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Terrestrial Planets

The four terrestrial planets are Mercury, Venus, Earth, and Mars. The properties
of the surfaces of these planets, and the basic geologic processes that produce them
depend on a few basic planetary properties, such as mass, distance from the Sun,
and internal composition (see Table 3-1).

All of the terrestrial planets have undergone significant evolutionary changes
over the course of their histories. At one time, all of these planets were as heavily
cratered as the Moon, but geologic and atmospheric processes have erased many

Table 3-1. Facts about terrestrial planets

Mercury Venus Earth Mars

Mass (kg) 0:328� 1024 4:87� 1024 5:97� 1024 0:639� 1024

Radius (m) 0:244� 107 6:052� 107 6:378� 107 0:339� 107

Density (kg/m3) 5,400 5,200 5,500 3,900

Avg. surface temp. (K) 400 730 280 210

Albedo 0.06 0.65 0.37 0.15

Orbital radius (m) 57:9� 109 108� 109 150� 109 228� 109

Orbital period (days) 87.97 224.7 365.3 687.0

Orbital inclination (8) 7.00 3.39 0.00 1.85

Orbital eccentricity 0.206 0.007 0.017 0.093

Rotation period (days) 58.65 243.02 1.00 1.03

Tilt of rotation axis (8Þ 2 177 23.5 25.2
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of these craters. We now understand that even the atmospheres change dramati-
cally over time, as gases are liberated or trapped in rocks or oceans. Studying all of
the terrestrial planets is important because it lends insight into the processes
governing the Earth’s composition, appearance, and evolution.

Formation of Terrestrial Planets
Planetary systems form from the accretion disks around young stars (see Chapter
6 for more on the formation of stars and disks). The gas near the central star
remains at a higher temperature than the gas far from the central star. Since
different substances condense at different temperatures (see Table 3-2), we
would expect to see some substances only in regions far from the central star,
such as ices composed of frozen ammonia or methane. In the case of our solar
system, this is certainly true. The terrestrial planets in the inner solar system are
composed of silicate/iron particles, with very little ice, while solid bodies which
orbit the Jovian planets in the outer solar system are composed mainly of ice-
shrouded particles.

Once some of these tiny particles have condensed, they begin to accrete; i.e.,
they begin to stick together, and form larger particles. The difference between
condensation and accretion is that condensation is a change of state—water
vapor condenses on a cold glass in the summer. Accretion is not a change of
state, but rather a change in the distribution of particles in space—dust accretes
onto furniture. When the particles achieve sizes between a few millimeters and a
few kilometers, they are called planetesimals. The larger objects accumulate mass
quickly, because they have more area, as well as more mass (therefore more
gravity).
Calculations of the early solar system show that once planetesimals reach about

1 km in size, they grow through interaction with other planetesimals—sometimes
the collisions pulverize both objects, turning them back into many smaller par-
ticles, and sometimes the planetesimals combine to form a new, much larger
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Table 3-2. Condensation temperatures for different

substances

Substance

Condensation temperature

(K)

Metals 1,500–2,000

Silicates 1,000

Carbon-rich silicates 400

Ices 200



planetesimal. These interactions form objects of 1,000 km or more in size. These
objects are primarily held together by their own gravity, and are massive enough
that gravity regularizes their shapes, making them spherical, rather than potato-
shaped like asteroids. Once the planetesimals reach this size, it is difficult to break
them up again, and they simply sweep up the rest of the small planetesimals
nearby. Many of the intercepted planetesimals form craters on the surface of
the forming planet. Some of these types of craters are still visible on the surfaces
of the Moon and Mercury. The period of time during which these craters formed is
called the ‘‘bombardment era,’’ because small objects were constantly impacting
the young planets.
When the solar wind began (Chapter 6), it swept out the remaining gas from

around the planets, in essence evacuating the area to the current density. This
effectively ended planet formation, since there is very little material left to accu-
mulate into planets. The entire process, from accretion disk to planet formation
occurred in only a few hundred thousand years.

Solved Problems

3.1. Why are the terrestrial planets spherical in shape?

The terrestrial planets are spherical because of gravity. Gravity pulls towards the center of
the object, and once the force is strong enough, it can force even rock to distribute itself
spherically.

3.2. Why is there so little ice in the terrestrial planets (compared to the satellites of
Jovian planets)?

Different elements have different condensation temperatures. The inner solar system was too
hot for ices to condense, and so they did not form here. Ices could not form until the particles

were in a much cooler part of the disk, and therefore much further from the Sun.

3.3. Why were impacts so much more common in the past than they are today?

In the early solar system, there was still much debris, and many planetesimals. Since that
time, most of these particles have accreted onto the larger planets and moons, so that the
probability of intercepting one has become very low.

3.4. How many 100-km diameter planetesimals are needed to form an Earth-size pla-
net? (Assume the planetesimals are spherical, and rocky, so that their density is
3,500 kg/m3.)

The mass of an object is given by:
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M ¼ � � V
where � is the density and V is the volume. The volume of a 50-km (spherical) object is

V ¼ 4
3
� � R3

V ¼ 5:2� 105 km3

Given that the density of the planetesimal is 3,500 kg/m3, the mass of the planetesimal is

M ¼ � � V
M ¼ 3,500 kg=m3 � 520,000 km3
M ¼ 2� 109 kg=m3 � km3

Convert kilometers to meters:

M ¼ 2� 109 kg
m3

� km3 � 1,000m

km

� �3

M ¼ 2� 109 kg
m3

� km3 � 1� 109 m
3

km3

M ¼ 2� 1018 kg
We now have the mass of an individual planetesimal. How many of these do we need to
make the mass of the Earth? To find out, divide the mass of the Earth by the mass of a
planetesimal.

Number ¼ Mearth

Mplanetesimal

Number ¼ 6� 10
24 kg

2� 1018 kg
Number ¼ 3� 106 ¼ 3,000,000

Therefore, it takes roughly 3 million rocky planetesimals of diameter 100 km to equal the
mass of the Earth.

3.5. Imagine a large planetesimal, about 100 km in diameter, orbiting the early Sun at a
distance of 1 AU. How fast is this planetesimal traveling?

Using Kepler’s third law, which states that

PðyearsÞ2 ¼ aðAUÞ3

We find that the period of the planetesimal is 1 year, during which period it travels once

around the Sun, or a total distance of 2� � r. Since the radius of the orbit is 1 AU
(1:5� 1011 m), the total distance covered in 1 year is 9:4� 1011 m. One year is 3:16� 107
seconds, so the velocity is

v ¼ d=t

v ¼ 9:4� 10
11 m

3:16� 107 s
v ¼ 2:98� 104 m=s

3.6. Suppose that the gas which formed the planets had cooled much faster, so that the
temperature of the gas was below 1,000 K before condensation began. How would
the terrestrial planets be different?
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The temperature of the gas affects the condensation of the elements in the gas. If the gas were

cooler when condensation began, particles now common in the outer solar system would also

be common in the inner solar system. This could include condensates such as ices of methane

and ammonia.

Evolution of the Terrestrial Planets
During the bombardment era, the impacts of planetesimals kept the young planets
hot. So hot, in fact, that they were completely molten. During this time, the
planets differentiated. That is, the material separated, with the denser, heavier
materials (such as iron) sinking to the center, and the lighter materials (such as
rock) floating on top. This led to a layering of materials into three distinct bands:
the core, mostly iron and nickel; the mantle, denser rocks; and the crust, lighter
rocks. The top of the mantle and the crust form a layer called the lithosphere. This
layer is formed of relatively rigid rock. Beneath the lithosphere, the rock deforms
easily although, strictly speaking, it is not molten. Only on the Earth is this litho-
sphere broken into plates, which slide on the soft mantle rock below, leading to
plate tectonics.
The strength and thickness of the lithosphere determine which geological pro-

cesses operate on the surface. A thick lithosphere suppresses volcanic activity and
tectonics. The size and temperature of the interior of the planet governs the
thickness of the lithosphere. Hot interiors keep the mantle fluid quite far from
the core, so the lithosphere is thin. Planets with cool interiors have thick litho-
spheres.
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Fig. 3-1. Sequence of terrestrial planet formation and evolution.



All planets are gradually releasing heat into space (see Fig. 3-1). Most of the
heat created during the formation of the planets, as planetesimals smashed into
each other, has already been lost. Planets currently releasing heat to space are
generating it in their cores, as radioactive materials decay. This heat is then either
conducted or convected to the surface, where it is subsequently radiated away.
Conduction occurs when molecules exchange energy, so that the interior molecules
do not directly carry the energy to the surface, but rather pass it along to other
molecules. Convection occurs when the molecules themselves migrate; warm
material rises, and cools, and then falls.

PLANETARY SURFACES
Four processes shape and change planetary surfaces: impact cratering, volcanism,
tectonics, and erosion. Impact cratering occurs on all planets, when objects crash
into the planet and leave bowl-shaped depressions (craters) in the surface.
Volcanism occurs on planets with thin lithospheres, and is the release of molten
rock onto the surface of the planet (through volcanoes). Tectonics is also more
common on planets with thin lithospheres, and is the deformation of the planet by
internal stresses. Mountains such as the Appalachian Mountains on Earth, or
valleys and cliffs such as the Guinevere Plains on Venus are examples of structures
formed by tectonics. (Plate tectonics, the motion of continental plates, is a special
case of tectonics, and has only been observed on the Earth so far.) Erosion is a
gradual alteration of the geological features by water, wind, or ice.

PLANETARY ATMOSPHERES
The terrestrial planets are too small to have captured their atmospheres directly
from the accretion disk. These atmospheres were formed during episodes of vol-
canic activity, which released gases from the molten interior. This is called out-

gassing. Infalling comets or icy planetesimals may have added to these
atmospheres, although this contribution is probably small.
The composition of a planet’s atmosphere has a dramatic effect on the evolu-

tion of that atmosphere. The composition governs the ability to hold heat, and the
ability to lose heat. Lighter planets can retain atmospheres made of heavier mole-
cules (see Chapter 1 on escape velocity and the average speed of particles in a gas).
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Solved Problems

3.7. What determines the thickness of the lithosphere of a planet? Why is the thickness
of the lithosphere important to the geologic evolution of the planet?

The internal temperature plays a major role in determining the thickness of the lithosphere.

Hot planets have thin lithospheres, and cool ones have thick lithospheres. The thickness of

the lithosphere determines how geologically active the surface is. If the lithosphere is very

thick, volcanoes will never occur, for example.

3.8. The bombardment era completely covered the surfaces of all the solid planets with
craters. This era ended about 3.8 billion years ago. Since then, the impact rate has
been relatively constant. But some places on the Moon are relatively smooth, with
only a few impact craters. Explain how we can determine the age of the ‘‘smooth’’
surface from this information.

Since the surfaces are smooth, they must have been laid down after the bombardment era,

otherwise they would be as cratered as the rest of the Moon’s surface. By counting the

number of craters per square meter, and dividing by the flux of impactors (the number

per square meter per time), we find the time it has taken to make that many craters on

the surface. This must be the age of the ‘‘smooth’’ surface.

3.9. Explain why Mars has no currently active volcanoes.

Mars is much smaller than the Earth, and therefore cooled much more rapidly, decreasing

both the temperature and the pressure in the core, which remained at the same volume. Mars

no longer has a molten core, and therefore has no internal heat to keep the internal pressure

high and drive volcanic activity.

3.10. Why is the Moon heavily cratered, but not the Earth?

Since both of these objects have been around since before the end of the bombardment era,

we would expect that they would have been impacted with an equal flux of impactors, and

therefore should have comparable crater densities. However, the Earth has an atmosphere,

and large amounts of liquid water on the surface, which have erased the craters through

erosion.

3.11. If water did not condense out in the inner solar system, where did Earth’s oceans
come from?

There are two possibilities: first, the water may be the result of small amounts of water that

were trapped in the condensing rock as the system formed; the second possibility is that the

water has been carried in from the outer solar system by other bodies, comets perhaps, that

impacted the Earth.
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Mercury
Mercury is the smallest of the terrestrial planets, more comparable in size to the
Moon than to the Earth. It is also the closest planet to the Sun, with an orbital
radius of only 0.39 AU. Mercury is so close to the Sun that ordinary Newtonian
gravity is not sufficient to describe its orbit. The perihelion of Mercury’s orbit
advances by 574 arcseconds each century. This precession of Mercury’s orbit was
one of the first successful tests of Einstein’s Theory of General Relativity (a more
complete theory of gravity).
The rotation period (sidereal day) of Mercury is 58.65 days, exactly 2/3 of the

orbital period (87.97 days). When the period and the orbit can be related to each
other by a simple ratio of integers in this way, it is called a resonance, and is
extremely stable. Resonances are the result of gravitational interactions. In this
case, Mercury bulges to one side, and when the planet is closest to the Sun, the
bulge tries to align itself with the Sun. Over time, internal friction has slowed the
rotation of Mercury, so that each time it reaches perihelion, the bulge axis points
to the Sun.
The same tidal forces that altered the rotation are also making the orbit less

elliptical. Eventually, Mercury will be tidally locked to the Sun, so that one side is
always in sunlight, and the opposite side is always in darkness.
Mercury is heavily cratered, like the Moon, but also contains large patches of

craterless terrain. This implies that the surface of Mercury is younger than the
surface of the Moon. Perhaps Mercury remained geologically active longer
because it is larger than the Moon and closer to the Sun. Cooling of the interior
has caused the crust to crack and shift vertically, producing ‘‘scarps,’’ which are
cliffs several kilometers high and hundreds of kilometers long. A particularly
spectacular impact left the Caloris Basin, a large impact crater about 1,300 kilo-
meters in diameter, surrounded by circular ripples. On the opposite side of
Mercury from the Caloris Basin, the surface topography is dramatically disturbed,
apparently by the shock waves of the impact. This region is called the weird
terrain.
The density of Mercury is greater than the density of the Moon

(�Mercury ¼ 5,420 kg=m3, �Moon ¼ 3,340 kg=m3), so it must have more heavy ele-
ments than the Moon. One explanation is that during a collision with a large
planetesimal, part of the mantle was blown away.
Very little of Mercury’s primordial atmosphere remains. The current atmo-

sphere is very thin (less than 106 particles/cm3), and mainly formed from solar
wind particles trapped by Mercury’s magnetic field, and from recently released
atoms from the surface. Where did the magnetic field come from? Mercury’s core
is solid, so it cannot have a magnetic field for the same reason that the Earth or the
Sun do. Probably, the magnetic field is a remnant, frozen in the rock from an
earlier time when Mercury’s core was molten. This magnetic field is about 100
times weaker than the Earth’s.
While the equatorial temperature on Mercury is very high, about 825K, the

temperature at the poles is much cooler, about 167K (60K in the shade). Since the
atmosphere is very thin, heat does not transfer easily from the equator to the

CHAPTER 3 Terrestrial Planets56



poles, and so the temperature differential persists, allowing polar caps, possibly
formed of water ice, to survive.

Solved Problems

3.12. Why does Mercury have no significant atmosphere?

Mercury is both small (low mass), and close to the Sun, so the thermal speed of the particles

in the atmosphere is high. Recall the escape velocity equation from Chapter 1,

ve ¼
ffiffiffiffiffiffiffiffiffiffiffi
2GM

d

r

Since the mass of the planet,M, is low, the escape velocity is low, and it is relatively easy for
molecules to be going fast enough to escape the gravity of Mercury.

3.13. Your friend claims to see Mercury in the sky at midnight. How do you know he’s
wrong?

In order to see an object in the sky at midnight, it must make an angle of at least 908 with the
Sun (see Fig. 3-2). Mercury is very close to the Sun, 0.39 AU. Even when it is farthest from

the Sun, the angle between Mercury and the Sun is 288, quite a bit less than 908. So your
friend could never see Mercury (or Venus!) in the sky at midnight.

3.14. How long did astronomers have to wait for the pulse to return? (assume the Earth
and Mercury were at closest approach).

At closest approach, the distance between Earth and Mercury is 1� 0:39 ¼ 0:61AU. Con-
verting this to kilometers (multiply by 1:5� 1011 km/AU) gives 9:15� 1010 km. The pulse
travels at the speed of light, so
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an angle of at least 908 with the Sun.



t ¼ d

v

t ¼ 9:15� 10
10 m

3� 108 m=s
t ¼ 305 s

But there are 60 seconds in a minute, so

t ¼ 5:1minutes
The time for the pulse to travel to Mercury is 5.1 minutes. But the astronomers also had to

wait for the pulse to come back, so they had to wait a total of 10.2 minutes.

3.15. The rotation period of Mercury was first determined by bouncing a radar pulse off
the surface, and measuring the Doppler shift. Draw a diagram showing how this
works (Fig. 3-3).

3.16. Why do astronomers think that Mercury must have a metallic core?

Mercury’s density is high compared with the Moon: it is more comparable to the density of

the Earth. Therefore, it cannot be rock all the way to the center. In addition, there is a
magnetic field around Mercury, which is probably a remnant of a time when it had a molten
metallic core. This core might no longer be molten, but it is still metallic.

3.17. How many of Mercury’s sidereal days are there in a Mercury year?

Since the rotation period of Mercury is two-thirds the orbital period, the day is two-thirds of

the year. There are 1.5 Mercury days in the Mercury year. It helps to draw a diagram
(Fig. 3-4).
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Venus
In terms of mass and radius, Venus is the most similar to Earth. Venus is about
0.82 Earth masses, and 95% the radius of the Earth. Here, however, the resem-
blance stops. Perhaps the most poorly understood difference between Venus and
the Earth is the sense and rate of rotation. Venus’s rotation is retrograde (oppo-
site, i.e., clockwise rather than counterclockwise) to its orbit, and to the orbits and
rotations of the vast majority of the rest of the solar system bodies. The rotation is
also very slow; Venus’s day is about 243 Earth days. One possible explanation is
that the young Venus was struck by a large planetesimal, which turned it over, and
slowed its rotation. There is no direct evidence to support or refute this hypothesis.
The atmosphere rotates in the same direction as the surface of the planet. Near

the surface of Venus, there is very little wind. However, the upper atmosphere is a
super-rotator. The upper atmosphere reaches speeds of 100 m/s near the equator,
orbiting the planet in only 4 Earth days. On Earth, thin streams of atmosphere
(the jet streams) reach comparable speeds, but the bulk of the atmosphere moves
much more slowly.
The atmosphere on Venus consists of carbon dioxide (96%) and nitrogen (3%).

The atmosphere is so thick that the pressure at the surface of Venus is 90 times the
atmospheric pressure on the surface of the Earth. This is roughly equivalent to the
pressure 0.5 mile under the surface of an ocean on Earth. The high pressure (plus
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the CO2 atmosphere) drives the temperature to a scorching 740K, which remains
quite uniform around the planet. Lead is a liquid at these pressures and tempera-
tures, which makes it quite a challenge to design a spacecraft that can land there
and remain functional long enough to take useful data. Higher up in the atmo-
sphere, clouds of sulfuric acid are common.
CO2 is a greenhouse gas. It reflects infrared radiation in the atmosphere toward

the surface, where it becomes trapped. This keeps heat in the atmosphere, rather
than releasing it to space. The CO2 atmosphere on Venus is the result of a runaway
greenhouse effect. Early in its history, Venus probably had about the same pro-
portion of water and CO2 that the Earth did at that time. But because Venus is
closer to the Sun, and therefore warmer, the water never condensed out into
oceans. The oceans on Earth regulate the amount of CO2 in the air by trapping
carbon deep in the ocean, which gets recycled back into rocks. Without these
oceans, the CO2 on Venus remained in the atmosphere. As volcanoes added
CO2 to the atmosphere, there was nowhere for it to go—it just remained in the
atmosphere, further increasing the temperature. As the CO2 concentration
increased, the temperature increased. With no way to remove CO2 from the atmo-
sphere, the temperature continued to increase as volcanic activity progressed, until
the atmosphere reached the hot, dense state it is in now.
Volcanic activity seems to still be a major force on Venus. The entire surface has

been repaved by lava flows in the last 500 million years. There are nearly 1,000
volcanoes on the surface of Venus, many of which may still be active, but dor-
mant. No currently active volcanoes have yet been detected.

Solved Problems

3.18. Why is Venus sometimes called the morning (or evening) star?

Venus is never far from the Sun in the sky, and so when it is visible, it appears in the morning

or evening, quite close to the Sun. Also, it is one of the brightest objects in the sky, because it
is so close to both the Earth and the Sun and has a high albedo (about 0.7). Even when it is
farthest from the Sun, the angle between Venus and the Sun is less than 458.

3.19. Why is Venus’s atmosphere so different than Earth’s? Explain why this might be
considered a ‘‘warning’’ by some scientists.

Originally, these atmospheres were probably similar. But, because Venus was too warm for
large liquid oceans, there was no way to scrub CO2 from the atmosphere. When volcanoes
began adding CO2 to the atmosphere, the lack of a mechanism for recycling CO2 on Venus

made the atmospheric compositions vastly different.

When the atmosphere of Venus began to accumulate high levels of CO2, infrared radiation
(heat) was trapped in the atmosphere, increasing the temperature. Scientists are concerned
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that this could be happening on Earth, with industrial greenhouse gases (such as water vapor
and CO2). If levels of greenhouse gases continue to rise, they may trigger a runaway green-

house effect of the type that produced Venus’s lethal atmosphere.

3.20. How might Venus be different if it were located at 1 AU from the Sun?

If Venus were located 1 AU from the Sun, it would probably be more Earth-like. There
would have been large quantities of liquid water on the surface, which would have recycled

the CO2, preventing the runaway greenhouse effect.

3.21. How much more flux (energy per m2) from the Sun does Venus receive every second
compared with Earth? Is this difference significant?

Use the inverse square law (Chapter 1). Since we want to compare the flux at Venus and the

Earth, we know we want to use a ratio,

FVenus
FEarth

¼
ESun

4�d2Sun�Venus
ESun

4�d2Sun�Earth
FVenus
FEarth

¼ d2Sun�Earth
d2Sun�Venus

FVenus
FEarth

¼ 12

0:722
¼ 1

0:52
¼ 1:9

So the flux at Venus is about twice the flux at the Earth. While this is a significant difference,
it is not enough to explain the extreme difference in surface temperature all by itself.

3.22. What is Venus’s angular diameter when it is closest? Could you see Venus at this
point in its orbit?

Use the small angle formula. The distance between the Earth and Venus when they are
closest is d ¼ ð1� 0:72ÞAU ¼ 0:28AU ¼ 4:2� 1010 m. From Appendix 2, the diameter of
Venus is 12� 106 m.

� ¼ 206,265 �D
d

� ¼ 206,265 � 12� 10
6

4:2� 1010
� ¼ 58:9 arcseconds

This is very near the limit of the eye’s resolution (about 1 arcminute). But that’s completely

irrelevant, because when Venus is closest, it is in its ‘‘new’’ phase, and just like the new
Moon, it is unobservable unless it is actually in front of the Sun (and then you need a special
filter to be able to observe it and not be blinded by the Sun).

3.23. How do we know that Venus has been recently resurfaced?

There are few craters on the surface of Venus. Therefore, the surface must have been formed
since the age of bombardment. Closer comparisons of the number of craters on Venus to the
number of craters in the maria on the Moon, for example, give a better estimate of the age of

the surface.

3.24. Why is Venus’s rotation considered peculiar?
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Venus counter-rotates, or goes the ‘‘wrong way.’’ This is peculiar, because the majority of the

rest of the planets and their moons all rotate in the same sense. Assuming that Venus

originated from the same disk as the rest of the solar system, conservation of angular

momentum suggests that the ‘‘retrograde’’ spin of Venus must be the result of a later

circumstance that is unique to Venus.

Earth
The Earth is the largest of the terrestrial planets. It is the only one with liquid
water on its surface, and the only one that is certain to support life.
The Earth’s core is actually two parts: an inner solid core and an outer molten

core. The inner core is composed of iron and nickel, while the outer core also
contains sulfur. These two cores do not rotate at the same speed. The inner core
rotates slightly faster than the outer. As the Earth gradually cools, the inner core
grows (Fig. 3-5).
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The temperature of the core of the Earth is about 6,500K (for comparison, the
Sun’s surface is ‘‘only’’ 5,800K). This core is kept hot by radioactive decay.
Convection carries this heat from the deep core through the liquid core, and on
through the mantle. These convective motions are very slow in the dense interior
of the Earth, but have distinctly observable results: earthquakes, volcanoes, and
plate tectonics all result from convection in the Earth’s interior.
The rotating, metallic core also creates a magnetic field around the Earth. The

overall shape of the field is something like that produced by a bar magnet (Fig.
3-6). The magnetic field traps charged particles from the solar wind. The regions
where these particles are trapped are called the Van Allen belts (named after their
discoverer). Sometimes these particles escape the Van Allen belts and enter the
Earth’s atmosphere near the North or South Pole. The entry of these high-velocity
particles into the atmosphere causes the aurorae. The lower regions of the Van
Allen belts are about 4,000 km above the Earth, and are primarily populated by
protons. The upper regions are populated by electrons, and are located about
16,000 km above the Earth.

The magnetic field of the Earth changes with time. It weakens, reverses its
North–South polarity, and strengthens again on time scales of about 105 years.
Currently, the magnetic field is weakening.
The interior of the Earth has been probed by studying earthquakes.

Seismologists observe waves traveling through the Earth from the epicenter of
the earthquake to other locations. This is much like a medical ultrasound, or
sonogram. There are two kinds of waves that travel through the Earth. S waves
are transverse: they move material from side to side, perpendicular to the direction
they are traveling. P waves are compressional, or longitudinal, like sound: they
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move material back and forth, in the same direction that they are traveling (Fig.
3-7). S waves do not travel through the bulk of a liquid. They travel only on the
surface of a liquid. Ocean waves are a good example of S waves. If the core of the
Earth is liquid, we will observe no S waves from an earthquake when we observe
from the far side of the Earth. Indeed, this is what is observed, so the core of the
Earth is liquid. More detailed analysis has enabled us to map the entire density
structure of the Earth, yielding clues about its composition. In particular, the
quantity of heavy and radioactive elements can be determined from these data.

The Earth’s crust is made of a series of plates that float on the mantle. As
convection cells rise through the mantle, they push against the plates, moving
them across the mantle. When plates split apart, or diverge, they leave a gap (or
rift), such as the midocean trenches in the Atlantic. When two plates approach one
another, or collide, one plate slides beneath another into the mantle (this is called
subduction). New material is added to the crust at the midocean ridges, and at
volcanic sites, where the mantle wells up to the surface. Sometimes, as plates try to
slide past one another, friction holds them still. Pressure builds, until suddenly the
plates slip, and an earthquake occurs. Geologists are able to measure plate tectonic
motion using the global positioning system (GPS), and astronomers are able to
measure it using arrays of radio telescopes. The motion is very slow. The Atlantic
Ocean, for example, is getting wider at the rate of about 2–3 cm/year.
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Here on Earth, outgassing releases hydrogen, water vapor, CO2, and nitrogen
into the atmosphere. The hydrogen escapes into space, the water vapor condenses
and falls into the oceans. The CO2 is dissolved in the oceans as carbonic acid,
which then reacts with silicate rocks to produce carbonate rocks. On the Earth, the
atmosphere today is mainly composed of nitrogen (78%), with a significant frac-
tion of oxygen (21%) added by photosynthetic processes in plants. The remaining
1% is mainly argon, an inert (noble) gas. Water, CO2, and various trace gases and
pollutants add up to approximately 0.07% of the atmosphere. Some oxygen
molecules are torn apart by ultraviolet (UV) radiation high in the atmosphere.
The oxygen atoms recombine with remaining oxygen molecules to form ozone
(O3), which prevents UV solar radiation from reaching the surface. The ozone
layer is quite sensitive to destruction by interaction with chlorofluorocarbons
(CFCs)—molecules used by humans in refrigeration applications and in propel-
lants, such as in aerosol hairspray or ‘‘air fresheners.’’
The greenhouse effect is caused by absorptive molecules in the atmosphere,

which keep infrared radiation from escaping the Earth. Most light that falls on
the Earth’s surface is absorbed, and re-emitted by the Earth as infrared radiation
(heat). Molecules such as CO2 and water trap this infrared radiation. If there are
many of these molecules, they can cause a ‘‘runaway’’ greenhouse effect, in which
the planet is heated faster than heat can be lost to space. In the case of the Earth,
this process would cause the surface to heat up and the water to evaporate, adding
more greenhouse gases to the atmosphere, in turn trapping more infrared radia-
tion and evaporating more water, and so on. The feedback loop is predicted to be
disastrous. But this scenario considers only one small part of the entire atmo-
sphere–planet interaction. Scientists remain uncertain about other feedback loops.
For example, a warmer climate means more trees, which remove CO2 from the
atmosphere, cooling the planet, and perhaps stabilizing the situation. The situa-
tion is extremely complicated, and few scientists claim to understand it fully.

Solved Problems

3.25. Compare the Earth’s average density with the density of water (1,000 kg/m3) and
rock (3,500 kg/m3). What can you say about the density of the mantle and the core?

The Earth’s average density is about 5,500 kg/m3. This is much higher than the density of

rock, the primary substance in the crust, and water, the primary substance on the Earth’s

surface (the hydrosphere). Therefore, the densities of the mantle and the core must be higher

than 3,500 kg/m3 in order for the densities to average 5,500 kg/m3.
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3.26. What fraction of the volume of the Earth is contained in the core? What fraction of
the mass of the Earth is contained in the core?

At first glance, these seem like the same question, but they are not, because the density of the
core is different than the density of the rest of the planet. The fraction by volume is simply
calculated by taking the ratio of the volume of the core to the volume of the whole planet:

fvolume ¼
4
3� � R3core
4
3� � R3Earth

fvolume ¼
R3core
R3Earth

Using Rcore ¼ 1,200 km and REarth ¼ 6,378 km,

fvolume ¼
ð1,200 kmÞ3
ð6,378 kmÞ3

fvolume ¼ 0:007
The core of the Earth is 0.007 or about 0.7% of the entire planet, by volume. To find the

fraction by mass, we multiply the volume by the density, and then take the ratio,

fmass ¼
4
3� � R3core � �core
4
3� � R3Earth � �Earth

fmass ¼ fvol �
�core
�Earth

Using �core ¼ 12,000 kg/m3 and the average density of the Earth, �Earth ¼ 5,500 kg/m3,

fmass ¼ 0:007 �
12,000 kg=m3

5,500 kg=m3

fmass ¼ 0:015
The core is 0.015 or about 1.5% of the Earth by mass. This is about twice the fraction by
volume.

3.27. What is the difference between ozone depletion and the greenhouse effect?

Ozone depletion is caused by chlorofluorocarbons (CFCs), and allows more ultraviolet light
into the atmosphere. The greenhouse effect is caused by greenhouse gases such as CO2 and
water vapor, and keeps infrared light from escaping the Earth’s atmosphere. While the effect

of depleting the ozone layer might contribute to the infrared radiation coming from the
ground (because the ultraviolet gets absorbed by the ground and re-emitted in the infrared),
they are not the same physical process, and have quite different origins.

3.28. The Atlantic Ocean is approximately 6,000 km across. How long ago were North
America and Europe located next to each other on the planet? (Assume the con-
tinents have been drifting apart at the same speed the entire time.)

The Atlantic Ocean is growing by about 2.5 cm/year. To calculate the length of time it took
to grow to its current size, divide the width of the ocean by its rate of growth,

t ¼ d

v

t ¼ 6,000,000m

0:025m=year

t ¼ 240,000,000 years
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North America and Europe were located next to each other 240 million years ago. Since that
time, they have been gradually drifting apart.

3.29. Compare the ages of surface rocks on the Earth with the accepted age of the Earth
(4.5 billion years). The oldest surface rocks are about 3.8 billion years old, and 90%
of the surface rocks are less than 600 million years old. How can you reconcile this
information?

The age of surface rocks seems to disagree with the accepted age of the Earth, but it is

important to remember that the surface of the Earth has been recycled several times since the
Earth was formed. The rocks on the surface are ‘‘new’’ rocks. They have been formed only
recently by volcanoes or other tectonic processes, and so can not be used to find the age of

the Earth, just the age of the surface, which varies with location.

Moon
The Moon is primarily composed of basaltic rock. Because it lacks an atmosphere,
or water on the surface, erosion (except erosion by impact of micrometeorites) is
an insignificant process on the Moon. The entire history of the surface is pre-
served.
The interior of the Moon is solid. It has no molten core, and therefore is

geologically dead. Quite sensitive seismology equipment, carried to the Moon
by Apollo astronauts, detected vibrations caused by tidal interaction with the
Earth, and vibrations caused by impact from meteors, but no significant moon-
quakes, which would indicate a geologically active core and allow the interior to
be probed.
The core was active in the past, and lava flowed on the surface when giant

impacts cracked the crust. This flowing lava filled in the lowlands and many
craters, and created dark, smooth pools of rock, called maria (Fig. 3-8). We
know that this occurred after the bulk of the craters were formed, because there
are far fewer craters in the maria than elsewhere on the Moon.
The highlands, also known as terrae, have a lighter appearance, are richer in

calcium and aluminum, and are more heavily cratered (hence older) than the
maria. The maria are richer in iron and magnesium and appear darker.
The other common volcanic features on the Moon are rilles or rima: long thin

structures resembling dry riverbeds. One explanation for these features is that lava
tubes left by prior activity have collapsed, leaving these long, thin indentations
(Fig. 3-9).
Other than the maria, the most conspicuous features on the Moon are craters.

There are dozens of craters on the near side of the Moon that can be distinguished
even with binoculars. Bright rays often surround these craters. The rays are
formed of ejected material from the crater, that is lighter in color than the sur-
rounding region.
Astronomers still debate the origin of the Moon. The current best explanation

is that the Earth was impacted by a Mars-sized object about 4.6 billion years ago,
and was partially pulverized. A large amount of ejecta was produced, which then
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Fig. 3-9. Plato Rille (or Rima). (Courtesy of NASA.)

Fig. 3-8. Image of the Moon. (Courtesy of NASA.)
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re-accreted to form the Moon. Other theories include simultaneous formation, in
which the Moon and the Earth formed at the same time out of the same portion of
the disk; gravitational capture, in which the Moon was just passing by, and was
captured by the Earth’s gravitational field; and a fission theory in which the Moon
split off from the Earth.
The Moon rotates on its own axis with a period equal to the orbital period

around the Earth. This means that the same side of the Moon faces the Earth at all
times. This is called synchronous rotation, and explains why the features of the
Moon always look the same from Earth. The near side of the Moon has a thinner
crust than the far side. Early in the Moon’s history, impacting bodies penetrated to
the molten mantle on the near side, allowing lava to pool on the surface, and form
the maria. The cooled lava is heavier than the crust material. As a result of the
Earth’s gravitational attraction, the Moon has shifted its mass distribution so that
it is actually heavier on the near side; therefore, that side is always falling towards
the Earth. A secondary result is that the crust is thicker on the far side of the
Moon.
The surface of the Moon is covered with a thick layer of a fine, powdery dust

called regolith. This dust layer was caused by impacts from micrometeorites, and
averages many meters in depth. It is far deeper in the floors of valleys than on the
slopes or ridges surrounding them. The famous photograph in Fig. 3-10 shows an
astronaut’s footprint imbedded in regolith.
The average density of the Moon is about 3,300 kg/m3, implying that it is

primarily composed of rock and does not have an iron core of significant size.
Otherwise, the interior of the Moon has not been deeply probed.
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From radioactive dating of Moon rocks brought back to Earth by astronauts,
we have been able to determine the age of the Moon’s surface. The maria are
younger than the highlands; rocks from the maria formed about 3.8 billion years
ago, and highland rocks formed 4.3 billion years ago.

Solved Problems

3.30. Explain the importance of determining the ages of Moon rocks.

The Moon is the closest ‘‘pristine’’ environment in the solar system. Rocks have not been
cycled and recycled on the Moon (except in the maria), so the surface rocks have remained
unchanged since the Moon was formed, and are the same age as the Moon. Rocks in the
maria are more recent, and knowing the age of these rocks gives the age of the maria

themselves. Bringing back rocks from the Moon allowed us to date them using radioactive
tracers (this is similar to carbon-dating, but uses different elements), and find out how old
these surfaces are. In turn, we can compare these regions on the Moon with similar regions

on other planets and their moons to figure out how long ago features on other planets
formed.

3.31. Does the Moon rotate on its own axis (relative to the stars)?

Yes. This is best explained with a diagram (Fig. 3-11).
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3.32. How do we know the Moon does not have a large metallic core?

The primary evidence is that the density of the Moon (�Moon ¼ 3,340 kg/m3) is very close to
the density of rock. Therefore, the Moon is likely to be mostly made of rock.
The second piece of evidence is that the Moon has no magnetic field, as usually results

from a molten iron core. We know the core was molten at some point (because of the maria),
but it probably was not made of iron; otherwise, the Moon would probably have a magnetic
field like that of Mercury.

3.33. What is the difference between rilles and rays?

Rilles are the result of tectonic activity—probably collapsed lava tubes. Rays, on the other
hand, are the result of impacts from incoming bodies. While rilles often meander across the

lunar landscape, rays are always relatively straight and always radiate away from a crater.

3.34. What is the difference between maria and the highlands?

Maria are cooled basaltic lava, and are much denser (therefore heavier) than the rock which
forms the highlands. Maria have fewer craters and so are presumed younger than the lunar

highlands.

3.35. Why has the Moon’s interior cooled nearly completely, while the Earth’s interior
remains hot?

The Moon is much smaller than the Earth, and so has more surface area relative to its
volume. This meant more area to radiate away heat, so the Moon cooled faster than the

Earth. In addition, the Moon has much less mass, and is of lower density. Therefore, the
Moon had less radioactive material to keep the core hot through radioactive decay.

Mars
Mars is the most distant terrestrial planet from the Sun. The mass of Mars is about
one-tenth the mass of the Earth, and Mars is about half as large in diameter. The
orbital period of Mars is 1.88 years, and so the seasons on Mars are nearly twice as
long as the seasons on Earth. These seasons are qualitatively similar to Earth’s,
since the tilt of Mars’s rotation axis is quite similar (258, compared with the
Earth’s 23.58). Models of the evolution of Mars’s orbit and tilt show that in the
past the tilt has varied erratically between 118 and 498, which may have had
dramatic effects on prior climatic conditions. Like the Earth, Mars has polar
caps; unlike the Earth, one of these is mostly CO2 ice. Temperatures on Mars
range from 133K to 293K (�2208F to 708F), and the atmospheric pressure at the
surface is very low, about 1/100 the pressure at the surface of the Earth.
The atmosphere on Mars is 95% CO2, similar to the atmosphere of Venus.

Because the atmosphere is so much thinner, however, there has been no runaway
greenhouse effect on Mars. The atmosphere is thick enough to support tenuous
water ice clouds, and enormous dust storms, some of which are over a mile high.
Although Mars has no plate tectonic activity, the surface of Mars has been

shaped by geologic activity. The Tharsis Plateau contains a string of volcanoes, the
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largest of which is Olympus Mons. This volcano is over 27,000 meters high (about
three times as high as Mt. Everest), with a base 600 km in diameter (an area the
size of Utah). Olympus Mons grew to such enormous size because the hole in the
crust that brought magma to the surface stayed stationary over geologic time
scales. Also spectacular is Valles Marineris, a gigantic rift 3,000 km long and up
to 600 km wide. In places this rift is 8 km deep. This feature is not the result of
plate tectonics, as it would be on the Earth. Instead, Valles Marineris is the result
of the cooling and shrinking crust splitting open at the equator, much like the
surface of drying clay.
The red color on the surface of Mars is caused by rust—surface iron has been

oxidized. Oddly, though the surface is iron-rich, the interior seems to be iron-poor.
Mars has a much lower density than the other terrestrial planets (about 3,900 kg/
m3), and so we suspect it has little iron in its core. This idea is supported by the
lack of a magnetic field around Mars.
Recently, Mars Global Surveyor found strong evidence for recent water flows

on Mars. Recent water on the surface implies there may be water locked just under
the surface as permafrost. The presence of water on Mars might suggest that there
has been life on Mars in the past, or that Mars may become capable of supporting
life in the future.

Moons of Mars
Mars has two moons, Phobos and Deimos. Both of these moons are quite small,
and irregularly shaped, and are probably captured asteroids. Phobos’ longest axis
is about 28 km long, and Deimos’ longest axis is about 16 km long. Both moons
are in synchronous rotation about Mars (the same side always faces the planet).
Phobos has many craters and deep cracks, while Deimos appears smoother. The
orbital radii are 9.38 � 103 km and 23.5 � 103km and the orbital periods are 7.7
hours and 30.2 hours for Phobos and Deimos, respectively. As the rotational
period of Mars is 24.6 hours, an observer on Mars would see Phobos rising in
the west and setting in the east.
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Solved Problems

3.36. What might be a result of a sudden melting of the CO2 ice caps on Mars? (Hint:
melting these caps would release large amounts of CO2 into the atmosphere.)

The sudden addition of a large amount of CO2 to the atmosphere of Mars would signifi-
cantly warm the planet. With no water oceans to cycle the carbon back into rocks, it might

seem that there is the potential for a runaway greenhouse effect. However, there is not nearly
enough CO2 to actually cause a runaway greenhouse effect. Mars is much less massive than
Venus, and so the atmosphere might not remain on the planet, particularly if it becomes very

warm (whether or not the atmosphere would ‘‘stick’’ depends on how warm it becomes). At
least temporarily, the temperature would rise.

3.37. How might you measure the mass of Mars from the orbits of one of its moons?

From Chapter 1, the period, the masses of the orbiting bodies, and the distance between
them are all related:

P2 ¼ 4�2a3

GðmþMÞ
The distance of the moon from Mars (a) can be measured from pictures of the orbit over

time. Converting to a linear distance (instead of an angular one) requires knowing the
distance to Mars, but the period of Mars is observable, and so we could determine the
distance from Mars to the Sun from Kepler’s third law. If we make our measurements

when Mars is opposite the Earth from the Sun, the Earth–Mars distance is easily determined
by subtracting the Earth–Sun distance from the Mars–Sun distance.
From the same images of the Moon over time, we can determine the period of the Moon

(P). If we assume that the mass of the Moon is small compared to Mars (a good assumption
since the moons are so much smaller), we know all the factors in the equation, and can solve
for M, the mass of Mars.

3.38. Why are there no volcanoes the size of Olympus Mons on Earth?

There are three contributing factors. First, the continental plates move across the top of the
mantle. This means that the holes through the mantle, which allow the very hot magma to
come to the surface, are not always in the same location on the plates. On Earth, we are more

likely to observe many smaller volcanoes than one huge volcano like Olympus Mons. Indeed,
the Hawaiian islands are just such a chain, which develops as the plate slides over the mantle
‘‘hot spot.’’ Secondly, the surface gravity on Mars is significantly lower than on Earth, so

that taller structures are more stable (less likely to collapse under their own weight) on Mars
than on Earth. Thirdly, erosion is much more effective on the Earth than on the surface of
Mars. Volcanoes that develop on Earth are worn down again by the action of wind and

water.

3.39. Why do astronomers think Phobos and Deimos are captured asteroids?

First, Phobos and Deimos are very asteroid-like. They are rocky, and potato-shaped. Sec-

ondly, Mars is located near the asteroid belt. Thirdly, their orbits are unstable. In only 50
million years, Phobos will no longer orbit Mars. This is an astronomically short period of
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time, and so it must have recently begun to orbit Mars. All of these pieces of information add
up to a picture of captured asteroids.

3.40. With how much kinetic energy (KE) would a 1 kg piece of rock have to be traveling
in order to leave the surface of Mars as a meteoroid? Compare this to the amount
of energy produced by 1 megaton of TNT (4� 109 joules).
We can use the equation for escape velocity, plus Mars data from Table 3-1, to find the speed

such a rock would need to be traveling:

ve ¼
ffiffiffiffiffiffiffiffiffiffiffi
2GM

d

r

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � 6:67� 10�11 m3=kg=s2 � 6:4� 1023 kg

3,393,000

s

ve ¼ 5,020m=s
This is about half of the escape velocity from the Earth (11.2 km/s). The kinetic energy is
given by

KE ¼ 1
2
mv2

KE ¼ 1
2
ð1 kgÞð5,020Þ2

KE ¼ 1:3� 107 joules
The rock requires 13 million joules of energy. One megaton of TNT could lift only 33 of

these rocks (33 kg) from the surface of Mars. This is about half the mass of a person.

Supplementary Problems

3.41. What is the escape velocity from Mercury?

Ans. 4.2 km/s

3.42. What is the average thermal speed of hydrogen atoms near the poles at the surface of
Mercury (assume T ¼ 167 K; mH ¼ 1:6735� 10�27 kg)?

Ans. 3.3 km/s

3.43. Venus’s semi-major axis is 0.72 AU. Use Kepler’s third law to find its period.

Ans. 0.61 years

3.44. How many Venusian days are in a Venusian year?

Ans. 0.9
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3.45. A tiny new planet, about the size of the Moon, is discovered between the orbits of Venus and
Mercury. Most likely, this planet will

(a) orbit clockwise (b) orbit counterclockwise (c) can’t tell
(a) have a cratered surface (b) have a smooth surface (c) can’t tell
(a) have a molten core (b) have a solid core (c) can’t tell

(a) have an atmosphere (b) have no atmosphere (c) can’t tell
(a) have a magnetic field (b) have no magnetic field (c) can’t tell

(a) rotate clockwise (b) rotate counterclockwise (c) can’t tell

3.46. What is the equatorial rotational speed of Mercury?

Ans. 3.03 m/s

3.47. What was the fractional change in wavelength (��=�) of the radio waves bounced off
Mercury’s approaching limb?

Ans. 1� 10�8

3.48. Suppose that space-traveling seismologists observe S waves from a quake originating on the

far side of a planet. What does this tell them about the core?

Ans. It is solid

3.49. Suppose that the Earth were made entirely of rock. How would it be different?

Ans. Much weaker magnetic field, no tectonics, no volcanism, possibly no carbon in the
atmosphere, no aurorae

3.50. Suppose that you can lift 68 kg on Earth. How much could you lift on the Moon?

Ans. 408 kg

3.51. How much larger (in volume) is the Earth than the Moon? than Mars?

Ans. 49.4, 6.6

3.52. Calculate the angular size of the Moon from the Earth using the small angle equation.

Ans. 0.58

3.53. What is the angular size of Mars in the sky at its closest (assume circular orbits)?

Ans. 18 00

3.54. Suppose a colony is established on Mars. How long would it take for a Martian doctor to
send a question to a colleague on Earth and receive a response? (Assume the colleague knows
the answer ‘‘off the top of his head.’’)

Ans. 8.7 minutes
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77

Jovian Planets and
Their Satellites

The Jovian planets are Jupiter, Saturn, Uranus, and Neptune. These are all gas
giant planets, with much higher masses and lower densities than the terrestrial
planets. None of these planets has a solid surface. All of these planets have a large
number of moons and also ring systems. The majority of the planetary mass in the
solar system (99.5%) is in the Jovian planets, but they are still only 0.2% of the
mass of the Sun. The physical and orbital properties of the Jovian planets are
listed in Table 4-1.
All of the Jovian planets are flattened (oblate), so that the diameter from pole to

pole is less than the diameter at the equator. This is caused by their size and rapid
rotation. Table 4-1 shows that the Jovian planets complete a full revolution in less
than 1 Earth day, despite their tremendous size. Remarkable weather patterns are
characteristic of Jovian atmospheres and the composition creates colorful effects.
The Jovian atmospheres also exhibit enormous storms. This vigorous atmospheric
activity is caused by the rapid rotation of the planets and is driven by heat released
from their interiors (see discussion below).
All of the Jovian planets formed in the outer part of the solar accretion disk (see

Chapters 3 and 6 for more about the disk), and they are considerably richer in
light elements than the terrestrial planets. The compositions of the Jovian planets
are roughly comparable to that of the Sun. For example, the atomic composition
of Jupiter is 90% hydrogen, 10% helium, and less than 1% trace elements. The
Sun is 86% hydrogen, 14% helium, and less than 1% trace elements. Uranus and
Neptune have higher portions of heavy elements than Jupiter or Saturn, but still
they are a small fraction of the total mass. The similarity in composition between
the Jovian planets and the Sun supports the idea that the entire solar system
formed from the same well-mixed cloud. Most of our knowledge of the Jovian
planets and their satellites comes from the Voyager 1 and 2 missions, and addi-
tional information about Jupiter and its moons was obtained during the Galileo
and Cassini missions.
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Jupiter
Jupiter, the largest of the Jovian planets, shows a system of bright and dark
stripes. Belts are low, warm, dark-colored regions that are falling through the
atmosphere. Zones are high, cool, light-colored regions that are rising through
the atmosphere. Jupiter has ammonia, sulfur, phosphorus, and other trace ele-
ments in its atmosphere that contribute variously to the banded structures and the
multicolored clouds.
The Great Red Spot on Jupiter (Fig. 4-1) is one such storm, which has persisted

since Galileo first observed it nearly 400 years ago. This storm changes in size, but
on average is about 1 Earth diameter high, and 2 Earth diameters across. The
atmospheric activity is driven by energy produced by the release of gravitational
potential energy, as material falls towards the center of the planet. Most of the
energy was produced long ago, in the initial contraction of the planet material, and
is just now finding its way to the surface. In fact, Jupiter emits twice as much
energy as it receives from the Sun.
Jupiter has a dense core of magnesium, iron, silicon, and various ices. Jupiter’s

core is about 15 times the mass of the Earth. The core has been detected by gravity
experiments on fly-by missions such as Voyager. Scientists believe that a thick
layer of metallic hydrogen surrounds Jupiter’s core. Metallic hydrogen is hydrogen
that is so dense that the electrons are free to move through it freely. This is similar
to the way electrons behave in metals: hence the name. The liquid metallic hydro-
gen and the rapid rotation of the planet generate the strong magnetic field that
surrounds Jupiter.
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Table 4-1. Facts about Jovian planets

Jupiter Saturn Uranus Nepture

Mass (kg) 1:9� 1027 5:7� 1026 0:87� 1026 1:0� 1026

Diameter (m) 143� 106 121� 106 51� 106 50� 106

Density (kg/m3) 1,300 700 1,300 1,600

Albedo 0.52 0.47 0.51 0.41

Average distance from
the sun (m)

0:778� 1012 1:43� 1012 2:87� 1012 4:50� 1012

Orbital period (years) 11.86 29.46 84.01 164.8

Orbital inclination (8) 1.31 2.49 0.77 1.77

Orbital eccentricity 0.048 0.056 0.046 0.010

Rotation period (days) 0.41 0.44 0.72 0.67

Tilt of rotation axis (8) 3.1 26.7 97.9 28.3



Saturn
Saturn is the second largest of the Jovian planets, and has the lowest density of any
planet in the solar system. Saturn has a dense core of magnesium, iron, silicon, and
various ices. The core is about 13 Earth masses. Saturn also has a layer of metallic
hydrogen surrounding its core, producing a large magnetic field (metallic hydro-
gen: see section on Jupiter, above). The composition of Saturn is similar to that of
Jupiter, probably with more hydrogen, to account for the lower density.

Saturn’s zones and belts are not as pronounced as Jupiter’s. The smeared
appearance is due to light scattering from ammonia crystals that form the rela-
tively cold upper atmosphere of the planet. Saturn’s atmosphere, like Jupiter’s, is
heated by energy released from the interior of the planet. The source appears to be
gravitational potential energy of helium droplets sinking to the interior.

Uranus
At first, Uranus was thought to be a relatively featureless planet. Voyager images
showed a quite plain disk. More recently, astronomers have discovered that this
was an accident of the observing season. Voyager passed near to Uranus during a
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Fig. 4-1. Jupiter’s Great Red Spot, with images of Earth superimposed for scale. Composite from

NASA images.



period of few storms and little atmospheric activity. Uranus’s rotation axis is tilted
nearly 908, so that it is almost in the plane of the ecliptic. Consequently, one pole
faces the Sun for half the orbit, then the other. The sunward side of Uranus
absorbs a lot of radiation, which should heat the planet and then drive convection
toward the opposite pole. This is not observed at the surface, however, and the
heat transport must take place in the deeper layers. Perhaps this mechanism is
somehow responsible for keeping the surface of Uranus featureless during certain
portions of its orbit. Uranus’s atmosphere contains relatively high amounts of
methane, which absorbs strongly in the red, causing the reflected sunlight from
the planet to appear blue.
Studies of the density and flattening of Uranus indicate that the interior might

consist of hydrogen, water, and a small (Earth-sized) core of rock and iron.

Neptune
The atmospheric composition of Neptune is similar to that of Uranus. Compared
to Uranus, Neptune appears more blue, presumably due to a higher concentration
of methane (2–3%) in the atmosphere. Neptune’s Great Dark Spot was first
observed by Voyager 2 in the Southern Hemisphere in 1989. This storm disap-
peared by the time the Hubble Space Telescope observed Neptune in 1994, but a
new one had formed in the north by 1995. Neptune releases internal energy,
driving supersonic winds to speeds of over 2,000 km/hr. It does not appear that
the energy released is a remnant from the formation of the planet, because
Neptune is much smaller than Jupiter. The exact source of the released energy
is unclear.
Neptune’s internal structure might be similar to that of Uranus. The interior

consists of hydrogen, water, and a small (Earth-sized) core of rock and iron.

Solved Problems

4.1. How does Jupiter generate its internal heat? How does the Earth generate its
internal heat? Why are the two different?

Jupiter generated its internal heat by giving up gravitational potential energy as material fell

onto the core. The energy currently being emitted from Jupiter is energy produced in the

initial rapid contraction. The Earth generates its internal heat from radioactive elements

which decay in the core. The Earth is much smaller than Jupiter, and radiated away all of its

gravitational potential energy long ago.
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4.2. Why are the Jovian planets different colors?

The color of a Jovian planet is a function of the composition. For example, Uranus and
Neptune contain methane, and are blue. These compositions differ for each planet, depend-
ing on where they condensed out of the planetary disk in the early solar system. Jupiter has

quantities of other molecules, such as ammonia, and is red-orange in color.

4.3. Why is Jupiter brighter than Mars in our night sky, even though it is farther away?

Jupiter has a much larger angular size than Mars:

� ¼ 206,265 �D
d

For Jupiter, we find that the angular size is 38 00, while for Mars, the angular size is 6 00. In
addition, Jupiter’s albedo is higher than that of Mars, so that it reflects more of the sunlight
towards the Earth.

4.4. What would happen to the temperature of the Earth’s surface if the Sun stopped
shining? How about Saturn?

If the Sun stopped shining, the temperature of the Earth would drop dramatically. The Earth
does not produce significant radiation from the surface. Saturn, however, produces about

half of the energy emitted, and most of that is in the infrared, so the temperature would not
drop as fast.

4.5. Which of the outer planets have seasons? Why?

Seasons are a result of an axial tilt. Uranus certainly has extreme seasons! Saturn and

Neptune, with axial tilts of 278 and 308, respectively, also have seasons. Jupiter, however,
does not, because Jupiter’s axis is tilted only 38 with respect to its orbital plane.

Moons
All of the Jovian planets have moons. Some of these are so large that if they
orbited the Sun, instead of a planet, they would be considered planets themselves.
It is not uncommon for astronomers to discover previously unknown moons of
these planets even today. Usually, these newly discovered moons are quite small.
Jupiter has 28 known moons, Saturn has 30, Uranus has 21, and Neptune has 8.
We will not talk individually about each of these 87 moons. Instead, we will point
out some general properties, summarize the moons in Table 4-2, and then discuss
only the most interesting few.
Most of the moons of the outer planets have quite low densities, less than 2,000

kg/m3, implying that they have large fractions of ice, probably water ice.
Individual moons formed in place, are captured asteroids, or are remnants of
other moons, destroyed in collisions. Triton is the only moon of a Jovian planet
that does not fit one of these categories.
Many of these moons are geologically active. Moons can be heated by gravita-

tional contraction (like Jupiter) or by radioactive heating (like the Earth). Moons
can also be heated by tidal stresses, exerted by their parent planets. As the moon
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rotates while it is stretched out of shape by the gravitational force of its parent
body, friction develops and heats the interior.
The Galilean moons are the four largest of the Jupiter system, and are named

after their discoverer, Galileo. The physical and orbital properties of the largest
moons of the Jovian planets are listed in Table 4-2 and other information is given
in Table 4-3.

JUPITER’S MOONS
Io. Of the four Galilean moons, Io is the closest to Jupiter. Io is geologically
active. There are many active volcanoes on Io, and Fig. 4-2 shows the eruption of
one of these, Prometheus. The core of Io is kept active because of the tidal pulls of
Jupiter and Europa. Interactions with the more distant moons keep Io’s orbit from
becoming perfectly circular, and so the interior remains molten, all the way out to
a very thin crust.
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Table 4-2. Physical properties of the major satellites of the outer planets

Moon Planet

Diameter

(km)

Mass

(kg)

Average orbital

distance (km)

Period

(days)

Io Jupiter 3,360 8:89� 1022 4:22� 105 1.77

Europa 3,140 4:85� 1022 6:71� 105 3.55

Ganymede 5,260 1:49� 1023 1:07� 106 7.16

Callisto 4,800 1:07� 1023 1:88� 106 16.69

Rhea Saturn 1,530 2:45� 1021 5:27� 105 4.52

Mimas 380 3:82� 1019 1:86� 105 0.94

Dione 1,120 1:03� 1021 3:77� 105 2.74

Tethys 1,050 7:35� 1020 2:95� 105 1.89

Iapetus 1,440 1:91� 1021 3:561� 106 79.3

Enceladus 500 8:09� 1019 2:38� 105 1.37

Titan 5,150 1:35� 1023 1:222� 106 15.95

Oberon Uranus 1,520 2:94� 1021 5:83� 105 13.46

Titania 1,580 3:45� 1021 4:36� 105 8.72

Umbriel 1,170 1:25� 1021 2:66� 105 4.15

Ariel 1,160 1:33� 1021 1:91� 105 2.52

Miranda 470 7:35� 1019 1:30� 105 1.41

Triton Neptune 2,700 2:13� 1022 3:55� 105 5.88



Europa. Io may be geologically active, but Europa has an ocean. Recent obser-
vations of Europa by the Galileo mission add support to the idea that it is basic-
ally a small rocky core, surrounded by a deep, salty ocean, and topped with a thin,
water-ice crust. The ocean is kept liquid by tidal interactions with Jupiter and
nearby moons. Figure 4-3 shows surface features which strongly resemble ice floes
on Earth.

Ganymede and Callisto. Ganymede and Callisto are relatively close in size, and
we might expect that they would have similar histories. But Ganymede has been
geologically active, and shows fault-like regions, and long, parallel ridges thou-
sands of kilometers long. The entire surface is cratered, and indicates that the
surface stopped evolving after only about one billion years. Callisto, on the
other hand, shows absolutely no evidence of ever having been geologically active.
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Table 4-3. Major satellites of the outer planets: quick information table

Moon Planet

Current

geologic

activity

Past

geologic

activity Craters

Tidally

locked Atmosphere

Ice

content

Io Jupiter Yes Yes No No Thin SO2 Low

Europa Yes? Yes Few No No 15%

Ganymede No Yes Yes Yes No 45%

Callisto No No Yes Yes No 50%

Rhea Saturn No No Yes Yes No >50%

Mimas No No Yes Yes No >50%

Dione No Yes Yes Yes No >50%

Tethys No Yes Yes Yes No >50%

Iapetus No No Yes Yes No >50%

Enceladus ? Yes Yes Yes No >50%

Titan ? ? Yes Yes N2 50%

Oberon Uranus No Yes Yes Yes No >50%

Titania No? Yes Fewer Yes No >50%

Umbriel No Yes Yes Yes No >50%

Ariel No? Yes Fewer Yes No >50%

Miranda No? Yes Few Yes No >50%

Triton Neptune Yes Yes Few No Thin N2 25%



The surface of Callisto looks much like the surface of the Moon, completely
covered by craters.
The difference may be due to a slight difference in composition. Ganymede has

about 5% more rock than Callisto. This rock would have inhibited convection a
bit more strongly than ice. In addition, the rock would have contributed some
radioactive heating to Ganymede. Both of these factors may have contributed to
make Ganymede stay warm longer than Callisto.
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Fig. 4-2. Picture of Io, with Prometheus on limb. (Courtesy of NASA/JPL.)



SATURN’S MOONS: TITAN
Titan is one of the largest moons in the solar system, and the only other object
with a thick N2 atmosphere like the Earth’s. This atmosphere is thick with aerosols
(particles suspended in air) which obscure the surface. Infrared images of the
surface reveal bright and dark spots, which might be continents, and lakes or
oceans of ethane, respectively.

NEPTUNE’S MOONS: TRITON
Triton is slightly smaller than Europa. It is the only major satellite with a retro-
grade orbit, which indicates that it is probably a captured object. Because of tidal
forces, Triton’s orbital speed is slowing, making it fall towards Neptune.
Eventually, it will be torn apart by Neptune’s gravity, and perhaps will form a
ring system as spectacular as the one around Saturn.
Triton has a very thin N2 atmosphere, relatively few impact craters, and other

evidence of past geologic activity. Currently, Triton appears to be geologically
active, with geysers of N2 large enough to be seen by Voyager 2.
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Fig. 4-3. Galileo image of the crust of Europa. (Courtesy of NASA.)



Solved Problems

4.6. Suppose one-third of the mass of a satellite was rock (� ¼ 3,500 kg=m3), and the
rest was ice (� ¼ 900 kg=m3). What is the average density?
To find the average density, simply add up the components of the satellite, weighted by what
fraction they make up:

�avg ¼
1

3
rockþ 2

3
ice

�avg ¼
1

3
ð3,500Þ þ 2

3
ð900Þ

�avg ¼ 1,770 kg=m3

The average density of the satellite is 1,770 kg/m3.

4.7. Titan and the Moon have similar escape velocities. Why does Titan have an atmo-
sphere, but the Moon does not?

Titan is farther from the Sun, so its surface temperature is much lower, about 100 K. With a
temperature this low, an object of this size can retain its atmosphere.

A secondary consideration is that Titan is geologically active, due to tidal heating. Out-
gassing geysers, which add more N2 to the atmosphere, are constantly renewing the atmo-

sphere on Titan. The Moon, on the other hand, is geologically dead. The primordial
atmosphere has been lost to space, and it has no means to replenish it.

4.8. Assume one of the newly discovered moons of Jupiter has a density of about 1,800
kg/m3. What is its approximate composition?

By comparing this density to the density of rock (3,500 kg/m3), we know that the moon has
very little heavy metals inside. But still, the density is higher than water, by about 50%, so
the object is not completely water ice. Probably, it is about half water ice and half rock. This

compares well with the composition of Titan, which has a density of 1,880 kg/m3.

4.9. A volcano on Io can throw material about 1,000 times higher than a similar
volcano on Earth. Why?

There are two reasons for this. First, the gravity on Io is lower, so the material is not pulled
down to the surface as strongly. Secondly, there is very little atmosphere on Io, so the air

resistance is less.

4.10. Why is the Earth’s Moon not kept geologically active by tidal heating?

In order for a satellite to experience tidal heating, it must change its orientation relative to

the planet. Since the Moon is always in the same orientation relative to the Earth, there is no
friction generating heat in the interior.

4.11. Why are old, large craters on Ganymede and Callisto much shallower than those
on the Moon?
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Ganymede and Callisto have shallower craters because they are icy worlds instead of rocky
ones. The icy surface is less dense, and disperses more of the impact energy than the rocky

surface does.

Rings
In addition to moons, the outer planets are also surrounded by ring systems. The
most well known of these are the rings of Saturn, but Jupiter, Neptune, and
Uranus also have ring systems. Rings occur inside the Roche limit of a planet.
The Roche limit indicates how close to a planet an object can be before tidal forces
overcome the object’s own gravity. In other words, when an object comes too close
to a planet, the difference in force between the near side and the far side is stronger
than the force of gravity holding the object together, so it disintegrates. The Roche
limit is generally about 2.5 times the planet’s radius.
Rings are transitory objects. They form when a moon, asteroid, or other solid

body is demolished by tidal forces, and the particles travel in an orbit around the
planet. Some of these particles travel faster than others, and they move farther
from the planet. The slow ones move closer, and the ring spreads out. The particles
collide with each other, transferring energy back and forth, so that some fall
inward, and some travel outward. Eventually, the whole system dissipates, with
some particles added to the planet’s mass, and some escaping the system entirely.
This takes a few hundred million years, an astronomically short period of time.
The rings of the outer planets are very thin. When viewed edge-on, they dis-

appear all together. Collisions play the major role in flattening the rings, and in
keeping them flat. When a ‘‘south-bound’’ particle collides with a ‘‘north-bound’’
particle, the vertical parts of the velocities cancel out, and both particles wind up
in a more ‘‘east–west’’ trajectory. Over time, the vertical motions of most particles
are eliminated, and the rings become quite flat.
The rings of Saturn, however, show evidence that the rings are not completely

flat. In some portions of the rings, spokes appear. These spokes form very quickly,
and appear as dark features across the rings. The spokes are probably the result of
the collision of a small meteoroid with the rings, which vaporizes, producing
charged dust. This charged dust is levitated by the magnetic field of Saturn, and
casts a shadow on the rings, which appears as a spoke.
All of the rings of the outer planets are made of many much thinner ringlets. A

few of these ringlets are kept in place by shepherding satellites: small moons that
push and pull the even smaller ring particles so that they stay in the ring.
Many of the ringlets appear brighter when backlit. This means that they are

made of very small particles, which prefer to scatter light forward rather than
backward. Larger dust particles prefer to scatter light backward, and so are
brighter when viewed from the directly illuminated side.
The rings of Uranus were discovered in 1977 during an occultation of a star. As

a star passed behind the rings, its light was dimmed repeatedly. Then it passed
behind the planet. As the star emerged on the opposite side of the planet, and
passed behind the rings again, the light was dimmed again, in a reverse of the
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pattern on the opposite side. Voyager 2 observed the rings directly, and found they
contain a great deal of fine dust. This means they must have formed quite recently
(within the last 1,000 years or so), because small dust particles have easily dis-
turbed orbits. Perhaps these rings are replenished by meteoroid impacts on tiny
satellites.

Solved Problems

4.12. If a comet came close enough to pass through the Roche limit, but was traveling
fast enough to escape again, what would happen to it?

The comet would break up into smaller fragments due to tidal forces. Fragments would

continue to orbit the Sun but in a new orbit.

4.13. The space shuttle orbits within the Roche limit of the Earth, yet is not pulled apart
by tidal forces. Why not?

The Roche limit is the radius within which tidal forces overcome an object’s gravity. But the
space shuttle is not held together by gravity, it is held together by bolts and welding (it has
‘‘mechanical strength’’), which are much stronger than gravity.

4.14. Why are rings thin? Are any other systems that you have learned about similar to
the rings?

Collisions dominate ring processes. In this case, the collisions between particles which move
in and out of the rings cancel out the velocities in those directions, and the particles are left

with velocity only in the plane of the ring.

During the formation of the solar system, a thin disk formed. This disk was similar to the
rings, because it orbited a larger body, was composed of bodies which were tiny in compar-
ison, and was thin compared with its radius.

4.15. Why are some rings bright from one side, but dark from the other?

The brightness of a ring, and how it scatters light, depends on the size of the particles. When

the particles are small, they scatter light (reflect it in all directions). The rings will appear
brightest when backlit. When the particles are large, the light will generally be reflected back
in the direction from which it came, as from a mirror. These rings appear brightest when

‘‘front-lit.’’

4.16. We see rings around planets, but theory says they don’t live very long. What does
that tell you about the rings we see today?

The rings that we see today must either have formed very recently, perhaps by collisions of
small satellites, or they must be constantly replenished. It is likely that Saturn’s rings, which
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are composed of larger (meteor-sized) particles, are recently formed, since the particles
haven’t collided enough times to be pulverized. Other ring systems, however, probably are

replenished occasionally, since the particles tend to be quite small.

4.17. Explain an occultation and how it could be used to map the density of rings. When
might this method fail to detect a ring that is actually present?

An occultation occurs when a distant star passes behind an object, and the starlight gets
‘‘occluded,’’ or dimmed. This can be used to map out the density structure of rings because
the pattern of dimming and brightening will indicate where the rings are dense and where

they are thin. This method will fail to detect rings made of very small dust particles, which
will scatter the light forward, so that it is not substantially dimmed.

Supplementary Problems

4.18. What is the escape velocity from Titan ðM ¼ 1:34� 1023 kg, R ¼ 2:575� 106 m)?

Ans. 2.6 km/s

4.19. Where is the Roche limit of Saturn?

Ans. 151,000 m from the center of Saturn

4.20. Why are the current and past geological activity on Titan unknown?

Ans. Because it has an opaque atmosphere

4.21. Given that the orbital period of Io is 1.77 days, and the semi-major axis of its orbit is
4:22� 108 m, calculate the mass of Jupiter.

Ans. 1.9 �1027 kg

4.22. What is the gravitational attraction between Jupiter and Callisto ðM ¼ 1:07� 1023 kg,
d ¼ 1:88� 109 km)?

Ans. 3:8� 1021 N

4.23. What physical principle allows us to conclude that Triton must be a captured object?

Ans. Conservation of angular momentum
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