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We also know that many exoplanets are in multiplanet systems. This is one characteristic that our solar system
shares with exosystems. Looking back at Figure 14.15 and seeing how such large disks can give rise to more
than one center of condensation, it is not too surprising that multiplanet systems are a typical outcome of
planet formation. Astronomers have tried to measure whether multiple planet systems all lie in the same
plane using astrometry. This is a difficult measurement to make with current technology, but it is an important
measurement that could help us understand the origin and evolution of planetary systems.

Comparison between Theory and Data

Many of the planetary systems discovered so far do not resemble our own solar system. Consequently, we
have had to reassess some aspects of the “standard models” for the formation of planetary systems. Science
sometimes works in this way, with new data contradicting our expectations. The press often talks about a
scientist making experiments to “confirm” a theory. Indeed, it is comforting when new data support a
hypothesis or theory and increase our confidence in an earlier result. But the most exciting and productive
moments in science often come when new data don’t support existing theories, forcing scientists to rethink
their position and develop new and deeper insights into the way nature works.

Nothing about the new planetary systems contradicts the basic idea that planets form from the aggregation
(clumping) of material within circumstellar disks. However, the existence of “hot Jupiters”—planets of jovian
mass that are closer to their stars than the orbit of Mercury—poses the biggest problem. As far as we know, a
giant planet cannot be formed without the condensation of water ice, and water ice is not stable so close to
the heat of a star. It seems likely that all the giant planets, “hot” or “normal,” formed at a distance of several
astronomical units from the star, but we now see that they did not necessarily stay there. This discovery has
led to a revision in our understanding of planet formation that now includes “planet migrations” within the
protoplanetary disk, or later gravitational encounters between sibling planets that scatter one of the planets
inward.

Many exoplanets have large orbital eccentricity (recall this means the orbits are not circular). High
eccentricities were not expected for planets that form in a disk. This discovery provides further support for the
scattering of planets when they interact gravitationally. When planets change each other’s motions, their
orbits could become much more eccentric than the ones with which they began.

There are several suggestions for ways migration might have occurred. Most involve interactions between the
giant planets and the remnant material in the circumstellar disk from which they formed. These interactions
would have taken place when the system was very young, while material still remained in the disk. In such
cases, the planet travels at a faster velocity than the gas and dust and feels a kind of “headwind” (or friction)
that causes it to lose energy and spiral inward. It is still unclear how the spiraling planet stops before it
plunges into the star. Our best guess is that this plunge into the star is the fate for many protoplanets;
however, clearly some migrating planets can stop their inward motions and escape this destruction, since we
find hot Jupiters in many mature planetary systems.

14.5 | Planetary Evolution

Learning Objectives
By the end of this section, you will be able to:
Describe the geological activity during the evolution of the planets, particularly on the terrestrial planets
Describe the factors that affect differences in elevation on the terrestrial planets
Explain how the differences in atmosphere on Venus, Earth, and Mars evolved from similar starting points
in the early history of the solar system

While we await more discoveries and better understanding of other planetary systems, let us look again at the
early history of our own solar system, after the dissipation of our dust disk. The era of giant impacts was
probably confined to the first 100 million years of solar system history, ending by about 4.4 billion years ago.
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Shortly thereafter, the planets cooled and began to assume their present aspects. Up until about 4 billion
years ago, they continued to acquire volatile materials, and their surfaces were heavily cratered from the
remaining debris that hit them. However, as external influences declined, all the terrestrial planets as well as
the moons of the outer planets began to follow their own evolutionary courses. The nature of this evolution
depended on each object’s composition, mass, and distance from the Sun.

Geological Activity

We have seen a wide range in the level of geological activity on the terrestrial planets and icy moons. Internal
sources of such activity (as opposed to pummeling from above) require energy, either in the form of
primordial heat left over from the formation of a planet or from the decay of radioactive elements in the
interior. The larger the planet or moon, the more likely it is to retain its internal heat and the more slowly it
cools—this is the “baked potato effect” mentioned in Other Worlds: An Introduction to the Solar System.
Therefore, we are more likely to see evidence of continuing geological activity on the surface of larger (solid)
worlds (Figure 14.18). Jupiter’'s moon Io is an interesting exception to this rule; we saw that it has an unusual
source of heat from the gravitational flexing of its interior by the tidal pull of Jupiter. Europa is probably also
heated by jovian tides. Saturn may be having a similar effect on its moon Enceladus.

Geological history of
the terrestrial planets

Accretion, heating, differentiation

Formation of solid crust, heavy cratering
Widespread mare-like volcanism

Reduced volcanism, possible plate tectonics
Mantle solidification, end of tectonic activity

Cool interior, no activity

Figure 14.18 Stages in the Geological History of a Terrestrial Planet. In this image, time increases downward along the left side,
where the stages are described. Each planet is shown roughly in its present stage. The smaller the planet, the more quickly it passes
through these stages.

The Moon, the smallest of the terrestrial worlds, was internally active until about 3.3 billion years ago, when its
major volcanism ceased. Since that time, its mantle has cooled and become solid, and today even internal
seismic activity has declined to almost zero. The Moon is a geologically dead world. Although we know much
less about Mercury, it seems likely that this planet, too, ceased most volcanic activity about the same time the
Moon did.

Mars represents an intermediate case, and it has been much more active than the Moon. The southern
hemisphere crust had formed by 4 billion years ago, and the northern hemisphere volcanic plains seem to be
contemporary with the lunar maria. However, the Tharsis bulge formed somewhat later, and activity in the
large Tharsis volcanoes has apparently continued on and off to the present era.

Earth and Venus are the largest and most active terrestrial planets. Our planet experiences global plate
tectonics driven by convection in its mantle. As a result, our surface is continually reworked, and most of
Earth’s surface material is less than 200 million years old. Venus has generally similar levels of volcanic activity,
but unlike Earth, it has not experienced plate tectonics. Most of its surface appears to be no more than 500
million years old. We did see that the surface of our sister planet is being modified by a kind of “blob
tectonics”"—where hot material from below puckers and bursts through the surface, leading to coronae,
pancake volcanoes, and other such features. A better understanding of the geological differences between
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Venus and Earth is a high priority for planetary geologists.

The geological evolution of the icy moons and Pluto has been somewhat different from that of the terrestrial
planets. Tidal energy sources have been active, and the materials nature has to work with are not the same.
On these outer worlds, we see evidence of low-temperature volcanism, with the silicate lava of the inner
planets being supplemented by sulfur compounds on Io, and replaced by water and other ices on Pluto and
other outer-planet moons.

Elevation Differences

Let's look at some specific examples of how planets differ. The mountains on the terrestrial planets owe their
origins to different processes. On the Moon and Mercury, the major mountains are ejecta thrown up by the
large basin-forming impacts that took place billions of years ago. Most large mountains on Mars are
volcanoes, produced by repeated eruptions of lava from the same vents. There are similar (but smaller)
volcanoes on Earth and Venus. However, the highest mountains on Earth and Venus are the result of
compression and uplift of the surface. On Earth, this crustal compression results from collisions of one
continental plate with another.

It is interesting to compare the maximum heights of the volcanoes on Earth, Venus, and Mars (Figure 14.19).
On Venus and Earth, the maximum elevation differences between these mountains and their surroundings are
about 10 kilometers. Olympus Mons, in contrast, towers more than 20 kilometers above its surroundings and
nearly 30 kilometers above the lowest elevation areas on Mars.

Olympus Mons
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Figure 14.19 Highest Mountains on Mars, Venus, and Earth. Mountains can rise taller on Mars because Mars has less surface
gravity and no moving plates. The vertical scale is exaggerated by a factor of three to make comparison easier. The label “sea level”
refers only to Earth, of course, since the other two planets don’t have oceans. Mauna Loa and Mt. Everest are on Earth, Olympus
Mons is on Mars, and the Maxwell Mountains are on Venus.

One reason Olympus Mons (Figure 14.20) is so much higher than its terrestrial counterparts is that the crustal
plates on Earth never stop moving long enough to let a really large volcano grow. Instead, the moving plate
creates a long row of volcanoes like the Hawaiian Islands. On Mars (and perhaps Venus) the crust remains
stationary with respect to the underlying hot spot, and so a single volcano can continue to grow for hundreds
of millions of years.
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Figure 14.20 Olympus Mons. The largest martian volcano is seen from above in this spectacular composite image created from
many Viking orbiter photographs. The volcano is nearly 500 kilometers wide at its base and more than 20 kilometers high. (Its height
is almost three times the height of the tallest mountain on Earth.) (credit: modification of work by NASA/USGS)

A second difference relates to the strength of gravity on the three planets. The surface gravity on Venus is
nearly the same as that on Earth, but on Mars it is only about one third as great. In order for a mountain to
survive, its internal strength must be great enough to support its weight against the force of gravity. Volcanic
rocks have known strengths, and we can calculate that on Earth, 10 kilometers is about the limit. For instance,
when new lava is added to the top of Mauna Loa in Hawaii, the mountain slumps downward under its own
weight. The same height limit applies on Venus, where the force of gravity is the same as Earth’s. On Mars,
however, with its lesser surface gravity, much greater elevation differences can be supported, which helps
explain why Olympus Mons is more than twice as high as the tallest mountains of Venus or Earth.

By the way, the same kind of calculation that determines the limiting height of a mountain can be used to
ascertain the largest body that can have an irregular shape. Gravity, if it can, pulls all objects into the most
“efficient” shape (where all the outside points are equally distant from the center). All the planets and larger
moons are nearly spherical, due to the force of their own gravity pulling them into a sphere. But the smaller
the object, the greater the departure from spherical shape that the strength of its rocks can support. For
silicate bodies, the limiting diameter is about 400 kilometers; larger objects will always be approximately
spherical, while smaller ones can have almost any shape (as we see in photographs of asteroids, such as

Figure 14.21).
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Figure 14.21 Irregular Asteroid. Small objects such as asteroid Ida (shown here in multiple views taken by the Galileo spacecraft
camera as it flew past) are generally irregular or elongated; they do not have strong enough gravity to pull them into a spherical
shape. Ida is about 60 kilometers long in its longest dimension. (credit: modification of work by NASA/JPL)

Atmospheres

The atmospheres of the planets were formed by a combination of gas escaping from their interiors and the
impacts of volatile-rich debris from the outer solar system. Each of the terrestrial planets must have originally
had similar atmospheres, but Mercury was too small and too hot to retain its gas. The Moon probably never
had an atmosphere since the material composing it was depleted in volatile materials.

The predominant volatile gas on the terrestrial planets is now carbon dioxide (CO,), but initially there were
probably also hydrogen-containing gases. In this more chemically reduced (hydrogen-dominated)
environment, there should have been large amounts of carbon monoxide (CO) and traces of ammonia (NHs)
and methane (CH,4). Ultraviolet light from the Sun split apart the molecules of reducing gases in the inner solar
system, however. Most of the light hydrogen atoms escaped, leaving behind the oxidized (oxygen-dominated)
atmospheres we see today on Earth, Venus, and Mars.

The fate of water was different on each of these three planets, depending on its size and distance from the
Sun. Early in its history, Mars apparently had a thick atmosphere with abundant liquid water, but it could not
retain those conditions. The CO; necessary for a substantial greenhouse effect was lost, the temperature
dropped, and eventually the remaining water froze. On Venus the reverse process took place, with a runaway
greenhouse effect leading to the permanent loss of water. Only Earth managed to maintain the delicate
balance that permits liquid water to persist on its surface.

With the water gone, Venus and Mars each ended up with an atmosphere of about 96 percent carbon dioxide
and a few percent nitrogen. On Earth, the presence first of water and then of life led to a very different kind of
atmosphere. The CO, was removed and deposited in marine sediment. The proliferation of life forms that
could photosynthesize eventually led to the release of more oxygen than natural chemical reactions can
remove from the atmosphere. As a result, thanks to the life on its surface, Earth finds itself with a great
deficiency of CO,, with nitrogen as the most abundant gas, and the only planetary atmosphere that contains
free oxygen.

In the outer solar system, Titan is the only moon with a substantial atmosphere. This object must have
contained sufficient volatiles—such as ammonia, methane, and nitrogen—to form an atmosphere. Thus, today
Titan's atmosphere consists primarily of nitrogen. Compared with those on the inner planets, temperatures on
Titan are too low for either carbon dioxide or water to be in vapor form. With these two common volatiles
frozen solid, it is perhaps not too surprising that nitrogen has ended up as the primary atmospheric
constituent.

We see that nature, starting with one set of chemical constituents, can fashion a wide range of final
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atmospheres appropriate to the conditions and history of each world. The atmosphere we have on Earth is the
result of many eons of evolution and adaptation. And, as we saw, it can be changed by the actions of the life
forms that inhabit the planet.

One of the motivations for exploration of our planetary system is the search for life, beginning with a survey
for potentially habitable environments. Mercury, Venus, and the Moon are not suitable; neither are most of the
moons in the outer solar system. The giant planets, which do not have solid surfaces, also fail the test for
habitability.

So far, the search for habitable environments has focused on the presence of liquid water. Earth and Europa
both have large oceans, although Europa’s ocean is covered with a thick crust of ice. Mars has a long history of
liquid water on its surface, although the surface today is mostly dry and cold. However, there is strong
evidence for subsurface water on Mars, and even today water flows briefly on the surface under the right
conditions. Enceladus may have the most accessible liquid water, which is squirting into space by means of the
geysers observed with our Cassini spacecraft. Titan is in many ways the most interesting world we have
explored. It is far too cold for liquid water, but with its thick atmosphere and hydrocarbon lakes, it may be the
best place to search for “life as we don’t know it.”

We now come to the end of our study of the planetary system. Although we have learned a great deal about
the other planets during the past few decades of spacecraft exploration, much remains unknown. Discoveries
in recent years of geological activity on Titan and Enceladus were unexpected, as was the complex surface of
Pluto revealed by New Horizons. The study of exoplanetary systems provides a new perspective, teaching us
that there is much more variety among planetary systems than scientists had imagined a few decades ago.
The exploration of the solar system is one of the greatest human adventures, and, in many ways, it has just
begun.
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