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Chapter 27
The Solar System

COLONIZING SPACE

The idea of sending people to live away from Earth has been
the subject of science fiction for many years. Astronauts have
spent extended time in orbit around Earth and have spent
several days on the moon. In January 2004, President Bush
announced plans to return astronauts to the moon as early
as 2015 to conduct extended lunar missions, with the goal of
living and working there for increasingly extended period.
Until that time there had never been a serious proposal to es-
tablish a colony far from Earth.

There are many reasons for considering such plans.
People may wish to take advantage of resources, such as pre-
cious metals, found on other planets. Some manufacturing
processes work better in reduced gravity and isolated from
Earth’s atmosphere. Governments may decide to establish a
place to escape to in case Earth is endangered by a collision
with a massive object from space. Nuclear war and bioter-
rorism could also cause a human disaster on this planet. In
addition, a human colony could be used to support the explo-
ration of other worlds.



Living Away from Earth

The life support requirements for people living outside
the terrestrial, or Earthlike, environment are considerable.
Things taken for granted, such as oxygen and liquid water,
are absent in space and rare on other planets in our solar sys-
tem. The cost of transporting these necessities would be pro-
hibitive. Recycling these materials seems more practical. In
a space environment near a star, there would be a steady sup-
ply of electromagnetic energy.

A project, called Biosphere II, attempted to satisfy the
needs of its human and animal inhabitants by recycling as
much as they could. In a special building in the Arizona
desert, scientists constructed a small environment totally iso-
lated from the outside world. The greatest challenge was
keeping the proper balance of gases in the internal atmo-
sphere. In spite of the scientific knowledge and technology ex-
pended in this project, the people running Biosphere II found
it difficult to establish a proper equilibrium. The scientists
learned more about how our environment sustains itself.
However, they were unable to maintain a stable, Earthlike
atmosphere using natural cycles in a small environment.

Beyond the Solar System

Perhaps it is possible to find other planets in the universe
with Earthlike environments. In the past few years, astron-
omers have detected planets that orbit other stars. However,
these very large planets probably have gravity too strong to
permit human habitation. Furthermore, they are so far away
that it would take centuries to reach them with our present
technology. If other planets like Earth exist, it seems logical
that life and civilization might have developed on some of
them. However, experiments to detect radio signals from
other civilizations in space have not been successful. There-
fore, there is no direct evidence that humans could exist any-
where outside Earth without complex artificial support
systems.
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These events have helped us understand how unique and
how fragile our environment on Earth is. In spite of fears that
a global disaster could make Earth uninhabitable, we have
nowhere else to go. The best alternative is to preserve our
current terrestrial environment in a way that allows all liv-
ing things to prosper.

WHAT IS THE ORIGIN OF THE SOLAR SYSTEM?

Evidence from space indicated that the initial composition
of the universe probably was nearly all hydrogen and helium.
The early universe probably had a large portion of very mas-
sive stars that used up their hydrogen fuel relatively quickly.
These stars ended as unstable objects that exploded and cre-
ated clouds of debris with an abundance of heavy elements.
In our solar system, there is an abundance of heavy elements,
such as carbon, iron, silicon, and oxygen. This indicates that
our solar system formed from the remains of a stellar explo-
sion known as a supernova.

Nebular Contraction

A cloud of debris left over from this explosion may have come
together under the influence of its own gravity. This theory is
sometimes called nebular contraction theory. It suggests that
the solar system began as a cloud of dust and gas in space,
which is commonly called a nebula. More than 99 percent of
the mass condensed to form the sun, which is at the center of
the solar system. Debris that remained formed the planets,
dwarf planets, moons, and other objects orbiting the sun.

Just as an ice-skater spins faster when she brings in her
arms, the collapse of this material produced the revolution of
the planets in their orbits. It also caused the rotational mo-
tion of the sun and planets. All the planets revolve in the
same direction that the sun rotates. Most of their moons also
revolve in this direction. The spacing of the planets is re-
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markably ordered. Most planets are about twice as far from
the sun as is their neighbor closer to the sun. In addition, the
planets lie in nearly the same plane, orbiting the sun in a
thin disk. This degree of order suggests that a single event
formed the solar system.

From the study of radioactive elements within material
that has fallen to Earth and rocks recovered from the older
parts of the moon, scientists have inferred that these bodies
are about 4.6 billion years old. Rocks from Earth are not as
helpful because have been extensively recycled through the
processes of the rock cycle and plate tectonics. Therefore, the
oldest known terrestrial rocks are less than 4.6 billion years.
Studies of the patterns of change in stars indicate that the
sun is also about 5 billion years old. It therefore seems likely
that the sun and the solar system were created in a single
event that took place a little less than 5 billion years ago.
This is only about one-third of the estimated age of the uni-
verse.

WHAT PROPERTIES DO THE PLANETS SHARE?

The definition of a planet has evolved through time. Early
observers of the night skies thought of the planets as special
stars that wander among the other stars. Later, with the use
of telescopes, astronomers were able to see differences be-
tween these objects and stars. As astronomers shifted their
thinking from the earth-centered (geocentric) hypothesis to
the sun-centered (heliocentric) model, the idea of what a
planet is changed. They began to think of planets not as wan-
dering stars but as large objects that orbit the sun, reflecting
the sun’s light rather than creating their own light.

Like all satellites, the planets orbit the sun in ellipses
with the primary, the sun, located at one focus. Their orbits
have low eccentricities. That is, all the orbits are fairly close
to the shape of a perfect circle. You learned in the last chap-
ter that Earth moves a little faster in its orbit when it is clos-
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est to the sun in early January. The change in gravitational
force between the planet and the sun causes the orbital ve-
locity of Earth to change in a yearly cycle. All the planets
move a little faster when they are closest to the sun.

The speed that planets move in their orbits also changes
from planet to planet. As distance from the sun increases, the
pull of the sun’s gravity decreases. Therefore, orbital velocity
is indirectly related to a planet’s distance from the sun. That
is, the greater the distance of a planet from the sun, the slower
it travels in its orbit. The innermost planet, Mercury, moves
about 10 times as fast along its orbit as the outermost planet,
Neptune. Mercury, because it is closer to the sun, also has a
shorter orbit than any other planet. Therefore, Mercury re-
volves around the sun in only 88 Earth days. Earth takes 1
year. Neptune takes nearly 165 Earth years to revolve around
the sun. The difference in orbital period is so large because of
the combined effects of the longer orbits and the slower
speeds of the outer planets.

All the planets rotate on their axes. However, unlike the
orbital properties of the planets, their rotational characteris-
tics do not follow a regular pattern. Neither their size nor dis-
tance from the sun can be directly related to their period of
rotation. The largest planet, Jupiter, takes only about 10
Earth hours to rotate 360°. That would be the length of a day
on Jupiter. However, by far, the longest period of rotation is
on Venus, about 8 Earth months. Furthermore, two of the
planets (Venus and Uranus) do not rotate in the same direc-
tion as the other planets. Perhaps the rotations of these plan-
ets have been affected by collisions with other objects since
the solar system formed nearly 5 billion years ago.

The number of moons orbiting the planets does show a
general pattern with distance from the sun. The two inner-
most planets, Mercury and Venus, have no moons. Earth has
one. Then the number of moons generally increases as we
move to the outer planets. Although the number of moons
changes as more are discovered. It is difficult to distinguish
between moons and other objects that orbit the outer plan-
ets. The question of how small an object can be and still be
called a moon has no clear answer. For example, the rings
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of Saturn are made of millions of objects that orbit the planet
in the same plane, but these objects are considered too small
to be called moons. At this time, there is no known limit to
the number of moons in the solar system. Table 27-1, based
on the Earth Science Reference Tables, shows properties of
the members of our solar system. You may notice that the
Earth Science Reference Tables list a different number of
moons for Jupiter, Saturn, Uranus, and Neptune. These plan-
ets have many small natural satellites that currently are
being discovered. This table lists the number of confirmed
moons as of January 2004. (Note: Time is expressed in units
of Earth time. Thus, “days’ are approximately 24 Earth hours
long.)

TABLE 27-1 Solar System Data

Mean
Distance
from Sun Equatorial Number
(millions Period of Period of Eccentricity Diameter Mass Density of

Object of km) Revolution Rotation of Orbit (km) (Earth � 1) (g/cm3) Moons

Sun — — 27 days — 1,392,000 333,000.00 1.4 —

Mercury 57.9 88 days 59 days 0.206 4,880 0.553 5.4 0

Venus 108.2 224.7 days 243 days 0.007 12,104 0.815 5.2 0

EARTH 149.6 365.26 days 23 h 56 min 4 s 0.017 12,756 1.00 5.5 1

Mars 277.9 687 days 24 h 37 min 23 s 0.093 6,787 0.1074 3.9 2

Jupiter 778.3 11.86 years 9 h 50 min 30 s 0.048 142,800 317.896 1.3 62

Saturn 1,427 29.46 years 10 h 14 min 0.056 120,000 95.185 0.7 31

Uranus 2,869 84.0 years 17 h 14 min 0.047 51,800 14.537 1.2 27

Neptune 4,496 164.8 years 16 h 0.009 49,500 17.151 1.7 13

Earth’s 149.6 27.3 days 27 days 8 h 0.055 3,476 0.0123 3.3 —
moon (0.386

from Earth)



ACTIVITY 27-1 GRAPHING SOLAR SYSTEM DATA

Equally spaced, along the bottom axis of your graph paper, write
“Sun” followed by the names of the nine planets. The vertical axis
can be any one of the eight variables listed in Table 27-1. Each
group can make a graph displaying different data. The graphs can
be displayed to the class. What relationship does each graph show
between the position of the planets and the characteristic
graphed?

HOW ARE THE PLANETS GROUPED?

The planets are often separated into two groups. Mercury,
Venus, Earth, and Mars are the closest planets to the sun. All
four planets are solid objects surrounded by a relatively thin
atmosphere or no atmosphere at all. Mars, with the largest
orbit in the group, is less than one-third of the distance to the
next planet, Jupiter. This group of planets is known as the
terrestrial planets because they are similar to Earth in
their rocky composition.

The four outer planets are known as the Jovian planets
because of their similarity to Jupiter. Jupiter is a large planet
that has a relatively low density, since most of its volume is
a thick shell of gas. Figure 27-1 on page 692 compares the
size of the sun and the planets.

Terrestrial Planets

MERCURY The closest planet to the sun, Mercury, is a small
planet. It therefore has weaker gravity than most of the other
planets. Due to its location, lack of a magnetic field, and low
gravitational force, electromagnetic radiation and charged
particles given off by the sun (solar wind) have stripped Mer-
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cury of its atmosphere. Like Earth’s moon, which is about the
same size as Mercury, impact craters cover the surface of
Mercury. Most craters probably formed from collisions with
debris early in the history of the solar system. At that time
there was more debris scattered through the solar system.
With no atmosphere and no weather, these features are still
prominent after billions of years. The slow rotation of Mer-
cury and the lack of an atmosphere cause an extreme range
in temperature on the surface, from 400°C during the day to
�200°C at night. Mercury is visible from Earth only near
sunset or sunrise.

VENUS Like Mercury, Venus is visible from Earth only near
sunset or sunrise. Venus is sometimes called Earth’s twin be-
cause its diameter and mass are similar to Earth’s. Venus
therefore has about the same gravity as Earth. For many
years astronomers wondered if Venus might have surface

692 CHAPTER 27: THE SOLAR SYSTEM

Figure 27-1 The curved line
at the top of this diagram
represents the size of the
sun. The dark circles repre-
sent the size of the nine
planets to the same scale.
The size of the sun accounts
for the fact that it contains
more than 99% of the total
mass of the solar system.
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conditions similar to those on Earth. Thick clouds prevented
direct observations of the solid surface. Radar images and
mapping of the surface by artificial satellites revealed that
Venus has volcanic features like Earth. However, its sur-
face conditions are very different. Atmospheric pressure at
the surface is 90 times the sea level pressure on Earth. The
thick atmosphere of Venus is mostly carbon dioxide, which
absorbs and reradiates infrared solar energy (greenhouse ef-
fect). Therefore, the surface temperature of Venus (about
500°C) is actually hotter than the daytime temperature on
Mercury. In addition, the clouds of Venus are composed of
droplets of sulfuric acid, a corrosive substance that is harm-
ful to creatures living on Earth. The period of rotation of
Venus is the longest of any planet. In fact, Venus takes longer
to rotate on its axis than it takes to orbit the sun. (See Table
27-1 on page 690.) So much for our “twin planet.”

PHASES OF MERCURY AND VENUS As viewed from Earth, the
portion of the lighted surface of Mercury and Venus that you
see changes in a predictable cycle. Like the moon, these two
planets show a full range of phases. Galileo was the first as-
tronomer to document the phases of Venus as he observed
them with his telescopes.

When Mercury and Venus pass between Earth and the
sun, they, like the new moon, are not visible from Earth.Then,
the lighted portion of each planet increases until it is fully
lighted as the planets pass behind the sun. This change in
phase is accompanied by a change in apparent size. Mercury
and Venus appear largest at their closest approach to Earth in
the crescent phase. As they move farther from Earth and the
lighted portion increases, these planets appear smaller in an-
gular diameter. The orbits of the other planets are outside
Earth’s orbit. The night side of Earth faces the lighted side of
these planets. Therefore, they never show the dark, or new
phase. They always appear mostly lighted as observed from
Earth.

EARTH Oceans that average about 4 km in depth cover about
70 percent of Earth’s surface. In fact, Earth is the only planet
scientists know of on which large quantities of water exist in
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all three states: ice, liquid water, and water vapor. Surface
temperatures are moderate from a record low of �89°C in Ant-
arctica to 58°C in some desert regions.

The unique surface conditions on Earth permitted the evo-
lution of life. In addition, living organisms have changed the
planet. Earth’s original atmosphere probably was mostly car-
bon dioxide like that of Venus. The carbon dioxide content of
the atmosphere is now less than 1 percent (0.03 percent).
Most of the original carbon content of the atmosphere has dis-
solved in the ocean or become part of plants and animals as
well as surface deposits of organic sedimentary and metamor-
phic rock such as limestone and marble. Weathering and ero-
sion coupled with plate tectonics constantly change Earth’s
surface. Figure 27-2 is Earth as seen from the moon.

MARS Of the eight planets in our solar system, the conditions
on Mars come closest to the favorable conditions for life found
on Earth.Like Venus, the atmosphere of Mars is mostly carbon
dioxide. However, the atmosphere of Mars is much thinner
than that of Venus or Earth. Mars can warm up to a comfort-
able 20°C near the Martian equator. However, at night, about
12 hours later, it cools down to �60°C because the thin atmos-
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Figure 27-2 Astronauts on the Apollo 8 mission to the moon witnessed Earth rising.



phere does not absorb and radiate heat. Due to the tilt of the
rotational axis of Mars, it has seasons like Earth. However, the
polar regions become so cold that dry ice (solid carbon dioxide)
forms on the surface.

Some Martian surface features look as if they were formed
by large rivers, but there is no liquid water on the surface of
Mars today. This has led some astronomers to speculate that
most of the atmosphere of Mars has been lost and that the cli-
mate on Mars was warmer in the past. If the water is still
there, it is probably in the form of ice under the planet’s visi-
ble surface. The highest known surface feature in the solar
system, Olympus Mons, is a Martian volcano four times as
high as Earth’s Mount Everest. Figure 27-3 is a photograph of
the surface of Mars taken by a NASA landing module.

ACTIVITY 27-2 DESIGN A LANDING MODULE

NASA has hired your group to design an instrument package that
will help scientists gather information about the surface of Mars.
The task they have given your team is to design a module that will
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Figure 27-3 This image of the barren surface of Mars was taken by the Viking
landing module and sent back to Earth by radio transmission. Mars is the next
logical step for human exploration of space.



696 CHAPTER 27: THE SOLAR SYSTEM

send back information about Mars after it reaches the planet. Your
module may include only easily obtainable instruments that you
can understand and operate. Make a drawing of the landing mod-
ule and write an explanation of what each instrument is as well
as what information it will gather.

NASA will send the module to Mars. Therefore, you should not
include a design for a rocket. Neither the module nor any other
object will be returned to Earth. Radio communication will be
your only link. No people or animals will be sent to Mars on this
mission.

The Outer Planets

The four remaining planets, the outer planets, are Jupiter,
Saturn, Uranus, and Neptune. These are known as Jovian
planets. This name means that they are similar to Jupiter.
These planets are larger and less dense than the terrestrial
planets because they are composed mostly of gas. Figure 27-
4 is a scale model of the orbits of the planets.

Figure 27-4 Most planets are roughly twice the distance from the sun as their
nearest inner neighbor. The dotted circle shows the asteroids. The orbits of Mercury,
Venus, and Earth are all inside the orbit of Mars. The orbit of Halley’s comet is
noticeably eccentric.
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The Jovian planets consist of a small, rocky core sur-
rounded by a liquid mantle and a thick gaseous shell.
Rather than the heavier elements of the terrestrial plan-
ets (iron, silicon, and oxygen), these planets are composed
primarily of hydrogen and helium. However, they are still
the most massive planets because of their immense size.
Each also has a system of rings surrounding it. These rings
are made of small particles that orbit independently in the
plane of the planet’s equator.

JUPITER The first of the outer planets, Jupiter is the largest
planet in the solar system. Jupiter alone accounts for two-
thirds of the total mass of the eight planets. Hydrogen and
helium make up more than 99 percent of the mass of Jupiter.
This is more like the composition of a star than the composi-
tion of the terrestrial planets. Although the pressure at the
center of Jupiter is about 10 times the pressure within Earth,
it is not enough pressure to support nuclear fusion, which
powers the sun and other stars.

The rapid rotation of Jupiter gives it a noticeable bulge at
its equator. One of the most noticeable features on Jupiter is
the Great Red Spot visible on its surface. Astronomers spec-
ulate that this may be either a raging, permanent storm or
an area of calm within the turbulent atmosphere. Of the
many moons of Jupiter, four can be seen from Earth with
binoculars or a small telescope. They sometimes look like a
line of stars that runs through the equator of Jupiter. These
four satellites are known as the Galilean moons, named after
the their discoverer, Galileo.

SATURN The rings Saturn make it one of the most unusual
objects in the night sky. These rings are sometimes visible
through binoculars from Earth. (See Figure 27-5 on page 698.)
Rings of the other Jovian planets are less dense and therefore
more difficult to see. Second in size only to Jupiter, Saturn is
also composed primarily of hydrogen and helium. It is the
least dense planet with an average density less than that of
water.
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URANUS AND NEPTUNE Because Uranus and Neptune are not
as bright as the other planets, they were not known to the an-
cient astronomers. Uranus, the brighter of the two, is barely
visible without binoculars or a telescope. They are dim be-
cause they are so far from the sun and because they are not
as large as Jupiter and Saturn. The rotational axis of Uranus
is tilted nearly 90°, so it seems to spin on its side. Neptune is
very similar in size and composition to Uranus, but nearly
twice as far from the sun.

As the most distant planets, Neptune and Uranus are
the coldest planets. At the cloud tops, which we see as the
outer part of these planets, both have temperatures below
�220�C.

ACTIVITY 27-3 THE SOLAR SYSTEM TO SCALE

Use the data in the Earth Science Reference Tables to construct a
scale model of the solar system. If you use a single scale for the
size of the planets and their distance from the sun, you will prob-
ably need to work outside. To make the smallest planets visible as
dots on a sheet of paper, the distance to Neptune may need to be
greater than the size of your school building.

Figure 27-5 Saturn has
seven major rings separated
by gaps caused by the grav-
itational effects of its many
moons.



ACTIVITY 27-4 PLANETARY TRAVEL AGENCY

For this activity, each group will select a different planet or other
object in the solar system and prepare a presentation designed to
attract others to visit their planet/object. Exaggeration and hu-
morous content are welcome. However, highlighted features must
be based on fact.

WHAT OTHER OBJECTS ORBIT THE SUN?

In 2006, the International Astronomical Union (IAU) created
a new group of solar system objects: the dwarf planets. This
action was prompted by the discovery of Eris, an object
slightly larger and farther from the sun than Pluto. Pluto had
long puzzled astronomers because it is so different from the
four outer planets. Unlike these gas giants, Pluto is small and
relatively dense. Pluto has a more eccentric orbit than any of
the planets. In fact, Pluto is sometimes closer to the sun than
Neptune.

The IAU classified Ceres, Eris, and Pluto as dwarf plan-
ets. Ceres is in the asteroid belt between Mars and Jupiter.
Its radius is about 10 percent of the Earth’s. Pluto and Eris
have larger orbits than any of the planets. The radius of each
is about 20 percent of Earth’s. All three are nearly as dense
as rocks found near Earth’s surface. In the future, as-
tronomers are likely to discover additional distant dwarf
planets.

Asteroids

A ring of planetary debris known as the asteroid belt sepa-
rates the terrestrial and Jovian planets. Asteroids are ir-
regularly shaped rocky masses that are smaller than planets.
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They orbit the sun in the same direction as the planets. Per-
haps the asteroids are debris left over from the formation of
the solar system that never came together as a single planet.
However, evidence from asteroids that have been pulled to
Earth by Earth’s gravity indicate that they may be the re-
mains of a planet that was struck by another object and broke
into many fragments.

The spacing between Mars and Jupiter is larger than the
pattern observed among other planets. This supports the idea
of a missing planet. Some asteroids orbit outside the main
part of the asteroid belt and have been known to approach or
even fall to Earth.

Comets

Occasionally, comets are visible in the night sky as a small
spot of light with a long tail that points away from the sun.
The highly eccentric shape of comets’ orbits means that they
spend most of their time in the outer parts of the solar system.
Many comets orbit the sun beyond the orbit of Neptune. Some
comets seen in the inner solar system were probably pulled
into highly elliptical orbits around the sun by the gravity of a
passing star or other object in space. When comets enter the
inner part of the solar system near Earth and the sun, they
move quickly under the influence of the sun’s strong gravita-
tional field. The brightest comets are usually visible for sev-
eral weeks. Then, they return to the outer portion of their
orbits where they spend most of their time.

Comets are sometimes described as dirty snowballs be-
cause they are made of ice and rocky fragments. Some of the
water escapes from comets by sublimation when they come
close to the sun, making the tails that are so distinctive. Only
about 30 comets per century are bright enough to be clearly
visible without a telescope. The best known is Halley’s (HAL-
ease) comet because it returns to the inner solar system about
every 75 years and it usually becomes visible without a tele-
scope. Halley’s comet was visible in 1986, and will return in
2061.
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Meteors

On a clear night, it is often possible to see streaks of light that
move across a portion of the sky usually in less than a sec-
ond. They are sometimes called “shooting stars.” These are
solid bits of rock from outer space that enter the upper at-
mosphere at great speed. Friction with the atmosphere cre-
ates a streak of light known as a meteor. Table 27-2 lists the
times of the year when meteors are especially numerous.

Table 27-2 Meteor Showers

Number 
Date of Duration Above Approximate per Hour 

Name/Source Maximum 25% of Maximum Limits at Maximum
. . . .

Quadrantids Jan. 4 1 day Jan. 1–6 110

Aquarids July 27–28 7 days July 15–Aug. 15 35

Perseids Aug. 12 5 days July 25–Aug. 18 68

Orionids Oct. 21 2 days Oct. 16–26 30

Geminids Dec. 14 3 days Dec. 7–15 58

The objects themselves are called meteoroids as they move
through space.Those that strike Earth’s surface are known as
meteorites. There are many craters caused by meteorite im-
pacts. However, most meteoroids burn up before they reach
the ground. Only the larger ones are able survive their fiery
passage through the atmosphere. Collectors value meteorites
for their unusual origin. Scientists study them for insights
into the origin of the Earth and solar system, since nearly all
of them are about 4.5 billion years old.

Meteorites can be separated into two groups. The most
common are the stony meteorites, which are composed of min-
erals common in Earth’s mantle layer. Other meteorites are
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mostly iron, which is thought to be similar to the composition
of Earth’s core.

One of the most remarkable recent meteor events hap-
pened in Peekskill, New York, in 1992.As 18-year-old Michelle
Knapp was watching television at about eight o’clock in the
evening, she heard a loud noise outside her home. She went
outside to discover that a rock the size of a football had
crashed through the trunk of her parked car. When she first
saw it, the object was still hot. Before the object landed, it had
been visible over several states for about 40 seconds as a
bright green streak. Some observers reported that it was as
bright as the full moon. Michelle sold the meteorite and the
car. A private company, which lends them to museums for dis-
play, now owns both.

TERMS TO KNOW

asteroid Jovian planet terrestrial planet
comet meteor

CHAPTER REVIEW QUESTIONS

1. The Sun’s position in space is best described as a place near the center of

(1) a constellation.
(2) the Andromeda Galaxy.
(3) the Milky Way galaxy.
(4) our solar system.

2. Radioactive dating of meteorites has been one of our most important meth-
ods to determine the age of the Earth and the solar system. What is the
estimated age of the Earth and solar system?

(1) 4.6 million years
(2) 10 to 15 million years
(3) 4.6 billion years
(4) 10 to 15 billion years
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