
direction? What would be different about the Earth and
life on it? Assume that such a counterrotating Moon is at
the same distance as our Moon.
39 Our Moon were one-tenth of its actual distance from
the Earth? What would be different about the Earth and life
on it? Hint: The heights of tides vary as 1/r3, where r is the
distance between the centers of the Earth and the Moon.

40 The Moon, located where it actually is, were as
massive as the Earth? What would be different about the
Earth and life on it and about the Moon?
41 The Earth’s interior were entirely solid, rather than
partly molten? What would be different about the Earth
and life on it?
42 The Earth were now in synchronous rotation with the
Moon? That is, suppose that the Earth rotated at the same
rate that the Moon orbits the Earth. What would be
different about the Earth and life on it?

WEB/CD-ROM QUESTIONS
43 Use the Web to learn more about plate tectonics. What
global changes might accompany the formation and
breakup of a supercontinent? How might these changes
affect the evolution of life? What life-forms dominated the
Earth when Pangaea existed some 200 million years ago,
and also when fragments of the preceding supercontinent
were as dispersed as today’s continents?
44 Search the Web for information about “Pangaea
Ultima,” a supercontinent that may form in the distant
future. When is it expected to form? How will it compare
to Pangaea of 200 million years ago (Figure 5-4)?
45 Use the Web to determine the status of the Antarctic
and Arctic ozone holes. How has the situation changed

over the past few years? Explain why most scientists who
study this issue blame chemicals called CFCs for the
existence of the ozone holes.
46 In 1989 representatives of many countries signed a
treaty called the Montreal Protocols to protect the ozone
layer. Use the Web to learn of the current status of the
treaty. How many nations have signed it? Has the treaty
been amended? If so, how? List when various substances
that destroy the ozone layer are scheduled to be phased out.
47 Several unmanned missions to the Moon were under
development as of this writing. These include LUNAR-A
and SELENE (Institute of Space and Astronautical Science,
Japan) and SMART-1 (European Space Agency). Search
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the Web for current information about these and any other
upcoming lunar missions you can find. When is each
scheduled to be launched? What new investigations are
planned for each mission? What existing scientific issues
may these missions resolve?
48 Refinements to the mass and impact angle of the
planetesimal that struck the Earth and created the Moon

have recently been made. Search the Web for this
information and explain the justification for these new
parameters.
49 Some astronomers have observed changes in brightness
and color on the Moon, called Lunar Transient
Phenomena. Search the Web and explain what these events
are and what their origins are believed to be.

OBSERVING PROJECTS

STA

54 Use Starry Night Backyard™ to observe the
changing appearance of the Moon. Set for today,
turn on Atlas mode (Go/Atlas) and then find the
Moon (Edit/Find/Moon). What phase is it in? Set the timestep to 6 hours and click the
(flow time) button. (a) Describe how the phase of the Moon changes. (b) Look carefully at the features near the left-hand and right-hand edges
(limbs) of the Moon. Are these features always exactly in
the same places relative to the limb? They should be if the
Moon’s synchronous rotation were the only motion it had
relative to the Earth. If not, explain. (Hint: a Web search on
the word “libration” [not libation] may help.) (c) Does the
apparent size of the Moon remain constant? If not, explain
what this tells us about the shape of the Moon’s orbit
around the Earth.
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52 Observe the Moon through a telescope or binoculars
every few nights over a period of two weeks between new
Moon and full Moon. Make sketches of various surface
features, such as craters, mountain ranges, and maria.
How does the appearance of these features change with

▲

51 If you live near the ocean, observe the tides to see how
the times of high and low tides are correlated with the
position of the Moon in the sky.

53 Use the Starry Night Backyard™ program to
view the Earth as it appears from the Moon
(Go/Earth (from Moon)). Set the timestep to
12 hours and click the
(flow time) button. (a) Describe
the phases of the Earth. (b) Observe the surface features of
the Earth that you see at each timestep. Do they change? If
so, explain why—note that there is no significant change in
the face of the Moon as seen from Earth.
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50 Use a telescope or binoculars to observe the Moon.
Compare the texture of the lunar surface you see on the
maria with that of the lunar highlands. How does the
visibility of details vary with distance from the terminator
(the boundary between day and night on the Moon)? Why?

the Moon’s phase? Which features are most easily seen at
a low angle of illumination (near the terminator)? Which
features show up best with the Sun nearly overhead as
seen from the Moon (far from the terminator)?
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Observing Tips and Tools: You can learn
a lot by observing the Moon through
binoculars. Note that the Moon will
appear right-side-up through binoculars, but inverted
through a telescope. So, if you use a map of the Moon to aid
your observations, you will need to take this into account.
Inexpensive Moon maps are available, such as Moon Map
published by Sky &Telescope magazine. To determine the
lunar phase (when you cannot examine the Moon directly),
you can usually find it on most calendars; by checking the
weather page in your newspaper; by consulting the current
issue of Sky & Telescope or Astronomy magazine; by using
your Starry Night Backyard™ program; or on the Web.
Y NI
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HE MOON DIDN’T EXIST?
The Moon—full and bright or crescent and mysterious—
is a fixture in our sky and in our cultures. Throughout
history, people have woven myths about the Moon and
its effects on everything from childbirth to stock market
activity. Countless romances have begun under a full
Moon, and entire nations have dedicated themselves to
reaching it.
What if the Moon never existed? Would life even
have developed here? If so, how would it be different?
Would a self-aware species like ourselves have evolved?
Tumbling Earth Rapidly rotating terrestrial planets
without large moons are unstable and calculations show
that they periodically tumble—the north pole becomes
the south pole and vice versa! If the Earth had no Moon,
this process would create enormous stresses on the
planet’s surface leading to catastrophic earthquakes, volcanic activity, tsunamis, as well as severe atmosphere and
magnetic field changes. Our Moon stabilizes the Earth’s
rotation, preventing such flips. It would be incomparably
harder for complex life to persist on a tumbling world
than it is on ours.
Delayed Origins It would have been much more difficult for life to start evolving on a Moonless Earth. In the
first place, the minerals from which life developed in our
Earth’s young oceans were swept down there in large
part by gigantic tides, a thousand times higher than the
tides of today, created by the Moon when it was some 10
times closer to Earth than at present. The newly formed
Earth, spinning more than 4 times faster than at present,
caused these tides to move miles inland and back out to
sea every 2 hours or so.
A Moonless Earth would still have tides, created by
the Sun. At most, however, these tides would never be
more than one-third as high as Earth’s present tides.
Minerals would wash into the oceans incredibly slowly
from the flow of rivers. As a result, it is likely that it
would have taken much longer, perhaps hundreds of millions of years longer, for enough minerals to be dissolved
for life to firmly establish itself.
Harsh Conditions Animal life’s transition from
oceans to land would also be much harder because of

continuous winds, between 50 and 150 miles per hour,
created by the planet’s rapid rotation. The resulting
waves (wind causes waves) would be enormous and perpetual. Fish with legs near shores would almost certainly
be pounded to a pulp rather than being able to sedately
walk onto land and then back into the water, as apparently happened on Earth.
But we see on Earth how life develops in the most
incredible forms and places. It seems plausible, then, that
sea life would find a way to make the transfer to dry land
and continue to evolve there.
Allowing then for diverse terrestrial life on the
Moonless Earth, what would be different about that life
compared to life on our Earth? For one thing, creatures
evolving there would have to withstand the perpetual
pummeling from winds and the debris they carry.
Turtlelike shells are one solution.
Obviously, there would be no eclipses or moonlight—
all clear nights would be equally dark and star-filled.
Therefore, Earthlike nocturnal animals would be less successful at hunting, foraging, and traveling. Instead, these
animals might evolve more enhanced senses to compensate
for their inability to see visible light well at night.
Rush Hour Clearly, naked apes do not seem a likely
bet on a Moonless Earth, nor do birds battling the everpresent winds. But given enough time, complex, even
self-aware life likely would evolve. After all, we evolved
because of the challenges faced by our ancestors, and
Earth without a Moon would clearly provide challenges
of its own.
Finally, the physiology of life on Earth evolved based
on a 24-hour day. This is most evident in our biological
clocks, or circadian rhythms, which are the internal
mechanisms that regulate sleeping and waking, eating,
and other cyclic activities. Faced with a 6-hour day, these
circadian rhythms would be hopelessly out of sync with
the natural world. To function on such a world, all its
creatures would have to evolve biological clocks based
on 6 hours, which certainly could have occurred. Considering all we have to do now, imagine what life would be
like with only 6 hours in each day!

