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Chapter 11

Giant Planets and their Moons

11.1 Overview

So far we have mainly discussed the terrestrial plan-
ets, which resemble more or less closely our own Earth.
Because we know quite a lot about the Earth, it has
been possible to use it as a prototype in our efforts to
understand the other rocky planets of the inner solar
system. Now we turn our attention to the giant plan-
ets, a group of bodies which are quite different struc-
turally from the Earth, and to their moons, bodies not
as unlike the Earth as the giant planets themselves are,
but having nevertheless some quite distinctive features
not found in the planets and moons of the inner solar
system.

The most basic data concerning the four large plan-
ets Jupiter, Saturn, Uranus, and Neptune immediately
reveals that these are bodies which are quite different
from the four terrestrial planets, and justifies group-
ing them together as the giant planets. (Pluto, the
ninth planet, is a body more like the moons of the gi-
ants than like any of the other outer planets, and it
may be related to the Kuiper belt of comet nuclei. It
will be discussed at the end of the chapter.) In con-
trast to the inner planets, which range in mass from the
Earth’s mass on down to only about 5.5% of that mass
in Mercury, the giant planets are all substantially more
massive than the Earth (see Table A.2), ranging from
about 15 Earth masses for Uranus and Neptune up to
nearly 100 Earth masses for Saturn and over 300 for
Jupiter. More than 99.5% of the total planetary mass
is found in the four giant planets, more than 70% of
it in Jupiter alone. Furthermore, all four giant planets
are substantially larger in size than any of the terres-
trial planets; the giants range from about 4 Earth radii
(Neptune and Uranus) up to more than 11 (Jupiter),
while the four terrestrial planets range between about
0.4 and 1.0 Earth radii in size.

Remarkably, in spite of their large sizes, the giant
planets are all much less dense than the terrestrial ones.
All have densities not very different from that of water
(their densities range from 690 to 1640 kg m−3). These
densities are several times smaller than those of any of

the inner planets (where densities range from 3930 to
5520 kg m−3). It is this fact, taken together with their
large sizes, that clearly signals the major difference in
chemistry or structure of the giants as compared to
the inner planets. Considering that the inner planets
are already massive enough that their densities are in-
creased (over the densities they would have if they were,
say, only as massive as Ceres, or the Moon) by the ef-
fects of gravity in compressing their matter, it is clear
that the material making up the giants cannot be the
same as that of the terrestrial planets, even approx-
imately, or densities of well over 6000 kg m−3 would
be found. We shall see later that although all the gi-
ant planets have rock (and ice?) cores with masses of
the order of 10 – 15 Earth masses, all have massive
and deep atmospheres composed mainly of H and He.
These atmospheres constitute an important fraction of
the total mass of each giant planet, ranging from 10 or
20% of the total for Uranus and Neptune, up to 80% of
Saturn and 95% of Jupiter. Such massive atmospheres
are completely different from the relatively insignificant
atmospheres of the terrestrial planets, which (including
all the volatiles, such as water, CO2, and N2) constitute
no more than 0.01% of total planetary mass.

The four giant planets differ in several other fun-
damental ways from the terrestrial planets. All but
Uranus transport enough internal heat to the surface
that they radiate into space roughly twice as much heat
as they absorb from incident sunlight. This heat loss
from the interior seems to be either radiation of heat
released in the interior of the planet from gravitational
contraction as it formed, or heat released by gravita-
tional separation of He from H in the planetary interior.
This is quite different from the behaviour of the rocky
planets, whose internal heat loss is several orders of
magnitude smaller than the absorbed and reradiated
solar energy, and is due largely to the loss of heat re-
leased by radioactive decay of U, Th, and especially
40K. In contrast to the scarcity of moons in the inner
solar system, each giant planet has at least one large
moon; in fact, each has a system of numerous moons
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ccxcvi CHAPTER 11. GIANT PLANETS AND THEIR MOONS

ranging in size from the size of the Earth’s Moon on
down to a few km in radius. A couple of the moons of
Jupiter have densities comparable to that of the Earth’s
Moon, but most have sufficiently low density that it is
clear that they must contain a considerable amount
of ice in their bulk composition. All four giants also
have ring systems, although only that of Saturn is eas-
ily visible from Earth. Thus we are clearly justified in
treating both the giant planets and their moons as ob-
jects which are really different from the largest bodies
in the inner solar system.

We first consider the information available about
these remarkable objects from observations, and then
look at what is understood about their internal struc-
ture, and how they may have formed and developed
during the history of the solar system.

11.2 The giant planets

Observational data on the giant planets

What we see when we look at one of the giant plan-
ets is very different from the appearance of the ter-
restrial planets (except for cloud-covered Venus). The
visible “surfaces” of the giants are in fact simply the
uppermost of several decks of clouds, seen more or less
clearly through a light haze high in the atmosphere. In
Jupiter and Saturn, the upper cloud layer is composed
primarily of ammonia (NH3) ice crystals. In places it is
possible to see down to the next cloud deck of ammo-
nium hydrosulfide (NH4SH) ices. The atmospheres of
Uranus and Neptune are colder than those of Jupiter
and Saturn, and so the highest cloud decks, which form
the base of the visible atmospheres, are composed of
ice crystals of methane (CH4), and below that, of hy-
drogen sulfide (H2S). (Nowhere in the atmospheres of
Jupiter and Saturn does the temperature drop to a low
enough value for methane to freeze out, hence there is
no methane cloud deck on either planet.)

The rather changeable features seen on the “sur-
faces” of the giant planets are thus mostly due to forms
and colorations of the highest cloud layers. Jupiter (see
Figure 11.1) displays a disk with alternating white and
coloured stripes (called respectively zones and belts)
across its disk parallel to the planet’s equator; in fact,
these are wide bands of clouds, variously white, tan,
light yellow, brown, and even red, that circle the planet
at different latitudes. These cloud bands correspond to
wind streams, like the jet streams of the Earth’s atmo-
sphere, in the planet’s upper atmosphere. Near the
equator, these winds circle the planet in the direction
of its rotation (from west to east) at a speed of about
300 km s−1 (relative to the rotation of the planet’s deep
interior). There are two other regions of high speed

Figure 11.1: This image of Jupiter was taken by the Hub-
ble Space Telescope. It clearly shows the complex cloud
bands, alternating between light-coloured zones and darker
belts. The wave-like and oval shapes in the belts are cloud
patterns that reflect complex wind systems in the cloudy
atmosphere of the planet. The large oval just below the
equator, near the right limb, is the Great Red Spot. The
small black dot at the same latitude near the left limb is
the shadow of one of the moons of Jupiter.) (Courtesy of
NASA.)

winds near +25◦ and −25◦ latitude. At other lati-
tudes the winds blow less quickly. These various wind
streams seem to be alternately regions of rising and of
sinking gases. The cloud tops in the rising gases occur
at higher altitude, where the clouds are white ammo-
nia crystals; the sinking gas forms clouds a little lower,
where the higher temperature leads to coloured am-
monium hydrosulphide ice, thus producing the banded
appearance of the planet.

The other prominent feature seen on Jupiter is the
Great Red Spot, a huge circular storm rather like a
terrestrial hurricane. This storm has varied in size (it
is presently about twice the size of the Earth) and in
the intensity of its red colour through the years, but
has been continuously present since it was discovered
by the British scientist Robert Hooke (1635 – 1703),
a contemporary and competitor of Issac Newton, in
the mid-seventeenth century, more than 300 years ago.
A number of smaller white circular storms, consider-
ably smaller than the Red Spot, are also present on
the planet at any one time, but these are not as long-
lived as the Red Spot.

Saturn also presents a banded appearance like that
of Jupiter, but much less vivid (Figure 11.2). The cloud
colour on the second largest planet is generally yellow,
but varies from nearly white to light brown. The pat-
tern of bands is similar to that on Jupiter. There is
an equatorial jet stream that flows from west to east
around the planet, but the speed of this flow, about
1500 km s−1, is much higher than is found on Jupiter.
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Figure 11.2: This image of Saturn, taken by one of the
Voyager spacecraft as it approached the giant planet, shows
the spectacular ring system as well as faint bands encircling
the planet, like the belts and zones of Jupiter. These faint
markings reveal the wind systems in the planet’s deep at-
mosphere. (Courtesy of NASA.)

Small circular storms, like the smaller white ovals on
Jupiter, are sometimes seen on Saturn, but they are
not nearly as striking as the Great Red Spot, nor as
long-lived.

Uranus has a generally blue-green colour. This is
caused by methane in the upper atmosphere of the
planet: as sunlight flows into the atmosphere where
it is reflected back out by haze and the highest cloud
layer, the red light is absorbed by the methane, leaving
the reflected light rich in blue and green light, and de-
ficient in red. Clouds form only at rather great depths
in this cold atmosphere, and are generally obscured by
the upper atmosphere haze or smog. Hence almost no
cloud features or structure are seen (Figure 11.3. A
very striking peculiarity of Uranus compared to all the
other planets is that its axis of rotation lies almost in
the plane of the ecliptic, so that as the planet circles
the Sun, first one hemisphere and then the other passes
through a period of complete darkness when the oppo-
site pole is pointing towards the Sun.

Neptune has an even stronger blue colour than
Uranus, also due to absorption of red light by methane,
but its clouds lie at a somewhat higher altitude and are
more easily seen. Like Jupiter, Neptune exhibits giant
cyclonic storms. A huge storm, about as large as the
Earth, was observed on the planet as the Voyager 2
spacecraft passed through the system. This storm was
a darker colour than the planetary disk generally, and
is known as the Great Dark Spot. White clouds
are also seen at a few locations in the atmosphere.
Both features are visible in Figure 11.4. The high-

Figure 11.3: The deep atmosphere of Uranus shows no vis-
ible features at all except for a slight variation in brightness
over the surface. Absorption of red light by methane in the
atmosphere gives the planet a deep blue tint. (Courtesy of
NASA.)

altitude winds on Neptune generally circle the planet
more slowly than it rotates (that is, they blow from
east to west).

As we will discuss later, it is clear that the interiors
of Jupiter, Saturn, and Neptune are convecting (this
also is assumed to be true of Uranus although we have
no strong direct evidence one way or the other). This
convection appears to extend up to the visible layers
of the atmospheres of the giants. Since convection in-
volves vigorous mixing motions, we could wonder if this
means that the atmospheres of the giants have chemi-
cal compositions that directly reflect the interior (bulk)
compositions of the planets. The answer is: no.

The effect that drastically limits the chemical species
present in the atmosphere is condensation. In the con-
vecting interior of a giant planet, blobs and streams
of gas rise while others descend. In a rising blob of
gas, the temperature of the blob will decrease steadily
as it rises. This temperature drop is caused by the
expansion of the blob, which expends internal energy
by pushing its surroundings away. As the temperature
decreases in the rising blob, it will reach the tempera-
ture at which specific atoms or molecules freeze out, as
we have discussed earlier in connection with the cool-
ing solar nebula in which the planets formed. Thus
refractory materials such as iron and silicate rock will
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Figure 11.4: This close-up view of the disk of the planet
Neptune was obtained by the Voyager 2 spacecraft as it
passed Neptune in 1989. Near the middle of the image is
a huge cyclonic storm known as the Great Dark Spot. It
is roughly a large as Jupiter’s Great Red Spot. Below the
Great Dark Spot is a smaller storm. Several patches of
white cloud are visible. (Courtesy of NASA.)

condense where the temperature is above 2000 K, 1000
km or more below the surface.

The ices will form liquid drops or solid flakes much
nearer the surface. In a rising stream of gas in Jupiter’s
interior, for example, we expect NH4Cl to condense at
about 100 km below the visible surface, water (perhaps
mixed with ammonia) will condense at about 50 km
below the surface, and NH4SH at about 20 km down.
NH3 will condense in the visible layers. At the level at
which an abundant substance condenses, the droplets
or solid particles formed will produce clouds. Within
these clouds, the updraft will continue to lift the drops
or particles as they grow by further condensation, but
when the cloud particles become large enough to not
be supported by the rising gases, they will fall back
through the cloud layer into the warmer gas below,
where they will evaporate again.

We therefore expect that there should be a series of
major cloud decks below the visible atmosphere of each
of the giant planets. In Jupiter and Saturn, it appears
that the highest deck that is really opaque is that of
NH4SH. When we study the chemistry of the atmo-
sphere, we are mainly limited to the layers above this
level. Because of condensation of most elements below
this cloud deck, the only elements that are expected to
have the same relative abundances in the atmosphere

as they do deep in the planet are H, C (since the pre-
dominant compound of C, CH4, condenses only at a
temperature lower than that reached anywhere in the
atmospheres of Jupiter or Saturn), and the noble gases
He, Ne, Ar, Kr and Xe (all of which condense only
at very low temperatures). Essentially all the other
elements, including the abundant and important sub-
stances N (in NH3) and O (in H2O), will be greatly
depleted in the observable layers relative to their con-
tribution to the bulk chemical composition.

We have obtained information about the elements
that are present in the atmospheres of the giant plan-
ets by a number of different methods. The earliest
technique used was to look at the spectrum of reflected
sunlight at visible or near infrared wavelengths, and
see what additional colours are weakened compared to
the directly observed solar spectrum. Such observa-
tions may be done from the ground, and reveal the
presence of CH4, some NH3, and H2. The possibilities
of remote sensing (measurements done without bene-
fit of expensive trips to the outer planets) have been
greatly expanded in recent years by the availability of
spectrographs on satellites which were used to study
reflected ultraviolet sunlight, and the thermal radia-
tion emitted directly by the warm atmospheres of the
giants beyond 5 µm in wavelength. Such observations
add water, phosphine (PH3) and several trace hydro-
carbons such as C2H6 to the observed substances.

The study of the giant planets (and their moons) was
completely revolutionized by the data sent back by the
two unmanned Voyager spacecraft, and the more re-
cent Galileo probe. Both Voyager spacecraft passed
through the Jupiter system in 1979, and visited Saturn
in 1980 (Voyager 1) and 1981 (Voyager 2). Voyager 1
passed close to Saturn’s largest moon, Titan, and sub-
sequently continued on a trajectory out of the plane of
the ecliptic. Voyager 2 continued on in the ecliptic and
passed close to Uranus in 1986 and Neptune in 1989.
In 1996 the Galileo mission placed a large satellite into
orbit around Jupiter, and dropped a probe into the at-
mosphere of the giant planet. And in 2004 the Cassini
space probe is scheduled to go into orbit around Saturn.
These missions have made it possible to obtain spec-
tacular close-up views of all the outer planets except
Pluto. They have provided us with fascinating images
of surfaces and atmospheres as well as with a variety of
other measurements such as spectroscopic observations
of small surface regions.

The Voyagers and Galileo all carry spectrographs
of various kinds that have supplemented in extremely
valuable ways the spectra that can be obtained from
Earth. But perhaps the most interesting result about
chemistry from these missions came from the Galileo
project, which included a small probe that actually en-
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tered the atmosphere of Jupiter and directly sampled
the composition of the gases there, down to layers well
below those directly accessible from the outside. The
probe was also instrumented to report when it passed
though cloud layers. Unfortunately, the probe appar-
ently entered Jupiter in a small region of relatively clear
gas (perhaps a column of downflowing gas that had
been cleared of most condensible substances), so that
the thin cloud layers that it passed through were hardly
representative of the rest of the atmosphere.

The results of the observations, both remote and
from space probes, are as follows. The main gas present
in the atmospheres of all four giant planets is hydrogen,
in the form of H2 molecules, which are detected directly
by their absorption lines in the near infrared portion of
the spectrum, around 8000 Å. The next most impor-
tant atomic species in the atmospheres is He, which
(because it simply does not form molecules at all) is
in atomic form. These two elements account for al-
most all the atoms in the atmospheres of all the gi-
ant planets; all other species (C, N, O, etc) are sim-
ply trace elements, present at the level of one or two
atoms in a hundred, or less. Cold He cannot be de-
tected in any planetary spectrum, because it has no
spectral lines anywhere in the visible or infrared. Its
presence and abundance are deduced from the radio oc-
cultation experiments carried out by the Voyager and
Galileo spacecraft. In these experiments, a pure ra-
dio tone (frequency) broadcast by the spacecraft as it
passed behind the planet, and again as it emerged on
the other limb, was observed from Earth. The refrac-
tion (bending) of the radio beam by the planetary at-
mosphere (which made the spacecraft seem to move at
a different speed along its path in space than it was ac-
tually moving) was measured. The information about
refraction was used to determine the average molecu-
lar weight of the atmospheric gas. Since only H and
He contribute appreciably to this average molecular
weight, the ratio of numbers of He to H atoms may
be determined. It is found that for Jupiter, Uranus,
and Neptune, He makes up about the same fraction of
the total atmospheric gas that it does in the Sun, where
there is about one He atom for every ten H atoms (see
Table 2.2), so that He makes up about 30% of the to-
tal atmospheric mass. However, for Saturn, it appears
that He is depleted relative to this value by about a
factor of two; only 6% of the gas atoms in the atmo-
sphere are He. The explanation for this interesting fact
seems to be the partial separation of H and He in the
deep interior of Saturn, as will be discussed in a later
section.

The other elements for which abundances might be
determined from the spectrum of reflected sunlight are
the abundant light elements C, N, and O. (Neon, about

as abundant as nitrogen in the sun, has no spectral
lines in the visible or infrared spectrum.) The three
detectable light elements are almost entirely bound up
in the molecules H2O, CH4, and NH3, so one needs to
study the spectra of these molecules to derive the abun-
dances of C, N, and O. Determination of the O abun-
dance is quite difficult for all the giant planets because
H2O freezes out as clouds deep in the atmosphere, so
that the number of water molecules in the upper at-
mosphere is greatly depleted. The formation of clouds
of ammonia or of ammonium hydrosulphide similarly
limits the number of NH3 molecules in the upper atmo-
sphere, but the abundance of N can be estimated in the
atmospheres of Jupiter and Saturn, where it appears
to be similar to, or slightly larger than, the abundance
found in the Sun. The large abundance of N is con-
firmed for Jupiter by the Galileo probe, which found
that N settled to about three times its solar abundance
deep in the atmosphere. The results for Uranus are
much less certain, and significant variations in abun-
dance from one latitude to another seem to be found,
but it appears that N is somewhat underabundant com-
pared to the Sun. For Neptune, no clear result is avail-
able yet.

The best determined of the abundant light elements
in all four giant planet atmospheres is C, because
methane is sufficiently volatile that it condenses (if at
all) only in a high, easily observed region of the at-
mosphere. C appears to be mildly more abundant in
Jupiter and Saturn than in the Sun, by about a factor
of three in Jupiter, and six in Saturn. The results for
Uranus and Neptune are less consistent, but suggest an
overabundance of C, relative to the solar C fraction, of
perhaps as much as 20. This may well reflect some
mixing up into the atmosphere of the ices that make
up a large fraction of the planetary mass of these two
bodies.

The heavier noble gases Ar, Kr and Xe appear to be
present in Jupiter’s atmosphere at about 2 – 3 times
their abundances in the sun.

Several characteristics of the giant planets, in addi-
tion to those that may be deduced from their atmo-
spheric appearances or spectra, can help us to under-
stand their origins and evolution. One particularly in-
teresting feature is the remarkable difference between
the complex moon systems found in the outer solar sys-
tem, and the comparative rarity of moons around the
terrestrial planets. In the inner solar system, only the
Earth has a significant (but rather anomalous) moon;
Mars has two tiny satellites which probably are left
from the period when the planet accreted. The gi-
ants, on the other hand, have more than 50 moons
among them. These moons form highly ordered sys-
tems around Jupiter and Saturn.
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Jupiter has four moons comparable in size to the
Earth’s Moon, which orbit the planet in nearly cir-
cular, prograde (i.e. in the direction of the planet’s
rotation) orbits in the planet’s equatorial plane. At
least four other small moons also orbit Jupiter in sim-
ilar orbits. However, the planet also has at least eight
moons that orbit it in much larger, inclined and ec-
centric orbits, some of which are retrograde. These
two sets of moons, which we call regular and irreg-
ular, have such different orbital characteristics that it
is usually assumed that they must have quite different
origins. Saturn also has a large system of regular satel-
lites, at least 18 of them, including one (Titan) which
is considerably larger than the Earth’s Moon. Saturn
has two known irregular moons. Uranus has at least 15
regular moons and two irregular ones, although none
are more than about 800 km in radius. Neptune has
one large moon (in a retrograde orbit, however!) as
well as at least 6 smaller regular moons in small, circu-
lar orbits, and one other irregular moon in a very much
larger orbit. All four giant planets thus have very sim-
ilar moon systems, including one or more quite large
satellites, a number of moons in regular orbits, and at
least one in an irregular orbit. The fact that a large
number of moons is found around each of the giant
planets strongly suggests that these satellite systems
formed as a normal part of the process of planet build-
ing, and we shall see that the moon systems contain
important clues about giant planet formation.

The giant planets are also all now known to have
ring systems. The spectacular rings of Saturn, easily
visible in a small telescope (Figure 11.2), have been
known since the seventeenth century. They were first
seen (quite imperfectly) in 1610 by Galilei, who thought
that perhaps Saturn was very non-spherical, or possi-
bly even made up of several bodies close to one an-
other. The nature of the Saturnian disk was first un-
derstood in 1659 by the Dutch astronomer Christiaan
Huygens. In 1675 the French-Italian astronomer Gio-
vanni Domenico Cassini (1625 – 1712) observed that
the ring, which to the casual observer seems to be a
continuous, almost solid band (like the brim of a hat,
although not attached to the planet), actually has a
dark gap about two-thirds of the way out, which di-
vides the ring into a broad inner section and a nar-
rower outer section. This division is clearly visible in
Figure 11.2. More recently, other astronomers have ob-
served from Earth that the ring actually shows several
dark dividing lanes. Close-up pictures from the two
Voyager spacecraft, taken as they passed through the
Saturn system in 1980 and 1981, reveal that the rings
are actually made up of literally thousands of narrow
ringlets, each defining a narrow band around Saturn’s
equator which is relatively full of the ring material, and

separated from neighboring ringlets by equally narrow
regions with less material. The distribution of mate-
rial around each of the ringlets varies in time, often in
synchronism with other ringlets, giving rise to patterns
like spokes in a wheel.

Rings about the other three giants were only discov-
ered recently. Those of Uranus were observed by chance
from Earth in 1977, when astronomers observing the
occultation (eclipse) of a distant star by Uranus itself
saw the starlight briefly dimmed several times both be-
fore and after the planetary occultation, as nine thin
rings passed in front of the star. Two more rings were
discovered by Voyager 2. Unlike the rings of Saturn,
those of Uranus are narrow, dark, and widely sepa-
rated. One faint, broad, and diffuse ring of dark mate-
rial was discovered around Jupiter in 1979 by the Voy-
agers. Earth-based occultation measurements and ob-
servations from Voyager 2 show that Neptune has four
dark rings, one broad and diffuse like that of Jupiter,
and three narrow rings similar to those of Uranus. The
rings of Jupiter, Uranus, and Neptune differ from those
of Saturn in containing far less material, and in being
made of dark material (like rock) rather than bright
(like ice).

Composition of the giant planets

We next try to understand the general structure of the
giant planets. We shall want especially to determine,
as far as we can, what their bulk chemical composi-
tions are, whether they are layered in some way, as the
Earth is, and how hot they are inside. The giants are
very different in size, in average density, and in general
chemical composition from the Earth, and we cannot
use the Earth as an approximate starting point as we
did for the terrestrial planets. Instead, we must con-
sider a larger range of possibilities.

First we need to see what kinds of material might
have gone into the construction of the giant planets.
We could imagine trying to somehow determine the
chemical makeup element by element, but it is not hard
to see that this will give us a problem with so many
unknown quantities that we have no hope of finding a
unique solution. Instead, we need to pick a small num-
ber of plausible chemical substances or mixtures that
could reasonably be expected to occur in a giant planet,
and see if we can determine the relative amounts of
these substances. But how will we do this?

The answer is obtained by looking again at the pro-
cess of planet formation. Recall from Chapter 4 that
we think that the gases in substantial parts of the so-
lar nebula were heated to a temperature well above
1000 K and then cooled, condensing a variety of solid
materials in a series of steps as the nebular temper-
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ature decreased. As the temperature decreased from
1500 K down to 500 K, the main solids that formed
were metallic iron, high-temperature silicate minerals
such as Mg2SiO4, and sulphur compounds, of which
the main one is FeS. As the temperature dropped fur-
ther through the range of 500 K to 200 K, iron oxi-
dized and was incorporated into silicates, and the min-
erals took on water and carbon to form rocks such
as are found in the carbonaceous chondrites. Below
200 K, water ice began to form, and at still lower
temperature, ammonia, methane, nitrogen, and car-
bon monoxide were able to form minerals in which
these substances are embedded in a matrix of water
(e.g. the hydrate NH3 · H2O and such clathrates as
CH4 · 6H2O, N2 · 6H2O, and CO · 6H2O. The abun-
dant elements H and He, however, were not condensed
at any temperature that the solar nebula could reach.

This condensation sequence suggests a very simple
division of chemical elements into three major generic
substances that we should be able to treat as the main
chemical components in an approximate description of
the chemical composition of the giant planets. Let us
call “rock” a mix of all the elements that condense
above 500 K; this would include approximately solar
proportions (see Table 2.2) of Mg, Si, Fe, and perhaps
S, and enough O to fully oxidize the Mg and the Si.
It is a little uncertain how much O we should include
to oxidize iron; we certainly find both oxidized and
metallic iron in various settings in the solar system.
Because we are interested in the outer solar system,
we should probably consider the iron to be oxidized.
“Rock” would also include all the minor elements that
condense at higher temperature, such as Ca, Al, Na,
K, etc, and the O that would oxidize them (but these
elements do not contribute much to the bulk of any
planet).

A second component would be “ice”, a mix of all
remaining elements that condense above, say, 50 K,
including in particular all the C (probably mainly as
CH4), the N (mainly as NH3, and all the remaining
O (mainly as H2O). There would also be some N2,
CO, and CO2, and a little Ne and Ar trapped in the
icy matrix. The main feature of “ice” is that it proba-
bly contains all the O that did not condense with the
“rock”, together with solar proportions of C and N,
and a tiny fraction of the total H.

The third component, which we call simply “gas”,
would be the gases that do not condense readily any-
where in the proto-solar system, essentially the He and
the roughly 99.5% of the H that did not condense in
the “ice” in combination with C, N, and O.

Note that we are using the labels “rock”, “ice”, and
“gas” only to denote particular groups of chemical sub-
stances. Do not assume that each substance is in the

physical state (solid, liquid, gas) suggested by its name!
“Ice”, for example, might be present as a solid in the
interior of Saturn’s moon Rhea, as a liquid under the
crust of Jupiter’s moon Europa (and in the Earth’s
oceans), or as a gas in the atmosphere of Jupiter.

Now it seems reasonable first approximation to con-
sider constructing planet models in which we vary the
proportions only of rock, ice, and gas. In this way
we have only three materials for which we need to ad-
just the relative abundances, rather than dozens, so
the problem of guessing a suitable composition for a
planet is much easier. Furthermore, because we know
that these three components were naturally produced,
and frequently separated from one another, in the early
solar nebula, we are using physically reasonable rather
than arbitrary materials to build our theoretical plan-
ets. In fact, we have already effectively used one of
these materials, rock, in our efforts to construct a plau-
sible model of the Earth, and we found that the overall
composition of the Earth is not too far from that of the
rock that we are considering here. So now we examine
more generally what kind of planets we can make from
various proportions of these three materials.

Solving the general problem of the structure of a
planet made from arbitrary proportions of our three
basic materials requires considerable further informa-
tion, about the behaviour of matter at high pressures.
In a planet as massive as Jupiter or Saturn, the great
weight of overlying layers will compress the material
of the deep interior very strongly, much more than oc-
curs inside the Earth. We need to know about the be-
haviour of our gas, ice, and rock mixtures at extremely
high pressure. Since we will find that the outer planets
are quite warm inside, we also need to know about the
behaviour of these substances at fairly high tempera-
ture.

It is easy to get some idea of what an incredibly high
pressure can be reached inside Jupiter. The pressure
deep inside the planet must be great enough to support
the weight of the material above each square meter.
This weight, very roughly, is the product of the average
mass of a single cubic meter (the mean density, about
1300 kg m−3), times the height of the column of mass
(the radius of the planet, about 70,000,000 m), times
the planet’s gravity (which at the surface is about 2.5
times greater than that of the Earth, about 25 m s−2).
The product of these three numbers is roughly 2×1012

Pa, or about 2 × 107 atm, more than 10 million times
greater than the typical pressure in Jupiter’s (or the
Earth’s) atmosphere. And as we shall see below, the
temperature may be as high as 40,000 K inside Jupiter.
So we are going to need information about the be-
haviour of H (or a mixture of H and He), for exam-
ple, far outside the range of pressure and temperature
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covered by Figure 2.6.
We may also estimate the internal temperature in-

side Jupiter now that we have some idea of the pressure
range. At the surface, the atmospheric temperature is
measured to be about 170 K. It is found that if heat
from the interior is carried outward by radiation or con-
duction, the excess heat that Jupiter radiates cannot
be explained unless the temperature rises very rapidly
inward, as both these mechanisms are rather ineffec-
tive at carrying heat inside Jupiter. But if the temper-
ature rises rapidly inward, the planetary interior will
become unstable to convection, as described in Chap-
ter 10. Convection is a very efficient heat transport
mechanism, and is entirely capable of carrying the ex-
cess heat out to the surface of the planet. Convection
limits the rate at which the temperature can rise inward
in the planet; if the temperature rises even a little more
rapidly than is needed to keep the convection operat-
ing, so much heat is carried out that the temperature
quickly adjusts to just the value that will continue the
convection. Assuming that the planet is convective in-
side allows us to estimate that the central temperature
of Jupiter will be about 4 × 104 K.

It is actually rather difficult to get the required in-
formation about the behaviour of gas, ice, and rock at
very large pressures, especially when this is needed for
a rather large range of temperature as well. Experi-
ments are possible, for example by enclosing a minia-
ture sample of a substance in between tiny diamond
anvils which are then gradually tightened, or even by
causing a small projectile to crash into a sample at
extremely high speed, and studying the effects of the
shock wave that travels through the sample. However,
static experiments can only reach pressures of the or-
der of 3 × 109 Pa. Impact experiments can get higher,
up to 1011 Pa, but even this pressure is substantially
less than the expected central pressure of Jupiter. The
only possible means of studying the highest pressures
at present is theoretically. For simple atoms such as
H, this can be done reasonably exactly, but for more
complex atoms and molecules such as are found in ice
and rock, theoretical results are rather uncertain.

Two specific kinds of information are needed about
our substances. First, we need to know about impor-
tant phase changes that may occur as the pressure or
temperature rises; recall the phase diagrams of Chap-
ter 2, which describe water and H2 (Figures 2.5 and
2.6). Secondly, we need to know how the density of
each substance changes with increasing pressure and
temperature.

For H, the main phase change of interest to us in
connection with giant planet interiors is a transition
which occurs at about 1011 Pa, where solid or liquid
H2 is so strongly compressed that the atoms find it en-

ergetically preferable to dissociate not only from each
other (the molecules dissolve), but even to lose touch
with their electrons, which join a general swarm of elec-
trons spread out fairly uniformly between the H nuclei.
This transition converts molecular H2 into a structure
which resembles a solid or liquid metal. The electrons,
no longer attached to individual protons, but free to
move throughout the material, conduct electricity and
heat very well. We call this state metallic hydrogen
.

A phase diagram for high-pressure, high-temperature
H is shown in Figure 11.5. Compare this figure to Fig-
ure 2.6; note that Figure 11.5 has logarithmic (powers
of ten) scales for T as well as P , to cover the wide range
of values needed, and recall that a pressure of one atm
in Fig 2.6 corresponds to log P = 5 on Fig. 11.5. Figure
11.5 contains the boundaries between solid and liquid,
and between liquid and gas, that are found in Figure
2.6, but these are now confined to a small corner of the
figure. In a phase diagram covering a larger range of
P and T , the solid-liquid boundary is seen to occur at
constant T only for low pressure; once the pressure has
risen above about 108 Pa, the boundary moves towards
higher T . This reflects the fact that with increasing P ,
a solid is increasingly difficult to melt; the same effect
makes the inner core of the Earth solid even though the
cooler outer core is liquid. The boundary between solid
molecular and metallic H is the horizontal line above
1011 Pa, but for a temperature above about 103 K the
metallic phase is liquid. Two diagonal dashed lines in
the figure near T ∼ 104 K show the boundaries where
rising temperature causes molecular H2 to make the
transition to atomic H, and then, at a slightly higher
T , the H atoms become ionized.

The pair of dotted lines running diagonally through
the figure show the approximate pressure and temper-
ature combinations found inside Jupiter and Saturn,
on the assumption that the internal temperature vari-
ation is determined by the occurrence of convection.
Because of the limiting effect of convection on the rate
at which T rises with depth, these lines correspond es-
sentially to the highest T that could occur inside the
two giants at each P . As noted above, the excess heat
output of the two large giants over the input from the
Sun leads us to believe that these “adiabats” actually
describe the internal temperature of Jupiter and Sat-
urn rather well. Examining the location of these two
lines in the phase diagram, it appears that that the two
planets have fluid molecular H2 throughout their outer
regions, but this gives way to liquid metallic H at great
depth. These planetary adiabats miss by a wide margin
the gas-to-liquid transition made by H2 at low P and
T , and shown in Figure 2.6; this indicates that as one
descends into a H-rich atmosphere, there is no distinct
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Figure 11.5: Phase diagram of hydrogen, for a much larger
range of conditions than are shown in Figure 2.6. The solid
and dashed lines show the phase transitions discussed in
the text. The dotted lines indicate the range of conditions
inside Jupiter and Saturn on the assumption that heat is
carried outward by convection. log P = 5 corresponds to 1
atm of pressure. (Adapted from Stevenson 1982, Ann. Rev.
Earth Planet Sci., 10, 257.)

boundary where the liquid phase begins. The fluid sim-
ply becomes denser and denser as one descends. The
atmosphere is “bottomless”.

Similar combinations of experiment at (relatively!)
low pressure and theory at higher pressure may be used
to get some idea of the behaviour of the most water ice
and other ices, and of various typical rock minerals. A
further complication is that none of the chemical ele-
ments is likely to appear alone. H will be mixed with
a lot of He (and some Ne, Ar, etc) in the gas compo-
nent; water ice will be combined with CH4, NH3, CO,
etc in the ice component, and the rock component will
probably contain several minerals including olivine or
pyroxene, and metallic Fe. This situation complicates
the phase diagrams further.

The other kind of information needed, besides phase
diagrams, is the variation of density with pressure for
our various components. Such information is obtained
from the same kind of combinations of experiment and

theory as is used to define the phase diagrams. The
way the density varies with increasing pressure for gas,
ice and rock is shown in Figure 11.6. The curve for
gas shows the variation of density for combinations of
pressure and temperature estimated for the interior of
Jupiter (see Figure 11.5). The density of the gas in-
creases steadily with increasing pressure, even though
at 109 Pa the molecules are certainly already in con-
tact (i.e. the gas is really a liquid). At such high pres-
sure, the molecules themselves are seriously deformed
by the pressure. The densities of ice and rock are given
in this diagram for slightly lower temperature at each
pressure than is found in Jupiter; the conditions as-
sumed are similar to those inside Uranus. However,
neither the rock nor the ice density is very sensitive
to temperature at these pressures, and the relationship
shown would not be much different for the conditions
inside Jupiter. Like the H-He mix, the ice component
increases steadily in density as the applied pressure in-
creases. The more resistant rock only begins to increase
significantly in density above 1010 Pa.

Figure 11.6: The relationship between pressure and den-
sity is shown for a solar H-He gas mix, for ice, and for rock.
For the gas case, the temperature (not shown) increases
with pressure approximately as shown in Figure 11.5 for
Jupiter. For the ice and rock mixtures, the assumed T at
each P is slightly lower than the curve for Saturn shown in
Figure 11.5, and corresponds approximately to conditions
inside Uranus. The density values graphed thus include
significant effects due to temperature as well as increasing
pressure. This is the reason that the density of ice is below
917 kg m−3, its normal terrestrial value, over part of the
graph. (Adapted from Stevenson 1982, Ann. Rev. Earth
Planet Sci., 10, 257.)

Planetary models

Constructing models of the interiors of giant planets is
actually easier than obtaining the information needed
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about the behaviour of the materials that go into the
planets. We must solve a set of equations like those
used in getting models of the terrestrial planets. These
equations describe how the attraction of gravity at each
level varies, depending on the mass inside that level;
how the pressure increases, due to the weight of over-
lying layers; how the temperature varies, due to the ef-
fect of convection which carries heat out; and of course,
the way in which the density of the assumed material
increases with increasing pressure and temperature.

The simplest situation for which to construct models
is for material at T = 0 K. Figure 11.7 shows how the
radius of the resulting models depend on the assumed
mass of the planet for planets made of pure gas, pure
ice, and pure rock. For a planet made of H or an H-
He mixture, the radius of the planet increases rapidly
with mass up to about 300 Earth masses, and then
stops increasing, as the effect of the large mass act-
ing to compress the gas becomes really important. For
larger masses, the size actually starts to decline with in-
creasing mass; this behaviour is characteristic of white
dwarf stars, which have the unexpected behaviour that
the larger the mass of the star, the smaller it is. Cold
planets of ice also increase in size rapidly at first and
then more slowly, as increasing mass compresses the
material strongly. Rock planets, more resistant to com-
pression, increase steadily in size with increasing mass
throughout the mass range shown.

Notice that the low density of H relative to other
substances leads to a gas planet being much larger at
any particular mass than a planet of rock or ice. Each
of the four giant planets is plotted at the appropriate
point for its mass and size (points noted as J, S, U,
and N), and it is clear that if Jupiter and Saturn can
be treated approximately as cold planets, they must
have compositions dominated by H and He. Even a
pure ice planet is far more compressed than either of
these planets. On the other hand, Uranus and Neptune
could plausibly be modeled as planets made largely of
ice (or ice and rock), with only a modest external layer
of gas.

Models with more realistic temperatures have also
been computed, again for pure gas, ice, and rock. Us-
ing the pressure-density relationship of Figure 11.6, one
obtains the models shown with dashed lines in Figure
11.7. The size of the rock models is hardly increased
at all by the effect of temperature. The ice models are
increased in size by a few percent. The gas models,
however, are drastically changed, at least for low mass,
where the “fluffiness” of H2 gas makes a warm model
much larger than a cold one of the same mass. As the
mass of the gas model increases, this effect diminishes
as the increasing gravity of the planet compresses the
hydrogen. At a mass of 300 Earth masses, appropriate

Figure 11.7: The relationship between mass and radius for
model planets. The solid lines describe planets at T = 0,
while the dashed lines correspond to models calculated with
the density-pressure relationships of Figure 11.6. The posi-
tions of the gas giants in this diagram are indicated by their
names. Notice that the mass scale is really logarithmic,
while the radius scale is linear. (Adapted from Stevenson
1982, Ann. Rev. Earth Planet Sci., 10, 257.)

to Jupiter, the radius increase caused by finite temper-
ature is only about 10%. It is still clear that among the
substances we have chosen to discuss, Jupiter and Sat-
urn must be composed primarily of gas. The fact that
both lie a little way below the line for “warm” models
of the gas (H-He) mixture means that neither planet
can be pure H-He; each must have a modest amount
of denser material (some combination of ice and rock)
somewhere inside.

Exercise: Why is the difference between “warm” and
“cold” models not an important distinction for terres-
trial planets?

The next step in modeling is to consider layered mod-
els, in which for example a shell of gas surrounds a
core of rock and ice. In this case the mass of the rock
and ice in the core must be determined. One may also
choose to vary the ratio of He to H in the gas envelope,
to try to determine this quantity directly rather than
assuming it. With more free parameters, these mod-
els cannot be easily shown in a single graph like Fig-
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ure 11.7. However, such models begin to approach the
level of complexity needed to agree with all the con-
straints available from observation (mass, radius, the
degree of flattening of the planetary shape produced
by the rapid planetary rotation, and the external grav-
ity field as measured by space probe fly-bys). All four
giant planets have been described by such layered mod-
els. Remarkably, all four are found to have dense cores
of rock or ice with masses of the order of 10 to 20
Earth masses. They vary in mass and size primarily
in the mass and extent of their H-He envelopes, which
range from about 20% of the total mass for Uranus and
Neptune up to 80% for Saturn and 95% for Jupiter.
Both Jupiter and Saturn have molecular H2 in their
outer layers and metallic H inside that, but in Jupiter
the metallic H makes up a much larger fraction of the
H-rich envelope than in Saturn. In Uranus and Nep-
tune, with less massive gas envelopes and smaller total
masses (and therefore internal pressures), H is every-
where molecular H2.

It is interesting to look at these models more closely.
The models for Jupiter all agree on the general struc-
ture of the largest planet, although they vary signifi-
cantly concerning the details. An overview of a typical
Jupiter model is shown in Figure 11.8. With it, we may
imagine a guided tour of this strange world.... We en-
ter Jupiter from above the atmosphere, through a gas
of predominantly H and He in which both density and
temperature rise rapidly with depth. Where the pres-
sure is comparable to that at ground level in the Earth’s
atmosphere, we encounter the first cloud deck, the level
at which rising and cooling convection currents reach
a low enough temperature for NH3 to freeze out as ice
crystals. Depending on where we enter the atmosphere,
the clouds may be yellow, tan, reddish, or white. As
we go deeper into the atmosphere, we come to a sec-
ond cloud deck of ammonium hydrosulphide (NH4SH)
ice, and then a third cloud deck, of water ice. As we
continue inwards, the pressure, density, and tempera-
ture all rise. By the time we are 700 km below the
highest clouds (0.1% of the radius of Jupiter), the tem-
perature has risen to 2000 K. No gas-liquid interface is
encountered. However, the H/He-rich atmosphere be-
comes steadily denser, and at the level where T ≈ 3000
K and ρ ≈ 100 kg m−1 the fluid in which we are de-
scending resembles a liquid more than a gas. Here the
molecules touch one another, and compression of the
fluid is much more difficult than it was high in the
planet’s atmosphere. The fluid is slowly convecting,
carrying heat towards the surface.

Slightly below 0.8RJ, about 140,000 km down from
the clouds, we reach a point where ρ ≈ 1000 kg m−1

and T ≈ 104 K. At this level the pressure and temper-
ature are high enough to dissociate H2 molecules into

single (atomic) H atoms. This is the first major tran-
sition zone; the density rises significantly, though per-
haps not abruptly. We continue downward with little
change except for steadily rising temperature, pressure,
and density, until we reach a depth of about 54,000 km
(0.2RJ from the centre) where the surface of the rock
core is finally encountered. The temperature here is
about 20,000 K. The mass of the rocky core is some-
what uncertain, and it is not know how much ice it
includes, but it very likely contains between 10 and 30
M⊕ (Earth masses). Note that even if we separated all
the chemical elements heavier than He out of the H/He
envelope (and the presence of CH4, NH3, etc in the at-
mosphere shows that “ices” at least are partly dissolved
in the gas envelope), we would be able to make a core
of rock and ice of at most about 5 M⊕. Jupiter clearly
has excess rock over a purely solar chemical composi-
tion. However, only about 5% of the planet resembles
a terrestrial planet; the other 95% is in the huge H/He
atmosphere.

The structure of Saturn is similar to that of Jupiter,
except that observations suggest that the H/He gas
mixture has only about one He atom for every 20 H
atoms instead of the usual (solar) ratio of about 1 in
10, which is found in Jupiter’s atmosphere. We will
return to this observation below. As we descend into
the atmosphere of Saturn for a tour, we encounter the
same series of cloud decks as on Jupiter: a first layer
(pale yellow in colour) of ammonia ice crystals, a second
of ammonium hydrosulphide ice, and a third of water
ice crystals. As we descend into the planet, the den-
sity, pressure, and temperature rise steadily. As in the
atmosphere of Jupiter, the temperature increase with
depth is rapid enough to cause convection, which car-
ries the minor chemical species NH3, etc to the altitude
where the temperature is low enough for the molecules
to condense as ice crystals and fall back down. Again as
we descend, no abrupt change of phase is encountered;
there is no sea below the atmosphere. The atmosphere
into which we descend simply becomes more and more
dense (and hot). Where the density reaches 50 – 100
kg m−3, the H2 molecules are in nearly continuous con-
tact with one another, and the fluid makes a seamless
transition to a liquid state. At about 0.5RJ from the
centre, the molecular liquid is transformed by increas-
ing pressure and temperature into an ionic gas, as the
molecules of H2 dissociate into free protons immersed
in a swarm of detached electrons. It is thought that
in this region He condenses into “raindrops” which fall
through the H gas. It is this separation and settling
of He which is thought to have gradually depleted the
stock of He in the outer envelope of Saturn. At about
0.25RS from the centre, where the temperature is about
14,000 K, we finally reach the predominantly rock core
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Figure 11.8: Sketches of the interior structure of Jupiter, Saturn, and Uranus. Boundaries between regions are shown at
the appropriate fraction of the radius of each planet from the centre; recall that the planets actually have different sizes!
Numbers adjacent to boundaries near the left side of each figure are approximate densities, in gm cm−3; those near the right
side are approximate temperatures at the boundaries. (Adapted from Stevenson 1982, Ann. Rev. Earth Planet Sci., 10,
257.)

of the planet. As in Jupiter, the total mass of this core
is uncertain, but it is believed to be about 20 M⊕, far
more than the 1 – 2 M⊕ that could be obtained by sep-
arating all the heavy elements from a mix of Saturn’s
mass and solar chemistry.

Uranus and Neptune are similar to one another.
They differ from Jupiter and Saturn primarily in hav-
ing rock cores of much greater relative importance. The
rock core of each planet is probably surrounded by an
ocean of liquid ice, above which is found the gas atmo-
sphere. The blue colour of these two atmospheres are
due to the gaseous methane mixed in with the dom-
inant H and He molecules; this gas strongly absorbs
red sunlight, leaving mainly bluish light to be reflected
back to the outside observer. As we descend into the
atmosphere of one of these planets, (Uranus, say), we
first encounter the cloud deck of methane (which can-
not freeze out to make clouds anywhere in the atmo-
spheres of Jupiter or Saturn because the temperature is
too high at all altitudes). The other cloud decks found
in the two largest giant planets occur in the same order
below this first cloud layer. Again we descend through
an atmosphere which for thousands of kilometers is bot-
tomless, in which temperature and density steadily rise.
At about 0.7RU from the centre, where T ≈ 2500 K,
we encounter the surface of an immense ionic ocean of
H3O+OH− (ionized water) with dissolved NH3. The
surface of this ocean is marked, not by a gas to liq-
uid transition, but by the abrupt change of chemical
composition, and by a change of density from about
400 to 1300 kg m−3. The floor of this ocean, which is

some 10,000 km deep, occurs at about 0.3RU, where
T ≈ 7000 K. This is the beginning of the rock core of
the planet, an object of a few Earth masses. It is possi-
ble that the core is differentiated into a silicate mantle
and an iron core as in the interior of the Earth.

The solar nebula and the origin of the
giants

We now turn to the problem of understanding the for-
mation of the giant planets. It is generally believed
that formation of these planets took place during the
period when the Sun was forming, out of the material
that was orbiting the Sun in the solar nebula. Most
of the matter that at one time was in the solar nebula
ended up in the Sun, of course. The planets formed
from some of the matter that did not, as discussed in
Chapter 4.

The material that was to become the Sun and the so-
lar system separated from the parent giant molecular
cloud by one or more episodes of gravitational collapse.
Some of this collapsing gas, with its embedded dust, fell
more or less straight in to the centre of the shrinking
cloud fragment, and quickly became part of the form-
ing Sun at the centre. However, most of the gas was
rotating too rapidly about the centre of the cloud frag-
ment to fall directly into the centre. Instead, this gas
and dust settled into a thick disk-shaped cloud, tens
of AU in radius, around the growing central Sun. This
disk was the solar nebula.

The disk of gas around the Sun was fairly turbulent:
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on a large scale, the gas was moving in roughly circular
orbit around the Sun, but various individual blobs of
gas had somewhat eccentric motions above and below
the average plane of the nebula, and in and out. This
turbulent, disorderly state meant that individual gas
blobs collided with one another frequently. The colli-
sions tended to alter the motion of a gas blob to be
more like the motions of other blobs at the same dis-
tance from the Sun, and thus these collisions tended
to diminish the turbulence by encouraging all the gas
to orbit in smooth circular orbits. However, a consid-
erable degree of turbulence was maintained in the disk
by blobs and cloud fragments falling into the solar neb-
ula from the parent giant molecular cloud as the Sun
developed.

The solar nebula was much warmer than the giant
molecular cloud from which the cloud fragments col-
lapsed. This was mainly due to the energy released by
fresh gas blobs falling into the nebula, and by the fric-
tion of cloud fragments colliding with one another. As
the central Sun became more massive and luminous,
its radiation also heated the nebula. There is evidence
from the meteorites (remember the Ca-Al rich white in-
clusions in some carbonaceous chondrites?) that some
parts of the nebula reached temperatures of 2000 K or
so. As the Sun formed, the temperature in the neb-
ula varied from place to place (and also with time, of
course), from a maximum of perhaps 2000 K near the
Sun, diminishing to perhaps 50 K at the outer edge of
the nebula. In the inner parts of the nebula, rock first
vaporized and then (as the nebula cooled) condensed
as dust grains, while both ice and gas remained gaseous
until the process of planet formation was finished. In
contrast, in the outer part of the nebula, the generally
lower temperature allowed both rock and ice to con-
dense into solid grains.

The turbulence of the nebula insured that tiny grains
of condensed solids collided frequently with one an-
other. They must have often stuck together. The size
of typical grains grew more or less steadily because of
these collisions, gradually producing larger and larger
objects. Eventually, we imagine that the solid bodies
would have ranged in size from smaller than a grain of
salt to larger than an iceberg.

Now we can imagine two rather different ways in
which the giant planets could have formed from this
rotating, turbulent solar nebula and the many orbiting
solid objects it contained. One possibility is that the
growth of solid bodies by collisions could have gone on
until planetesimals of rock and ice several times more
massive than the Earth were formed in the region of 5
to 30 AU from the proto-Sun. Once the largest plan-
etesimals became this large, they would have such pow-
erful gravitational attraction form nearby material that

they would begin to accrete uncondensed H- and He-
rich gas, eventually growing to the mass of the present
giant planets. A second possibility is that within the
solar nebula, conditions allowed large cloud fragments
to collapse directly due to their internal gravitational
self-attraction. That is, one might have had within the
solar nebula the same kind of gravitational fragmenta-
tion and collapse that occurred on a large scale in the
giant molecular cloud from which the Sun formed.

The creation of the giant planets by direct gravi-
tational collapse now seems much less likely than the
formation first of cores of rock and ice by collisions,
followed by sweeping up of gas envelopes from the neb-
ula. The main problems with the direct collapse the-
ory are the following. First, the direct gravitational
collapse hypothesis does not offer any obvious reason
for the existence of rock (and ice?) cores in the giants;
if these planets formed by direct collapse, heavy ele-
ments would have tended to remain dissolved in the
hot convecting gaseous envelope rather than settling
to the centre. Furthermore, the direct collapse theory
offers no explanation for the fact that the four giant
planets are so different in total mass but nevertheless
all have similar core masses. A related difficulty is that
the giants all have excess rock and ice compared to gas,
with a larger excess of rock in the outer giants. This
requires either extraordinary accretion of solids after
the collapse phase, or the loss of much of the gas after-
wards, with the fractional gain of solids, or the loss of
gas, increasing towards the outer edge of the solar sys-
tem. The collapse theory does not provide any expla-
nation for an increasing departure from solar chemistry
farther out in the solar system.

Thus, we consider the idea that in the outer solar
system, solid planetary cores formed by collisions, and
that once they reached some critical size they began
to rapidly sweep up the gas and dust around them.
This would have increased their gravitational attrac-
tion, increasing their sweeping efficiency, until each
planet effectively cleared out a large band around its
orbit. Computations simulating this process indicate
that a core mass of the order of 10 M⊕, about the
size of the cores actually present in the giant planets,
would be the mass at which rapid accretion of nebular
gases would begin to occur. This process does account
for the similar core masses in all four giants. Further-
more, since the cores form before gas accretion begins,
they are naturally segregated in the planetary centres.
However, it is not yet clear what limited the masses
to which each giant planet grew. Perhaps accretion of
nebular gas came to a halt as the remaining gas was
ejected from the solar system by a T Tauri-like stellar
wind. Or perhaps the masses of the giants are lim-
ited by the total mass of gas in rings swept by each
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core in the outer solar system at the time when the
cores reach a mass large enough to begin “vacuuming
up” the nebular gas. In any case, the decrease in den-
sity in the nebula with increasing distance for the Sun
makes it likely that the core of the inner giants prob-
ably accumulated more quickly than those of Uranus
and Neptune, and in a denser region of the solar neb-
ula, so that the much larger gas envelope masses of
Jupiter and Saturn compared to the two outer giants
seems natural. One remaining puzzle, if the outer plan-
ets formed from massive “rocky” cores, is why the cores
were so much more massive in the outer solar system
than in the inner, where the most massive planets only
reach 1 M⊕.

Evolution of the giant planets

We have seen that the giant planets probably origi-
nated from rocky proto-planetary cores that grew to
masses of roughly 10 M⊕ through successive collisions
of small solid bodies in the outer solar nebula. Let’s
look now in more detail at how these cores accreted
their massive envelopes, and how the structure of these
developing planets changed with time.

Early in the process of planet formation, the solar
nebula was swarming with small rocky planetesimals.
As these bodies collided with one another and coa-
lesced, the dimensions of the largest objects grew as
their number declined. The largest bodies gradually
increased in size and mass, first to asteroidal dimen-
sions, then to the sizes of terrestrial planets, and fi-
nally, in the outer solar system, to masses of about
10 M⊕. As these largest rocky bodies were growing
in the outer solar system, they were also beginning to
sweep up and retain gaseous atmospheres from the gas
of the solar nebula. Because the rocky cores were mov-
ing within the nebula, there was no sharp outer limit to
their growing atmospheres. Instead, these atmospheres
merged smoothly with the nebula. The outer limit of
the atmosphere of one of these large proto-planets sim-
ply occurred at a distance from the planet at which the
gas ceased to be gravitationally attached to the rocky
core, and was instead controlled by the tidal attraction
of the growing Sun. In effect, the Sun’s gravity forced
gas at large distances from the proto-planet to orbit the
Sun at a different speed than the proto-planet, rather
than remaining close to the planetary core. However,
at such large distances from the Sun (between 5 and 50
AU), the size of the region gravitationally controlled by
the planetary core was enormous, and so the radius of
the thin planetary atmosphere, and the effective size of
the growing planet, was hundreds of times larger than
the present radius of Jupiter.

As the largest cores grew in mass, the amount of gas

that a core could attract and hold also grew steadily.
The gas atmosphere grew hotter as it grew in mass,
due to the gravitational energy released as material
was drawn steadily closer to the growing core. An ap-
proximate equilibrium was established, with the gas
pressure in the atmosphere at each level (a pressure
produced by the compression and heating of the gas)
having about the right value to support the weight of
overlying gas layers. As more and more gas became at-
tached to the atmosphere inside the growing sphere of
influence of the core (which continued to grow in mass
by collisions), gravitational compaction of the atmo-
sphere steadily raised its density and temperature so
that the pressure balance continued to be maintained.

However, once the internal temperature of the gas
atmosphere rose to about 2500 K, at a time when a
few Earth masses of gas had been accreted, the H2

molecules deep in the atmosphere began to dissociate
into H atoms. This process absorbed a lot of heat,
and prevented the temperature of the gas from rising
significantly further until the H2 was mostly dissoci-
ated. This in turn upset the pressure balance support-
ing the huge H/He atmosphere, and this atmosphere
quickly shrank to a much more compact state. The
shrinkage in turn reduced the pressure holding away
the surrounding nebular gas, and much of the nebular
gas flowed into the gravitational sphere of influence of
the protoplanet. As fresh gas filled the planet’s sphere
of influence, the total planetary mass increased rapidly,
further enhancing the ability of the protoplanet to at-
tract still more nebular gas. The result of this collapse
was the rapid accretion of anywhere from about 1 M⊕
(on Uranus and Neptune) to tens or hundreds of Earth
masses (Jupiter and Saturn) of atmospheric gas. It is
this stage of the accretion process that can be thought
of as a kind of “vacuuming up” of the available nebular
gas by the rapidly growing planet. At the end of this
process, all of the giant planets had reached roughly
their present masses.

At this point, the giant planets were in other ways
rather different from their present structures. All four
giants were considerably hotter inside than they are to-
day, due to the large amount of gravitational energy re-
leased by the accretion of the massive gas atmospheres.
As a result, they were several times larger in diameter
than they are today, and radiated far more infrared en-
ergy than now. Jupiter, the most extreme case, prob-
ably radiated about ten million times more energy per
second than at present; its initial luminosity was about
1% of the Sun’s luminosity!

In the 4.5 × 109 years since they were formed, the
masses of the giant planets have remained essentially
constant. Their structures, rocky cores surrounded by
huge gaseous atmospheres, have not changed qualita-
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tively. However, each planet has reached a sufficiently
compact state that as heat leaks out from the interior,
it is not not replenished by further shrinking and release
of gravitational energy. Instead, the heat flowing out
from the interior and radiating away from the surface
simply lowers the internal temperature of the planet.
As each giant cools, it does shrink slightly, and as the
internal heat energy supply decreases, the intrinsic lu-
minosity (the excess of the planet’s luminosity over the
input of absorbed solar radiation) slowly decreases also.

When the cooling history of each of the outer plan-
ets is calculated, it is found that Jupiter, Uranus, and
Neptune all have about the expected radii and lumi-
nosities. This fact supplies a powerful confirmation of
our ideas about the internal structures of these planets,
and our picture of how they have evolved during the
4.5 × 109 age of the solar system.

However, Saturn is about twice as luminous as it is
expected to be. It appears that a second important
energy source is present inside the planet in addition
to the energy available as internal heat released by the
formation and subsequent contraction of the planet.
This extra energy is probably released by the separa-
tion and settling of the He relative to the dominant H
of the gas envelope. What we think happens is that
as the temperature in the outer layers of metallic H in
Saturn drops below about 104 K, He becomes partly
immiscible in (unable to remain dissolved in) the H.
Droplets of He form, and since they are denser than
the surrounding fluid H, they fall towards the centre
of the planet as a kind of exotic hot rain. This sepa-
ration is thought to release enough energy to account
for the part of Saturn’s current infrared radiation that
is not due simply to solar heating and global cooling
of the hot planet. The separation of He from H in the
deep interior of the Saturn gradually leads to a general
depletion of He throughout the outer envelope, and is
probably responsible for the observation (see Sec. 10.2)
of a deficiency of He in Saturn’s atmosphere compared
to the ratio found in the Sun and in the other giant
planets.

The interesting fact that Uranus seems not to be ra-
diating any more energy than it absorbs from the Sun
each second, while the more distant and quite similar
planet Neptune is still losing internal energy, is simply
due to the larger input of solar heat into Uranus com-
pared to Neptune. The solar heat input now holds the
surface temperature of Uranus approximately constant
at the observed 57 K. As the interior continues to cool,
the radiating surface can no longer cool at the same
pace, and so the efficiency of internal heat transport
is greatly reduced, leading to a large decrease in the
transport of internal heat to the surface. As a result,
internal heat loss now makes up only a small fraction

of the total radiation from Uranus.

Exercise: Could a giant planet with a mass of, say,
20 Earth masses have a density as large as that of the
Earth? If so, how would such a planet have to differ
from the structure of Uranus and Neptune?

11.3 Moons of the giant planets

Observations and exploration

The first moons discovered around a giant planet were
the four largest moons of Jupiter, found by Galilei in
1609 with his small telescope (Chapter 1), and easily
visible through ordinary binoculars. These “Galilean”
moons, named Io, Europa, Ganymede, and Callisto af-
ter lovers or companions of Jupiter in classical mythol-
ogy, are all comparable to the Earth’s Moon, with radii
ranging from 1560 to 2630 km (similar to the Moon’s
radius of 1740 km). Saturn has one moon of this size,
Titan, found by Christiaan Huygens in 1655. The two
largest moons of Uranus, Titania and Oberon, were
first seen in 1789 by the planet’s discoverer, William
Herschel. Neptune also has one large moon, Triton,
found by English astronomer William Lassell in 1846,
not long after the discovery of the planet itself. These
large moons are rather similar in many ways to the ter-
restrial planets; the largest, Ganymede and Titan, have
larger diameters than Mercury, although they are only
about half as massive.

During the past two centuries, many somewhat
smaller moons having radii of 150 – 750 km were dis-
covered by Earth-based astronomers, and at the start
of the 1970’s the number of known satellites of the gi-
ant planets was over 20 (Table A.3). This number was
more than doubled with the discovery between 1979
and 1989 by the Voyager spacecraft of more than two
dozen smaller moons, bodies with radii of the order
of 50 km or less. It has gradually become clear that
each of the giant planets has a system of moons, any-
where from eight to 18 or more moons orbiting the
main planet. An important and striking feature of
these moon systems is that in general the nearer and
larger moons travel in nearly circular, concentric orbits
around the equator of their planet. The great regu-
larity of the orbits of the moons provides us with an
important clue to their origins, as we shall see below.

Although numerous moons were discovered using
Earth-based telescopes, little more could be learned
about them in this way. The largest moons of Jupiter
are not much more than a second of arc across as seen
from the Earth, about the same as the typical blur-
ring of images by the Earth’s atmosphere. Even using
special techniques developed in the past decade to re-
duce the blurring effect of the atmosphere, or using the
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Hubble Space Telescope, one can at best make out the
largest features on the nearest large moons. Because
detailed images of even the largest and nearest moons
of the giants could not be obtained from the ground,
even the diameters of these moons were very poorly
known before the first space missions to the outer plan-
ets. Nothing at all was known about surface features.

The two Voyagers and the Galileo space probe com-
pletely changed the situation. These spacecraft car-
ried instruments for several kinds of measurements.
Each carried a camera, and we now have an enormous
collect of spectacular, detailed images of the surfaces
of many of the moons of the giants. Each was also
equipped with one or more spectrographs which were
used to study both the chemistry of the atmospheres of
the planets themselves, and the surfaces of the moons.
Several instruments in each probe provide information
about the particles and magnetic fields in interplane-
tary space and in the vicinity of the planets. Finally,
the radio signals sent back to Earth by these probes are
also studied to provide information about the precise
positions and movements of the spacecraft as they pass
close to the planets and the largest moons.

Approximate masses of a few of the larger moons had
been determined before the era of space exploration by
careful study of the apparent motions of various moons
about their planets. The orbit of each moon is influ-
enced (perturbed) somewhat by the gravitational pull
of the largest nearby moons, and observation of this
effect allows one to deduce the masses of the larger
moons. More precise masses for a number of the moons
were obtained from the Voyagers and Galileo by careful
study of the changes in frequency (the Doppler shift) of
the radio transmissions from the spacecraft as it passed
close to a moon. These frequency changes enabled mis-
sion scientists to deduce the acceleration of the space-
craft by the gravitational pull of the moon, from which
the moon’s mass could be determined. In all, the Voy-
agers provided new mass measurements for 17 of the
moons.

Another extremely important kind of information
provided by the Voyagers and Galileo was accurate
measurements of the diameters of all but the smallest
moons, and determinations of the shapes of some of the
smaller irregular objects. (Most of the smallest moons
appeared to the Voyagers only as points of light even at
closest approach, making accurate size measurements
impossible.) The diameters that were determined al-
lowed accurate determinations of the mean densities
for about 20 of the larger moons. The mean density,
of course, provides us with a very powerful clue to the
bulk chemical composition of the object. It is found
that the two inner Galilean moons of Jupiter, Io and
Europa, both have densities of more than 3000 kg m−3,

similar to the density of rock (about 3500 kg m−3). All
the other large satellites have densities lying between
2100 and 1000 kg m−3, low enough that these objects
cannot be made solely of rock, but must have at least
half of their mass made up of ice (density about 920
kg m−3). Most of the large moons apparently are com-
posed of 60 or 70% ice by mass. An important problem,
and one which remains unsolved to a considerable ex-
tent, is to determine which of these large moons have
differentiated into a structure having a rock core and
an ice mantle, and which remain more or less uniformly
mixed.

Because the moons of the giant planets are solid ob-
jects like the terrestrial planets, and generally lack sig-
nificant atmospheres (although Saturn’s largest moon,
Titan, has a dense N2-rich atmosphere, and Neptune’s
Triton has very tenuous atmosphere), the Voyagers and
Galileo have returned a wealth of information about
the surfaces of these bodies in the form of thousands of
detailed photographs. The large moons were revealed
to be an astonishingly diverse group of objects, many
of which have histories comparable in complexity to
the history of Mercury or the Earth’s Moon. Most of
the moons have surfaces which are more or less heav-
ily cratered, but two (Io and Europa) are essentially
totally free of cratering. Several other moons, in con-
trast, have a largest crater not a great deal smaller than
the moon itself, while still others have few craters with
diameters of more than about 50 km. Some moons have
huge rift valleys, fractures, scarps, or flows. Two (Io
and Triton) have active volcanos. A number of kinds
of terrain are unfamiliar and do not yet have generally
accepted explanations.

Jupiter’s moons

Jupiter has four distinct systems of moons. Close to
the planet, between 1.8 and 3.1 Jupiter radii (RJ) and
within the faint planetary rings, are four tiny satel-
lites. All travel in direct, nearly circular orbits close
to Jupiter’s equatorial plane. The innermost two are
even within the planet’s Roche limit, so they must have
some internal strength in order not to be disrupted by
tides.

A second system is composed of the four large moons
discovered by Galileo Galilei. These also move in nearly
(but not exactly) circular orbits within one degree of
the planet’s equatorial plane, between 5.9RJ and 26RJ

from Jupiter’s centre. The orbital periods (recall that
the period is the time taken for one revolution around
the central planet) of the inner three moons show a
remarkable kind of resonance: each time Ganymede
makes one complete circuit around Jupiter, Europa
makes almost exactly two trips, and Io makes four. The
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motions are synchronized in such a way that each time
Io passes Europa (which happens once for each com-
plete orbit of Europa), Io is at the point in its (slightly
elliptical) orbit closest to Jupiter, while Europa is at
the point in its orbit farthest from the planet. The
moons thus jostle each other in a regular way, which is
what maintains the slight eccentricity of the orbits.

The two outer systems of small moons include four
at about 160RJ in rather eccentric orbits, inclined to
Jupiter’s equator by nearly 30◦, and four in seriously
eccentric retrograde orbits at around 300RJ – these out-
ermost moons orbit the planet in the opposite sense
from the inner moons and the planet’s own rotation.

Little is known about the physical natures of the
small moons. The sizes of the four inner moons are
known – all are far from round, with dimensions in the
range of about 10 to 120 km – but even this informa-
tion is quite uncertain for the outer moons. The small
moons are all dark and reddish in colour. Distant im-
ages from the Galileo orbiter show no surface features
on any of the inner moons except for craters.

The four Galilean moons are much more varied and
clearly have had complex histories. From the accu-
rate radii derived from probe images, and masses deter-
mined from the gravitational deflection of the Voyagers
and the Galileo probe by the individual moons, we now
have very accurate mean densities for all four moons.
Io, with a density of about 3500 kg m−3, must be com-
posed essentially of rocky material, probably similar
in composition to the rock component we discussed in
connection with the planets themselves; it may have a
significant iron core as well. Europa has a density of
about 3000 kg m−3, and is thus primarily composed of
rock and perhaps some iron, but ice probably makes up
roughly 20% of the total mass of the moon. The other
two moons have densities a little below 2000 kg m−3,
and probably are made up of about 40% rock and 60%
ice. The density of the four moons falls systematically
with distance from Jupiter.

From careful examination of the gravitational deflec-
tions of orbiters during close passes by a moon, it is
also possible to get some information about the degree
to which matter is concentrated towards the centre of
a moon. This information helps to decide whether a
moon is differentiated, with a core-mantle structure,
or is homogeneous, with its materials uniformly mixed.
(Note that some central condensation will occur even
in a large homogeneous moon because of compression
of matter near the centre by the weight of overlying lay-
ers.) Such data definitely indicate that Io, Europa, and
Ganymede are differentiated. It is not yet completely
clear if Callisto is “somewhat” differentiated or still ho-
mogeneous: although the bulk composition of Callisto
is similar to that of Ganymede, Callisto clearly does not

show the same degree of concentration of high-density
matter to the centre that the larger moon exhibits.

Models of the three differentiated moons suggest that
Io probably has a core of iron and iron sulphide (Fe-
FeS) extending from the centre out to somewhere be-
tween 0.35RI to 0.60RI (RI is the radius of Io), sur-
rounded by a mantle of silicate rock extending to the
surface. Europa appears to have a crust of water ice
between 80 and 200 km thick surrounding a silicate
rock mantle. It probably has an Fe-FeS core extend-
ing out from the centre to somewhere between 0.30RE

and 0.50RE. Ganymede, which has a lower mean den-
sity than the two inner Galilean moons, probably has
a layer of water ice about 800 km thick over a rocky
silicate mantle. It seems likely that this mantle over-
lies an Fe-FeS core having a radius of between 0.15RG

and 0.50RG. The presence of magnetic fields in Io and
Ganymede support the view that these moons have
metallic cores.

Figure 11.9: This image of Callisto acquired by the Voy-
ager 1 space probe shows the huge impact basin Valhalla.
This crater is surrounded by numerous rings that are mainly
visible due to colour variations; they have very little verti-
cal relief. This basin resembles the Orientale basin on the
Moon, or Caloris on Mercury. The only other visible fea-
tures are smaller craters. (Courtesy of NASA.)

The surfaces of these four moons are highly distinc-
tive. Callisto, the outermost Galilean moon, and the
least differentiated, is a heavily cratered body which
shows no clear signs of any past volcanic or tectonic
activity. The largest crater on the moon is about 600
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km in diameter, about 1/8th of Callisto’s diameter, and
is surrounded by concentric rings, rather like the Ori-
entale Basin on the Moon (Figure 11.9). Many of Cal-
listo’s craters are rather flat, as though the surface is
not able to support high relief. This fact suggests that
the surface layers may contain large amounts of easily
melted water ice, consistent with a bulk composition of
more than half water deduced from the mean density,
and with spectra of reflected sunlight. Much of the
surface is rather dark, so that surface water ice must
be mixed to a considerable extent with some other ma-
terial. The youngest craters are quite light in colour,
which suggests that these impacts have excavated rel-
atively clean ice from below the surface. Perhaps a
thin surface layer was actually melted early in Callisto’s
history, allowing rocky material to settle below the sur-
face, and subsequently contaminated with more rocky
material by collisions with small asteroids and comets.
A puzzling feature of the crater record on Callisto is
that there are not as many small craters as one would
expect from the number of large craters seen; instead,
some smooth, dark material blankets the surface in be-
tween craters (Figure 11.10).

Figure 11.11: A full disk image of Ganymede taken by
the Galileo orbiter during its first close encounter with the
moon in 1996. Notice the division of the surface into two
strongly contrasting terrain types, a dark terrain type which
on close inspection is found to be heavily cratered, and a
light-coloured surface which is observed to be much less
heavily cratered but covered with a network of grooves and
furrows. (Courtesy of NASA.)

Ganymede is similar in size and overall composition
to Callisto, but unlike Callisto, the rocky and metallic
materials have settled to the centre beneath the ices,
leading to a core-mantle structure. The surface, which
in some parts is heavily cratered like that of Callisto,
also shows large regions with relatively light cratering
that are intensely furrowed or grooved. In spite of sim-
ilar size and bulk composition, the two moons have
clearly had remarkably different histories. The surface
of Ganymede, in fact, still presents us with serious dif-
ficulties in understanding how the features we see were
created. There are two major terrain types present on
Ganymede (Figure 11.11). Old regions of the moon,
about 40% of the total area, are quite dark in colour,
and are heavily cratered. No other significant features
are seen in these dark regions except for some vague
furrows, probably remains of early giant impacts. The
density of craters in these dark regions makes it clear
that the crust here is roughly as old as that of Cal-
listo. In contrast, the remainder of the crust is much
less heavily cratered, and thus must have been remade
long after the early era of bombardment. This younger
surface displays terrain covered with a complex net-
work of grooves or furrows (Figure 11.10). A major
question has been to guess whether these grooves were
produced by cryovolcanism (i.e. lava flows of liquid
water rather than liquid silicate rock) or by tectonism
(i.e. stretching and distorting of the surface by tidal or
other stresses). Since almost no direct evidence of cry-
ovolcanism (volcanic mounts or vents, flow fronts) are
found, it seems clear now that most of the features on
the grooved terrain were produced by repeated fractur-
ing and stretching of the crust, probably as a result of
the effects of large tides at some point in Ganymede’s
history.

The smallest Galilean moon, Europa, also presents a
unique surface. From a distance, the moon’s surface is
extremely flat (relief of only hundreds of meters) and
shows a global system of dark lines rather like a string
wound around a ball (Figure 11.12). Only a few craters
are visible, and it is clear that the present surface is
very much younger than the moon as a whole. The
models of interior structure indicate that although the
moon contains only a small fraction of ice, that ma-
terial has floated to the surface and overlies the much
larger rocky and metallic interior. This is confirmed
by strong evidence for the present of water ice in the
spectrum of sunlight reflected from the surface. The
surface of Europa thus is covered with a layer of H2O
approximately 1 − 200 km deep. In recent years it has
begun to appear likely that this layer may actually be
mostly liquid: Europa may have a global ocean cov-
ered with an icy surface only a few km thick, as we will
discuss below.
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Figure 11.10: This figure shows small regions, about 100 km from top to bottom, on Europa (left), Ganymede (centre),
and Callisto. Europa’s surface is covered with a network of cracks and fractures, and appears to have been broken and
re-cemented many times. No craters are seen. Ganymede shows some crates, but also much evidence of surface deformation
and faulting. Callisto’s surface shows nothing but craters interspersed with apparently smooth terrain. (Courtesy of NASA.)

Figure 11.12: This image of about 1/4 of the the visible
disk of Europa was obtained by the Voyager 2 probe in 1979.
It clearly shows the dark lines criss-crossing the surface of
the moon, and the absence of significant craters. (Courtesy
of NASA.)

More detailed images from the Galileo orbiter reveal
two dominant terrain types. Large regions on the moon
are relatively smooth plains, on which the main visible
features are long ridges of varying degrees of complex-
ity. These ridges may be as much as a few hundred
km long, and vary considerably in complexity. One
common type is only about one km wide and about
1 − 200 m high, and is split along its main axis by a
steep central valley. Several of these long ridged plains
(which are coloured by contaminants that are not yet
identified) are visible in the left panel of Figure 11.10.
These long ridges appear to have been created by some
process of local crustal stretching and cracking.

A second major terrain type is known as “chaos”.
Such a region is seen to the left of the centre of the
expanded view of Europa in Figure 11.13. These seem
to be regions of the ridged plains that have been broken
into pieces by local heating from below, perhaps set
adrift in liquid water, and then re-frozen into a chaotic
jumble of fragments.

It is widely suspected that Europa’s icy crust may
be liquid starting a few km below the solid surface, al-
though this is not yet certain. One kind of evidence
supporting this idea is the appearance of the chaos re-
gions, which certainly appear to have existed at some
point as icebergs in a liquid sea. Another line of evi-
dence is the shallowness of even the largest craters on
the surface. The recent impact crater Pwyll (which is
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Figure 11.13: This image shows a small chaos region of
Europa, about 35 × 50 km in extent. The surface is illumi-
nated from the right (east). The crust here is clearly made
up of fragments of plains terrain which have been broken
apart, jumbled, and then re-cemented by introduction of
(probably liquid) water in between the fragments. This re-
gion looks like what would happen on earth if a region of ice
floes or icebergs in the sea froze over completely. (Courtesy
of NASA.)

probably no more than a few million years old) has a
diameter of 26 km, but is only about 200 m deep. For
comparison, similar sized craters on Ganymede (which
also has an icy crust) are more than 2 km deep. One
possible explanation for the remarkably shallow form
is that the impact on Europa penetrated through a
thin crust to liquid water, which then filled in most of
the basin. Another possibility is that the surface has
slumped and flowed like a terrestrial glacier can – but
this would require that the ice temperature be close to
the melting point, which would appear to require that
the temperature below the crust is quite a lot warmer
than the surface, and again strong suggests the possi-
bility of a liquid ocean under the icy crust. NASA is
currently considering a mission to the Jupiter system
specifically to find out whether Europa does actually
have an ice-covered ocean.

The innermost Galilean moon, Io, is a body which is
completely unique in the solar system. The first images
from the Voyager probes revealed a body resembling a
pizza pie in colour, with irregular regions of white, yel-
low, red, brown and black on a surface pock-marked
with spots and blotches. Closer inspection quickly re-
vealed two remarkable facts: first, that the surface has
no recognizable impact craters at all, and thus must
be very young, and secondly that the moon has a large
number of volcanic structures, several of which are ac-
tively ejecting lava and/or venting gases into impressive
high plumes (Figures 11.14 and 11.15). It quickly be-
came clear that Io is the most volcanically active body

Figure 11.14: This black and white image of Io shows the
patchy nature of the surface, but hardly does justice to
the profusion of colours seen in the colour images of the
moon. The image certainly gives the impression of a body
on which lava flows have spread, and many of the dark
spots appear to be lava sources. On the right side of this
Galileo image, the boundary between light and dark is the
terminator, where the solar illumination of the moon ends;
near the terminator, several mountains cast sharp shadows.
(Courtesy of NASA.)

in the solar system.
Io has been further investigated using terrestrial tele-

scopes and the Hubble Space Telescope, and also by
the Galileo orbiter. These detailed investigations have
confirmed the complete absence of detectable craters,
a fact which implies that most of the surface of Io is
renewed or replaced within about one million years by
emplacement of new lavas. The rate at which the sur-
face is covered by fresh lava is estimated to be of the
order of 1 m per century on average! The detailed im-
ages have also revealed a large variety of volcanic land-
forms, including active lava lakes, lava flows and huge
plumes, volcanic calderas, plateaus and plains. There
are also impressive mountains (the highest known rises
16 km above the surrounding plains).

The colours revealed in the Voyager images strongly
suggest that the lavas are rich in sulphur (many of the
colours mimic those seen in the classic chemistry lab
experiment of heating a test-tube containing elemen-
tal sulphur). Sulphur compounds are also detected in
the spectra of reflected sunlight. These facts led to
suggestions that the lava released from Io’s interior
might be largely sulphur, so that the entire surface



11.3. MOONS OF THE GIANT PLANETS cccxv

Figure 11.15: This image of Io is similar to the previ-
ous one, but reveals in two small close-ups volcano spewing
gases to a height of well over 100 km. One volcano is silhou-
etted on the limb of the moon (left edge of the large image,
and upper inset), and the other is seen from above, near
the terminator (near the right edge of large image, about
halfway down, and lower inset). (Courtesy of NASA.)

could be predominantly composed of sulphur. How-
ever, temperature measurements from the Galileo or-
biter of the sources of lavas range up to 1700 K, far
hotter than temperatures required to melt sulphur-rich
lavas, and now it is thought that the lavas may well
be magnesium- and iron-rich silicates like those in the
Earth’s mantle which are simply coloured by the addi-
tion of a small fraction of sulphur.

A body which is constantly pouring lava onto its sur-
face can hardly be cool enough inside to have water
trapped completely in the interior, so if there is any
water in Io, some should be on the surface. The sur-
face appears completely dry, however, and no spectral
evidence of water is found. The moon has probably
lost into space what little water it originally contained,
as well as what it later accreted from impacts of comet
nuclei.

Exercise: Why does the Earth’s Moon not exhibit as
much volcanic activity as Io does?

Origin of the moons of Jupiter

The observed properties of the moons of Jupiter raise
a number of very interesting questions about how the
system originated and developed. Why are all the in-
ner moons in (almost) circular, coplanar orbits in the
planet’s equatorial plane? How did the three inner
Galilean moons come to have orbital periods in the ap-

proximate ratios 1:2:4 – surely they were not formed by
chance at just the right relative distances from Jupiter?
And finally, why do these four bodies have such very
different compositions and surface appearances, rang-
ing from volcanic Io, a completely rocky body, to al-
most unaltered Callisto, which is about half ice and
half rock?

Quite a lot about the moons of Jupiter can be un-
derstood by looking at three particular aspects of the
moon system: how the moons formed in the first place,
how they are heated internally, and how they have in-
teracted through tidal effects with Jupiter and with
each other since then.

The facts that the eight known inner moons have
nearly circular, coplanar orbits close to the plane of
Jupiter’s (rotational) equator is strongly reminiscent
of the situation of the planets around the sun. Like
the moons, the planets orbit in nearly circular, copla-
nar orbits close to the equatorial plane of the sun. The
reason for this regularity, in the case of the planets,
is that they initially formed by condensation out of a
disk of gas and dust that orbited around the sun as it
accreted matter from its primordial cloud. Recall that
this disk occurs because much of the material that is
falling in towards the proto-sun is also falling around
it (that is, the material has angular momentum). In-
falling gas and dust clouds collide with the disk that is
already present and join it. Material close to the sun in
the disk is slowed down by friction with slower-moving
gas and dust further out, and the inner material spirals
gradually in to the central sun. As material condenses
out of the disk to form first planetesimals and then
planets, these are left orbiting the sun in the plane of
the disk, and since the sun acquires most of its ma-
terial from the disk rather than by “direct hits”, the
sun’s equatorial plane ends up coinciding also with the
disk.

The fact that the inner moons all orbit in the planet’s
equatorial plane strongly suggests that a similar pro-
cess occurred on a smaller scale as Jupiter accumulated
from interplanetary material. In fact, this is exactly
what one would expect. In contrast, if the moons were
formed separately, somewhere else, and later captured
by Jupiter either through drag they encountered from
the giant planet’s initial, very extended atmosphere, or
through interactions or even collisions with bodies al-
ready orbiting Jupiter, we would definitely not expect
to find such a tidy, coplanar moon system.

The densities of the Galilean moons decrease system-
atically from Io (which has essentially no component of
ice matter) to Ganymede and Callisto, both of which
are about half ice, half rock and metal. This feature
of the moon system is also reminiscent of the solar sys-
tem as a whole, and confirms our suspicion that these
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moons formed in a proto-planetary disk. Recall the
systematic changes in composition and density in the
solar system as a whole, from terrestrial planets, whose
composition is dominated by rock and metal, to giants
and their moons in which ice is thought to be present in
about equal amounts to rock and metals. These varia-
tions are explained by the different temperatures that
reigned in different parts of the solar nebula, so that ice
could condense and form part of the initial planetesi-
mals in the outer solar system but not in the inner.
Apparently a similar temperature variation existed in
Jupiter’s proto-planetary nebula, leading to two inner
moons composed mainly of rock and metals, and two
outer ones in which ices are an important constituent.
Thus, we believe that the overall orderliness of the in-
ner, regular moons, is due to their formation in a proto-
planetary disk around the forming planet.

In contrast, the two outer systems of irregular moons
are probably the result of capture of one or more stray
planetesimals by Jupiter. This would be possible either
due to the drag exerted on the initial bodies by an early
extended atmosphere, or due to collisions of the initial
bodies with other orbiting debris. Quite possibly each
of the two presently known irregular groups of moons
originated with a single body that has been fragmented
and perhaps re-assembled as a result of collisions with
other orbiting material, or with comets passing through
the Jupiter system.

Thermal evolution of the Galilean moons

Let us now return to the Galilean moons, and try to un-
derstand their histories. As these moons formed, each
released a rather large amount of gravitational energy
– infall motion that was converted to heat as chunks of
material fell onto the proto-moons. Enough energy was
potentially available from this source to raise the aver-
age interior temperatures (from initial values of 100 or
200 K) of Ganymede and Callisto by several hundred
K, of Europa by roughly 1500 K, and of Io by nearly
3000 K. Of course, some of this heat was radiated back
into space as the moons formed. How large a tempera-
ture rise each moon actually achieved depended on how
quickly each formed (quick formation would have given
little time for heat loss by radiation and so would have
led to high internal temperatures), and also on the de-
tails of how the material fell onto the moons, neither
of which is known.

Since the energy released while the proto-moon is
small is also rather small, the heating effect is not sig-
nificant until the proto-moon has reached a radius of a
few hundred km. Beyond that size the heating rapidly
becomes more important (unless accretion is very slow,
so that most of the heat released can be radiated away

as it is released by debris impacts). Thus we expect
that the heat deposited in the moon by the accretion
process will be distributed quite unevenly. The tem-
perature rise in the outer layers can easily be as large
as the estimates given above, but in the deep interior
of the forming moon the temperature would have ini-
tially been not much higher than the temperature of
the nebula in which the moon formed, perhaps in the
range of 100 to 200 K.

The heating of the outer layers to a temperature only
200 or 300 K above the nebular temperature would
have been sufficient to melt the ice component of the
moon outside of a radius of somewhere between 1000
and 2000 km. We would expect this to have occurred
in the large icy moons Europa, Ganymede and Callisto,
as well as in Saturn’s Titan, and possibly in Neptune’s
moon Triton. In the outer layers of these large moons,
then, the rocky component would have settled to the
bottom of the melted layer, while water ice and the
volatile materials absorbed in it would have risen to
form a thick low-density layer which was initially liquid
but which would have frozen – at least near the surface
– rather quickly. Each of the large moons icy would
have found itself with a rather strange density profile:
a core of undifferentiated rock and ice with a density of
about 2000 kg m−3, then a silicate layer with a density
closer to 3000 kg m−3, and finally an ice and water
layer of density around 1000 kg m−3. Such a situation
is quite unstable, but as long as the moon’s core was
quite rigid, it would not have changed.

However, the silicates of the core contain naturally
radioactive substances just like the materials of the ter-
restrial planets (though somewhat diluted by the ices).
Heat released from this source would have gradually
heated the moon’s mixed rock and ice core until the
core material was soft enough for the denser layer of
silicates to sink into the core, and for the water ice
in the core to escape into the mantle. This event is
known as core overturn, and would probably have
occurred roughly 1 Gyr after formation of the moon.
As a result, the moon would have developed a rocky
core, surrounded by a mantle of water and ice, possibly
mixed with other volatiles such as ammonia, methane,
nitrogen, and carbon monoxide.

How the core of the moon would evolve after this
point depends on another unknown of the story – the
initial chemical composition of the rocky component of
the moon. At one extreme, we might imagine that the
rocky material in the moons of the outer planets re-
sembles CI meteorites, with both the silicates and the
iron highly oxidized and combined chemically in pyrox-
ene and olivine minerals. In this case, the core would
continue to heat up, losing heat at the same time by
conduction into the surrounding, cold water- and ice-
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rich mantle. Eventually the core would begin to slowly
turn over by solid-state convection like that which oc-
curs in the earth’s mantle (see Chapter 8), but this
would not greatly alter affairs. The temperature of the
core would now probably be somewhat above 1000 K.

At the other extreme, the moon could have formed
with a rocky component similar to the composition to
the EH (enstatite) meteorites, in which iron is almost
entirely in metallic form. (The material that formed
the earth may have had roughly this composition.) In
this case, the gradual heating of the rocky core would
have eventually raised the temperature (1 to 2 Gyr after
core overturn) to a high enough value to melt the iron
and differentiate the core. In this case the moon would
end up with a three-layer structure of a liquid iron in-
ner core, a solid silicate outer core, and and ice and
water mantle. Again the core would presently have a
temperature above 1000 K, and slow convection would
occur in the rocky mantle.(Because the gravity mea-
surements of the Galilean moons by the Galileo probe
have not been quite sensitive enough to reveal possible
iron cores, we do not yet know whether these moons
have iron cores or not.)

In the icy mantle, the situation also depends on
the unknown chemical composition. Here, the key un-
known is the amount of volatiles other than water the
layer contains. This is quite important because sub-
stances such as NH3 can act as powerful anti-freeze
agents. The melting temperature of water depends on
the pressure, but never drops below about 250 K (−25
C). However, with a few percent of ammonia dissolved
in the water, the melting point is depressed to 175 K
(about −100 C). This drastically alters the situation in
the outer ice-rich layer.

When the moon forms an icy mantle as a result of
core overturn, this mantle is initially probably liquid
throughout. However, the outer surface of the moon
quickly cools to the temperature set by incoming sun-
light, around 120 K (−153 C) for the moons of Jupiter.
At this temperature the surface freezes solid, and a sur-
face layer of solid ice develops like the ice cover on a
lake in winter. What happens next is still uncertain,
both because we do not know what substances (be-
sides water) are present in the mantle, and because the
behaviour (particularly the conditions for solid-state
convection to occur) of ice at low temperature is still
not fully understood. But we can roughly bracket the
possibilities by looking at extremes.

One possible evolution occurs if the ice mantle con-
tains no important substance that can act as an an-
tifreeze, and if solid-state convection (like that in the
Earth’s mantle) can occur in the ice where it is not
too cold. In this case, the surface temperature of the
solid surface ice layer overlying the deep sea is held at

the equilibrium temperature set by sunlight, but the
bottom layer of the ice layer is at the melting point of
water, which is between about 260 and 280 K at vari-
ous depths. The temperature difference across the ice
layer is thus held roughly constant at about 150 K, and
the inner part of the ice sheet is at a temperature not
far below the freezing point. This may make it pos-
sible for the lower part of the solid ice lid to convect
slowly. This is a very efficient mechanism for carrying
heat outwards towards the surface, much more effective
than simple conduction of heat through a layer tens of
km thick. In this case, the heat transported to the sur-
face per second is easily larger than the heat released
by radioactivity in the silicate core, so more heat flows
out of the mantle from the top than flows in from the
bottom. The mantle cools rapidly, and within one or
two Gyr the mantle is completely solid ice. From that
time to the present, this mantle has been in a state of
solid-state convection, simply carrying to the surface
the heat released by radioactivity in the core. As the
radioactivity level decays, the core and mantle both
gradually become cooler.

As the other extreme, we consider the possibility that
there is an important antifreeze (such as NH3) in the
material of the mantle. Ammonia is capable of lower-
ing the freezing temperature of the sea by as much as
100 K, to about 170 K. In this case, the top of the sur-
face ice sheet is held at about 120 K, while the bottom
is at the melting point of the liquid, only about 50 K
warmer. In this case, it seems very likely that convec-
tion in the lower part of the surface ice sheet will be
prevented by the very low temperature, and with only
a small temperature drop across the surface ice sheet,
heat conduction out to the surface can easily fall, as the
surface ice sheet thickens, to a rate that balances the
heat production in the silicate core. In this case, once
the surface ice sheet (the lithosphere) becomes thick
enough (a few tens of km) for heat loss from the sur-
face to balance production in the core, the low-density
mantle almost ceases to cool further. In this situation,
a deep liquid sea could still exist today under the solid
surface even in a moon such as Callisto that has no
significant internal heat source except for radioactive
heat release.

If the moon has no important anti-freeze substance
in the mantle, but solid-state convection in the ice lid
does not occur (there is still dispute on this point),
then the lid can still gradually grow to such a thick-
ness that the heat carried out through the ice sheet
by conduction falls to a value that balances production
in the core. Again, a deep liquid ocean covered by a
solid lithosphere of ice would persist up to the present.
Thus, it is quite unclear at present whether the large
Galilean moons Ganymede and Callisto have liquid seas
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under their icy surfaces, but it is not unreasonable to
speculate that they do.

From this general picture, we would predict that all
the Galilean moons, even rocky Io, would have differen-
tiated and developed solid lithospheres billions of years
ago. The three ice-rich moons might still have liquid
seas deep below the surface, but their surfaces should
all be primarily composed of water ice, and heavily
cratered.

For Callisto, we indeed find the cratered surface, but
recall that the gravity measurements show that this
moons is not fully differentiated into a silicate core
surrounded by an icy mantle, although “some” differ-
entiation seems to have taken place. Furthermore, the
surface is not pure ice, but has a lot of dark, probably
rocky, material in it. We are thus left with a rather
serious puzzle as to how Callisto could have avoided
complete differentiation, and how the surface could re-
main a mixture of ice and rock.

Ganymede has a nearly pure ice surface, and gravity
measurements show that it has indeed fully differenti-
ated into a core-mantle structure, as expected. How-
ever, recall that the surface shows both regions of heavy
cratering, and other that have been heavily modified
by tectonic events after the end of the main period of
bombardment. Again we have a puzzle.

Gravity measurements of Europa confirm that it is
differentiated, and its surface appears to be pure ice.
However, it has virtually no craters on the surface, so
some effect has reworked the entire surface within the
past few millions of years. Io has a surface which does
not have a single impact crater, and is covered with
volcanic structures and other evidence of tectonic ac-
tivity. Clearly there is some important part of the story
we have so far neglected. This is probably the effect of
intermittent heating due to orbital resonances.

Orbital resonances and tidal effects

It appears that both the orbital resonances that are
found for the three inner Galilean moons, and the fact
that all of their surfaces show evidence of melting long
after the formation period, may be due to the effects of
tides. Let us recall what kinds of effects might me ex-
pected. First, if the moons initially formed with rapid
rotation (periods of a few hours, perhaps) around their
rotation axes, Jupiter would produce tidal bulges on
the near and far sides of each moon. These bulges
would be pulled ahead of the Jupiter-moon line by the
rapid rotation, and so Jupiter would exert a drag on
the rotation of each moon (just as the Moon exerts a
drag on the rotation of the Earth). As a result, each of
the Galilean satellites would slow down to synchronous
rotation within a few million years. In fact, they are all

observed to rotate synchronously. While this slowing
of the rotation was occurring, each of the moons would
be dissipating energy in its interior – there would be
strong tidal heating. In contrast, the outer small moons
are all too far from Jupiter for tides to be effective, and
they are not rotating synchronously.

Another tidal effect is that is important is due to the
pair of bulges that each moon would raise on Jupiter.
Jupiter’s rotation about its axis occurs with a shorter
period (presently 0.41 d) than the orbital periods of
any of the Galilean moons, so the bulges would be
carried ahead of the Jupiter-moon line. The extra
attraction for the near bulge by the moon causing it
would have the effect of slowing (slightly) the rotation
of Jupiter, while the bulge itself gives the moon a bit
of extra pull, gradually increasing the orbit size (and
angular momentum) of the moon. This effect causes
the orbits of each of the moons to gradually increase in
size, but since the effect falls off rapidly with distance
from Jupiter, orbit growth occurs more rapidly for Io
than for Europa, and more rapidly for Europa than for
Ganymede. This effect has been occuring throughout
the history of the Jupiter system, so the moons’ orbital
sizes are larger than they originally were. Again this is
reminiscent of the situation of the Earth and Moon.

The gradual expansion of satellite orbits, with the
innermost ones growing most rapidly, has another very
interesting effect. As the orbit of Io expanded from it
initial rather smaller size, eventually Io came into an
orbital resonance with Europa, perhaps a 2:1 resonance
like the present one. It appears that the two moons are
likely to become trapped in this resonance, so that as
Io is pushed farther and farther from Jupiter, it pushes
Europa out in front of it, always keeping the 2:1 rela-
tionship between the two orbital periods. Eventually,
both orbits expand enough that the orbit of Europa
reaches a 2:1 resonance with Ganymede. Again trap-
ping occurs. Thus, we do not imagine that the Galilean
moons originally formed with orbital period ratios of
approximately 4:2:1, but rather evolved into this state.
(Eventually all three orbits will expand enough to reach
resonance with Callisto too, but this is far in the fu-
ture.)

As the orbital periods of the two moons approach
such a resonance, the regularly occuring pull that each
feels from the other causes both orbits to develop a
significant eccentricity. That is, the effect of the reg-
ularly occurring mutual attraction is to cause each of
the moons to vary its distance from Jupiter. Since the
amount of tidal stretching of each moon depends on
how far it is from Jupiter, the tidal distortion of the
shape of each moon varies – it stretches and relaxes,
stretches and relaxes – as it goes around in its orbit.

This periodic change in the shape of the moon is a
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dissipative process – it deposits energy into the inte-
rior of the moon. How much? Roughly the correct
amount to explain the heating that must be occurring
inside Io to produce the ongoing volcanic activity that
we observe. And possibly enough energy is dissipated
inside Europa to lead to an ocean below the icy surface.
This effect may even have been sufficiently important
for Ganymede at the time that it came into resonance
with Europa to explain the regions of deformed crust
that are not seen on Callisto.

We do not yet have answers for all the interesting
questions about the Galilean moons (for example, why
are Europa and Ganymede so different in surface ap-
pearance?), and some of the ideas discussed above still
have important uncertainties. However, it appears that
quite a lot of the essential physics of this fascinating
moon system is gradually becoming clearer.

The moons of Saturn

In contrast to the moon system of Jupiter with its four
large (but very dissimilar) moons accompanied by a
dozen or more very small bodies, the moon system of
Saturn is dominated by a single large moon, Titan.
With a diameter of 5150 km, about 1.5 times larger
across than the Earth’s Moon, Titan is the second
largest moon in the solar system, after Ganymede. Or-
biting the ringed planet together with Titan are seven
smaller but still significant moons having a variety of
sizes: two (Iapetus and Rhea) with diameters near 1500
km, two (Dione and Tethys) with diameters of about
1100 km, two with diameters of around 450 km (Ence-
ladus and Mimas, which are spherical), and one about
300 km (Hyperion, which is potato-shaped). Moons
of this intermediate size are not found in the Jupiter
system, and it is very interesting to examine them to
discover how they differ from moons of the size of the
Galilean satellites. An intriguing feature of this group
of intermediate-size moons is that the five that orbit
inside the orbit of Titan are found in decreasing order
of size as one goes inward.

Finally, there are at least ten smaller moons, mostly
not not spherical, with characteristic sizes of 250 km or
less. The smallest moons known in the Saturn system
are only about 20 km across. Unlike the tiny inner
moons of Jupiter, which appear to be rocky (as one
would expect for bodies formed in the inner part of
a warm proto-planetary disk), the smallest moons of
Saturn appear to be rich in ices.

The regular structure of the moon system around
Saturn strongly suggests that the moons formed in an
equatorial disk of material that was accreting onto the
main planet, as we have deduced for Jupiter. The fact
that all the moons of Saturn have relatively low density,

and thus contain a major component of ice, indicates
that the accretion disk around Saturn was substantially
colder than that of Jupiter, so that more volatile sub-
stances could freeze out and be swept up by the forming
moons, even close to the planet.

The inner satellites of Saturn, especially from Dione
inwards, have been strongly affected by collisions with
passing comets. Comets that happen to pass near Sat-
urn are of course strongly attracted by its gravity, and
for this reason make a closest approach to the planet
that is considerably closer than it would be if Saturn
were not attracting them. This effect increases the like-
lihood of a collision between such comets and the in-
ner moons of Saturn, as well as the typical speed with
which the comet impacts the moon. As a result, it
is probable that all of the moons from Dione inwards
have suffered at least one impact carrying enough ki-
netic energy to leave a crater with a size comparable
to the impacted moon. In many cases these impacts
would have been powerful enough to disrupt the satel-
lite, which could later have re-accreted into one or more
bodies.

The moons out as far as Hyperion (which is slightly
outside the orbit of Titan) appear to have undergone
increases in the sizes of their orbits due to tidal effects,
just as happened in the Jupiter system. As a result,
several orbital resonances have been established. The
orbital period of Tethys is twice as long as that of Mi-
mas, as is true of Dione and Enceladus. These 2:1
resonances have been plausibly accounted for as a re-
sult of more rapid tidal expansion of the inner orbit
than the outer, until the two moons “lock into” a reso-
nant situation. Farther out, Hyperion makes three trips
around the planet four every four made by Titan, but
the tidal evolution that led to this situation is quite un-
clear. There are also at least three situations of shared
orbits: Janus and Epimetheus, Telesto, Tethys, and
Calypso, and Helene with Dione; some of these may be
the result of the disruptive collisions mentioned above.

These tidal effects have also strongly affected the ro-
tation of Saturn’s moons. All the moons out to Titan
are locked by tidal forces into synchronous rotation;
each keeps one hemisphere constantly facing Saturn.

Titan (Figure 11.16) is the only moon in the Sat-
urn system which is comparable in size to the Galilean
moons, Neptune’s Triton, and our own Moon. Because
of its size and composition, it is very likely that Ti-
tan has undergone an evolution similar to that which
has apparently occurred inside Ganymede. Accretion
heating probably melted the outer layers of the moon
as it formed in the disk of material orbiting the equa-
tor of the forming planet, resulting in the formation
of a layered moon with an undifferentiated core and a
mantle with a dense silicate layer beneath a layer of
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Figure 11.16: Saturn’s only really large moon, Titan, is
a body composed about half of rock and half of ices. It
is probably similar to Jupiter’s Ganymede in structure. It
has a nitrogen-rich atmosphere; a haze of aerosol particles
in the atmosphere makes observation of the surface very
difficult. (Courtesy of NASA.)

water and ice. As the core warmed up from radioac-
tive energy release, ice in the core softened, melted,
and rose towards the surface, while the dense silicate
layer above sank into the core. By about one Gyr after
Titan first formed, core overturn was complete. In the
mantle, now composed primarily of water and perhaps
other volatiles, we again have a competition between
the heat that flows into the mantle from the core be-
low, and cooling through the outer icy layers to the
frigid surface. As with Ganymede and Callisto, we are
not sure how efficient heat loss out through the litho-
sphere is, so we do not know whether Titan has an
ocean deep below its icy surface, or whether the mantle
is frozen solid throughout. The Huygens–Cassini space
probe mission, which should arrive at Saturn in 2004,
will probably help greatly to understand the structure
of Titan.

However, Titan is also entirely unique in that it is
the only moon in the solar system with a massive atmo-
sphere. Unfortunately, this atmosphere is filled with a
haze of small particles (Figure 11.16), and so we cannot
see the surface in visible light. Our information on this
singular gas envelope comes from observations by both
Voyager probes (Voyager 1 was sent quite close to Ti-
tan), and from a range of observations from the earth.
By observing the way in which the Voyager radio sig-
nal changed as the craft passed behind Titan, together
with infrared brightness measurements, it was found
that the mean molecular weight of the gas making up
Titan’s atmosphere is close to 28, about the same as
that of molecular nitrogen, N2. The surface pressure is
about 150 kPa (1.5 bar), 1.5 times the surface pressure

on Earth. Since gravity on Titan is only about 13% of
that on Earth, there is about 10 times as much mass
of gas over each square m on Titan as on Earth!

The surface temperature is found from infrared ob-
servations of brightness to be about 94 K (about −180
C). The temperature declines slowly with height to a
low of about 70 K at 30 km. Above this level, the ther-
mosphere begins (Titan has no stratosphere like that
of Earth), and the temperature rises to a balmy 170
K (−100 C) at around 200 km above the surface. The
atmosphere appears to be convective near the surface.

The chemical composition of the atmosphere is dom-
inated by N2 (probably about 94% by mass), with a
few percent of CH4 as the principal minor constituent.
There are also very small amounts of CO, CO2, C2H6

(ethane), and a number of other compounds of H, C
and N. The predominantly nitrogen composition is sur-
prisingly similar to the atmosphere of Earth.

The presence of CH4 in Titan’s atmosphere presents
an interesting puzzle. It is found that this gas is rapidly
broken up by energetic photons from the Sun into C
(which combines with other molecules in the atmo-
sphere to form substances that settle on the surface)
and H (which escapes from the moon because of its
feeble gravity). All the methane in the present at-
mosphere would be destroyed in this way in about 30
million yr. This strongly suggests that there is a con-
tinuing source that replenishes this molecule as it is
destroyed. It is thought that this could be in the form
of volcanic activity releasing CH4 from the interior of
the moon – if the interior is hot enough – or in the form
of methane lakes on the surface.

How did Titan come to have an atmosphere when
none of the Galilean moons acquired one? We can be
sure that the moon did not acquire its atmosphere by
direct gravitational capture from the proto-planetary
nebula in which it formed because in that nebula the
abundance of neon was about the same as that of nitro-
gen, but the current atmosphere of the moon has less
than 0.1% of Ne. It also appears that the bulk of the
atmosphere was not delivered as a result of cometary
impacts, because the ratio of normal hydrogen to deu-
terium (hydrogen with an extra neutron in the nu-
cleus) is rather different in comets than in Titan’s at-
mosphere. So it appears that the difference between
Titan and the Galilean satellites is that Titan acquired
a good stock of the gases now found in the atmosphere
when it formed, while the Galilean moons did not.

If the gases of the atmosphere were acquired at the
time of formation, they were presumably trapped inside
ice grains that formed the planetesimals that became
Titan, as clathrates. In particular, ammonia (NH3) is
easy to trap in this way, and a significant supply of
(more volatile) CH4 might have been acquired in the
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same way. It appears that the key difference between
the nebulas of Jupiter and of Saturn was probably that
temperatures in Saturn’s proto-planetary nebula were
substantially lower than in Jupiter’s, leading to a much
greater trapping of volatile molecules in the icy ma-
terials that went into forming Titan. The Galilean
moons lack atmospheres because the nebula in which
they formed was too warm for significant inclusion of
suitable volatiles in the ices that formed them.

But was the nitrogen that makes up Titan’s atmo-
sphere originally trapped as NH3, or as N2? Molecular
nitrogen, N2, was probably the dominant form of N
in the solar nebula, but could have been converted to
NH3 in the Saturn proto-planetary nebula. If we look
at the ratio of current nitrogen in the atmosphere to
current argon, which would have been trapped in ices
in about the same proportion as N2, we cannot come to
any particular strong conclusion, since the atmosphere
of Titan may contain up to about 6% Ar. However,
looking at the ratio of 15N to 14N, which is a good
indicator of how much N has escaped from the atmo-
sphere (remember, the heavier atoms escape less easily
than the light ones), we conclude that the early nitro-
gen atmosphere of Titan was probably about 30 times
as massive as the present one! Then the deduced ratio
of total nitrogen to observed argon (which is too heavy
to escape from the atmosphere) provides a strong ar-
gument that the nitrogen was not accreted by Titan
as N2. It must have been originally trapped as NH3,
which is quickly converted by solar ultraviolet light to
N2 when it reaches the atmosphere from the interior.

We are still rather unclear about how the CH4 in the
atmosphere was acquired. Planetary scientists eagerly
await the arrival of the Huygens–Cassini space probe
in early 2004; this probe should help to clear away at
least some of the present uncertainties surrounding this
particularly moon.

We next turn to the smaller moons. Six of the in-
termediate moons have known masses (Iapetus, Rhea,
Dione, Tethys, Enceladus, and Mimas). All have den-
sities between 1440 and 1160 kg m−3. These bodies
are mainly composed of ice, though each must have
some rock. No clear pattern of density decreasing with
distance, like that observed for the four large moons
of Jupiter, is seen here. All six moons show clear evi-
dence, in the way they reflect infrared light between 1
and 2 µm, of water ice on their surfaces, as one might
expect from their densities.

All of these moons (except for a part of Enceladus,
discussed below) are heavily cratered, a fact evident in
the Voyager image of Dione (Figure 11.17). The craters
generally have more vertical relief (their walls are high
above the central floors) than is found for Ganymede
and Callisto. This is probably due to a more rigid crust

Figure 11.17: Saturn’s intermediate-sized moon Dione,
with a radius of 560 km, is large enough to be quite spheri-
cal. The surface is heavily cratered, with more vertical relief
than is found on Jupiter’s moon Callisto, perhaps because
of the colder and more rigid crust of Dione. The strong
variations in reflectivity are not yet understood. (Courtesy
of NASA.)

Figure 11.18: Mimas is the inner-most of the intermediate
size moons of Saturn, and was not imaged from nearby by
either Voyager. However, one huge crater, 130 km in di-
ameter, is easily visible even in this low-resolution image.
(Courtesy of NASA.)

on these small and very cold bodies. Impact craters
that are so large that it is surprising that the moon sur-
vived are found; an impressive example is that of Mi-
mas (Figure 11.18). Several of the intermediate moons
show long chasms or cracks that might have been pro-
duced as a result of impacts.

Another remarkable feature of the surfaces of several
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of the moons is regions of rather low reflectivity. Iape-
tus is extremely dark (it reflects only 5% of the light
striking it) on the hemisphere which faces forward in
the moon’s orbit around Saturn (the “leading” hemi-
sphere), but is much brighter (an albedo of 50%) on
the “trailing” hemisphere. It is thought that Iapetus
may have swept up much dark debris broken loose by
meteorite impacts from Saturn’s very dark outermost
moon, Phoebe, which is probably a captured carbona-
ceous asteroid. In contrast, both the middle moons
Rhea and Dione (Figure 11.17) have streaky dark ter-
rain at the centres of their trailing hemispheres, but are
elsewhere quite reflective. These dark regions may be
the oldest surviving surface on these two bodies; else-
where the surface has been reworked by the impact of
small meteoroids since the moons formed.

Figure 11.19: The small Saturnian moon Enceladus shows
a remarkable variety of surface features, ranging from im-
pact craters to the wide band of grooves that traverse the
moon from upper left to lower right. This grooved terrain is
reminiscent of that found on Ganymede, and clearly shows
that this small moon has undergone important tectonic ac-
tivity. (Courtesy of NASA.)

Finally, the small, highly reflective moon Enceladus
(the second innermost intermediate moon, after Mi-
mas) shows a remarkable variety of terrain, rang-
ing from one hemisphere of heavily cratered terrain
to regions which have been resurfaced so recently
that they are completely free of craters, but instead
are criss-crossed by a network of banded ridges (Fig-
ure 11.19). The resurfaced terrain is reminiscent of

that on Ganymede. This crater-free hemisphere is al-
most 100% reflective, like fresh snow or pure, clean ice.
The resurfaced hemisphere is estimated, from the ab-
sence of large craters, to be less than 1 Gyr old, so this
area has apparently been resurfaced in the most recent
20% of Enceladus’ history.

Understanding the energy source that provided the
heat to melt water and resurface a part of Enceladus
has proven to be very difficult. The moon is far too
small to have heated significantly during accretion, and
its low density shows clearly that it does not have a very
large rock component, so that there is certainly not an
important radioactive heating source inside (all the ma-
jor radioactive substances are in the rock component).
The only obvious source of heating is tidal friction, the
effect that keeps Io’s volcanos active. However, the
present orbit of Enceladus has rather low eccentricity,
and the estimated tidal heat input rate at present is
about 300 times too small to provide the energy needed
to resurface the moon. Furthermore, the nearby moon
Mimas has a more eccentric orbit than Enceladus, but
it shows few signs of recent surface melting. The en-
ergy input that made possible the reworking of Ence-
ladus’ surface was probably the result of some tidal
resonance with another moon in the past, but the se-
quence of events that led to the heating is very unclear
at present.

The bulls-eye moon system of Uranus

Before the Voyager 2 visit to the Uranus system in 1986,
little was known about the moons beyond their orbital
properties. Five moons were known, spanning the sizes
of the intermediate-size moons of Saturn. All orbit
close to the equatorial plane of the planet, in orbits
located between about 5 and 23 Uranus radii from the
planet’s centre. All these orbits are direct, and the
rotation of each of the moons is synchronized with the
orbital period. These moons get steadily larger as one
goes out. First comes tiny Miranda, with a radius of
about 240 km, then Ariel and Umbriel, both with radii
of about 580 km, and finally Titania and Oberon, with
radii of about 770 km. These moons are all well outside
the system of dark rings discovered from Earth.

One remarkable feature of the Uranus system is that
the equatorial plane of the planet, which is also the
orbital plane for the regular moons, is inclined to the
ecliptic plane by 97◦. Thus the “north” pole of Uranus
(if you were above this pole you would see the planet ro-
tating counter-clockwise) is actually slightly below the
ecliptic plane. This is different from the other planets,
all of which have the north poles of their rotation axes
pointing roughly perpendicular to the ecliptic plane on
the same side as the north pole of the Sun. Because
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the rotation axis of Uranus remains fixed in direction
as the planet orbits the Sun, a unique seasonal pattern
occurs on Uranus, and on its moons. As the system
circles the Sun in its 84-year period of revolution, first
one of the poles points towards the Sun for some years.
The line to the Sun gradually shifts as the planet con-
tinues in its orbit, and 21 years later the Sun is over the
equator (this will be the situation in 2006). Another
21 years brings the opposite pole to point nearly to the
Sun, and so on. This arrangement has the consequence
that one hemisphere is constantly illuminated for some
years while the other it permanently dark. As the line
to the Sun shifts towards the equator, the days begin
to alternate like those on other planets, with the rota-
tion period of the planet determining the length of the
day for Uranus, and the orbital periods determining
the length of days on the moons. As the planet-Sun
line shifts towards the opposite pole, the situation re-
verts to permanent illumination, now of the opposite
hemisphere than before.

Exercise: Sketch the Uranus system relative to the
ecliptic plane and convince yourself of the correctness
of the description above of the seasons. When was the
last year in which one of the poles was pointing towards
the Sun?

Because of the inclination of the orbit of Uranus to
the ecliptic, when Voyager 2 approached the system in
1986 the moon system resembled the bull’s eye of a
target. The space probe was able to obtain a close-up
view of only one of the moons, Miranda, and although
the moons all rotated during the time Voyager 2 passed
through the Uranus system, only one hemisphere was
ever illuminated. At least half of each of the moons has
thus still not been photographed.

The Voyager visit made possible the accurate deter-
mination of the sizes and masses of all the previously
known moons, and led to the discovery of another 10
much smaller moons, all orbiting within the orbit of
Miranda in the planet’s equatorial plane in nearly cir-
cular orbits. These bodies (which are mostly too small
to reveal any surface details even to Voyager 2) have
radii of between about 10 and 80 km.

Using the newly determined dimensions and masses
of the larger moons, their densities are found to range
from 1200 to 1710 kg m−3. They are all somewhat
denser than moons of similar size in the Saturn system;
thus although they are – like the moons of Saturn –
composed of a mix of rock and ice, there seems to be
somewhat more rock in moons of Uranus than in those
of Saturn.

All the moons show some cratering. Two, Umbriel
and Oberon (the third and fifth of the intermediate
moons, counting outwards) have heavily cratered sur-
faces, rather like those of Dione or Mimas (see Fig-

Figure 11.20: A distant view of Uranus’ heavily cratered
moon Umbriel. Little can be seen on this moon except im-
pact craters; some of the larger ones have central mountain
peaks. (Courtesy of NASA.)

ure 11.20). The cratering is about as dense as that of
the lunar highlands, and probably was produced during
the period of intense bombardment that ended about
4 Gyr ago. These moons have apparently been largely
inactive since that time.

Ariel and Titania (the second and fourth intermedi-
ate moons from Uranus) also have much cratered ter-
rain, but there are few really large craters like those
found on Umbriel and Oberon (see Figures 11.21 and
11.22). Since all four moons must have suffered sim-
ilar bombardment by large planetesimals during the
first half-billion years of their existence, the absence of
large craters indicates that the surfaces of these moons
must have melted or been covered with “lava” (liquid or
slushy water, perhaps mixed with other volatiles such
as ammonia) early on. The current crop of craters must
date from after this time, and from after the end of the
period of heaviest bombardment. In addition to the
craters, each moon is deeply scarred by long trenches
(grabens) where the crust has cracked open and been
partly filled in by liquid or slushy solid from below.
The origin of these long cracks is uncertain, but they
appear to indicate that the interior of the moon ex-
panded while the lithosphere did not. The result was
long fractures in the crust. The most obvious way in
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Figure 11.21: This view of Uranus’ moon Ariel from Voy-
ager 2 shows clearly that Ariel is cratered but not very
heavily, and also that the moon has an extensive system
of surface faults that appear to have been produced by ex-
pansion of the surface, probably caused by internal heating.
(Courtesy of NASA.)

which this could happen would be if the interior were
heated and therefore expanded while the outer layers
remained cold.

Finally we come to the smallest and innermost of
the major moons, Miranda. It was widely expected
that this small body would be heavily cratered but
otherwise quite uninteresting. In fact, the images sent
back by Voyager 2 revealed what is easily the most
puzzling surface of any of the moons of Uranus. Part
of Miranda is indeed covered with rolling plains with
some cratering, but other parts have largely uncratered
oval or trapezoidal regions covered with wide grooves
and ridges that seem to follow the outline of the re-
gion. A small part of Miranda which shows both kinds
of terrain in seen in Figure 11.23. This groove-and-
ridge terrain is quite mysterious; one possibility is that
this moon has been completely fragmented by impact
and then reassembled by gravity, and that the groove-
and-ridge terrain is somehow the result of this process.
Again we have strong evidence in the relatively young
surface, as well as in the strange oval regions, of im-
portant resurfacing activity in the moon after the end
of the heavy bombardment period.

We have seen in the Jupiter and Saturn systems that

Figure 11.22: A view of Uranus’ fourth intermediate moon,
Titania. Like Ariel, this moon has moderate cratering (but
lacks really large craters such as those seen on Umbriel), and
also huge, large-scale faults, perhaps the result of surface
expansion. (Courtesy of NASA.)

accretion and radioactive energy release is important
only in relatively large moons such as the Galilean
moons and Titan. For moons as small as those of
Uranus, the amount of gravitational energy released
is not enough to produce a large temperature rise, and
radioactive heat produced by the rock component is
quickly lost to the surface because of the small size. In
the Uranian system the important sources of heating
should be destructive impacts and tidal effects.

Consider tidal effects. All the intermediate-size
moons of Uranus have orbital periods longer than the
rotation period of the planet. The tidal bulges pro-
duced on Uranus by each of the moons will be dragged
slightly ahead of the planet-moon line by the rotation
of the planet. Thus the effects of tides on the moons
from Miranda on out will be to increase the sizes of
the orbits of the moon. (However, this effect depends
on the mass of each moon as well as on it distance,
so that the orbit of Ariel is actually increasing faster
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Figure 11.23: The smallest and innermost intermediate
moon of Uranus is Miranda. This moon shows a rela-
tively young, lightly cratered surface as well as very strange
groove-and-ridge terrain that is not found anywhere else in
the solar system. (Courtesy of NASA.)

than that of Miranda even though Miranda is closer to
Uranus.) In the past, the moons have certainly had
periods during which resonances between orbital peri-
ods existed (a past 3:1 resonance between Miranda and
Umbriel is responsible for the present 4◦ inclination of
Miranda’s orbit to the equatorial plane of Uranus), but
the computations of orbital evolution have not yielded
any very convincing explanation of the heating of the
three moons that have been resurfaced since the end
of the period of heavy bombardment. The situation is
particularly puzzling for Titania, an evolved moon lo-
cated in between Umbriel and Oberon, the two moons
with the least evolved surfaces. We do not have at
present any secure explanation of the heating that led
to resurfacing on three of the intermediate-size moons
of Uranus.

A final question raised by the Uranus system would
be to ask how both the planet and the accretion disk
from which its moons system formed came to have such
an unusual inclination to the plane of the planetary or-
bits around the sun. For the planet, this was proba-
bly the result of a near-catastrophic off-centre collision
between the proto-planet and a second proto-planet
of comparable size which drastically altered the direc-
tion of spin of the still forming body. However, there
is no reason that further material accreting onto the

planet would arrive in such a way as to orbit around
the planet’s highly inclined equator, and thus produce
a moon system in this plane. How did the moon system
end up forming in the planet’s equatorial plane?

The effect that shifted the proto-planetary disk, and
the moons that it formed, to the plane of Uranus’ equa-
tor was again a tidal effect. Rapidly rotating Uranus
bulges out at the equator. Because of this, the gravita-
tional pull of the planet not only makes nearby moons
and other material orbit around the planet, but any or-
bit not in the equatorial plane twists steadily around.
This motion is rather like that of a spinning top whose
axis is not quite vertical, so that the axis of the top
moves around in a small cone about the contact point
with the floor. This effect, acting on the orbits of
moons, guarantees that orbits of different bodies or-
biting out of the equatorial plane would sooner or later
intersect. The various planetesimals would thus repeat-
edly collide until the debris settled into the present
equatorial plane, where relatively long-lasting moons
could finally form by (re-)accretion.

The strange case of Neptune’s moons

The Neptune system is relatively poor in moons. It
includes a single large moon, Triton, comparable in size
to the smaller Galilean moons Io and Europa, as well
as at least six small moons (all discovered by Voyager
2) orbiting close to the planet, four of which are even
within the planet’s Roche limit for ice-rich bodies. A
single moon, Nereid, orbits in an extremely eccentric
orbit well outside that of Triton.

Unlike the large moons of the other giant planets, the
large moon Triton orbits around Neptune in the oppo-
site sense to the planet’s rotation, in an approximately
circular orbit inclined to the plane of the planet’s equa-
tor by about 23◦. The moon’s rotation about its own
axis, however, is synchronized so as to keep one face
always pointing towards Neptune. This extraordinary
orbit makes it clear that Triton did not form in an ac-
cretion disk around Neptune, but was almost certainly
captured more or less intact as it passed close to the
planet. This would most likely have been possible as a
result of a collision between Triton and a smaller moon
already orbiting the planet, which could have slowed
Triton down enough to insure that it would lack the
energy to escape again from Neptune’s gravitational
grip.

As Triton gradually settled into a circular orbit from
its initially very eccentric orbit (as a result of tidal ef-
fects), it would have disrupted any previous moon sys-
tem, capturing some moons by collisions, and ejecting
others from the system or causing them to crash into
Neptune. The original satellite system was so greatly
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Figure 11.24: The trailing hemisphere of Neptune’s single
large moon, Triton, shows a vast system of roughly linear
ridges that seem to have formed in plains already heavily
deformed earlier. These features are probably the result of
icy volcanism. Because of its appearance, this part of Tri-
ton’s surface is known as “cantaloupe terrain”. (Courtesy
of NASA.)

disturbed by Triton’s arrival on the scene that all the
remaining original satellites must have suffered destruc-
tive collisions with one another. The current set of
small moons close to Neptune probably formed out of
the debris of the earlier system, and even these moons
have most likely been shattered by comet impacts since
they re-formed, only to re-accrete again.

Exercise: Consider Triton shortly after it was cap-
tured into a very eccentric retrograde orbit around Nep-
tune. Each time the moon passed close to the planet, it
would raise tidal bulges on the near and far sides of the
planet. Neptune’s rotation would displace these bulges
to lag behind the planet-moon line. With a sketch,
explain how the near bulge would tend to slow Triton
down a little in each close pass by Neptune, and how
this would lead to gradual circularization of Triton’s
orbit.

With a mean density of 2050 kg m−3, rock makes up
more than 40% of Triton’s mass. The surface of Triton
is young, and there is no heavily cratered terrain. This
is not surprising; the circularization of Triton’s orbit
by tidal effects after its capture must have deposited

Figure 11.25: Another distinctive surface feature on Triton
is several huge calderas or lakes that have been repeatedly
filled with liquid water and drained. The lower lake in this
image has a single small impact crater; generally, the surface
of Triton is sufficiently recent that only a few small craters
are found. (Courtesy of NASA.)

more than enough energy into the satellite to melt and
differentiate it completely. The moon now consists of a
core of rocky material surrounded by a mantle of ices.
As a result of the intense tidal heating, the surface of
Triton exhibits a variety of unique tectonic features.
The winter polar region is covered with seasonal ice,
and the surface there is not clearly visible. On the rest
of the moon, the trailing hemisphere (relative to the
moon’s orbit about Neptune) is covered with terrain
that looks like the skin of a cantaloupe: the ground is
full of pits and dimples, criss-crossed by long, roughly
straight ridges (Figure 11.24). The leading hemisphere
is smoother, but has several frozen, terraced lakes, like
volcanic calderas (Figure 11.25). In the southern hemi-
sphere two powerful plumes, like geysers, rise to an al-
titude of about 8 km, where they form dense clouds
which are stretched into a long tail by the winds.

Triton has a very thin atmosphere (about 10−5 as
massive as that of Titan), mainly composed of N2 to-
gether with a small amount of CH4, but clouds and
haze are seen, and this atmosphere is probably respon-
sible for the transport of seasonal ices from one hemi-
sphere to the other.

Little is known about the physical nature of the
smaller moons except that they are quite dark in colour
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and so small that gravity cannot enforce spherical form;
all are somewhat irregular in shape.

Exercise: We find planets and moons made primarily
of rock, of a mixture of rock and ice, and of rock, ice,
and gas. Which other combinations might be able to
occur in nature? How might they form?

11.4 Planetary ring systems

Observations of the rings

As we have already seen, all four giant planets are now
known to have ring systems. These ring systems ex-
hibit a variety of complex phenomena that were hardly
imagined before the 1970’s, when the only known plan-
etary rings were those of Saturn, and even for the rings
of Saturn little detail can observed from the Earth.
Theoretical astronomers have succeeded in explaining
some of the observed features of these rings, but other
aspects remain mysterious.

Figure 11.26: A view of Jupiter’s ring from one of the
Voyager probes, seen from behind the planet as the probe
was leaving the Jupiter system. The main ring is visible
as a distinct arc, while the wider dust halo is visible as a
slightly brighter region inside the main arc compared to the
dark sky outside. (Courtesy of NASA.)

The four ring systems are amazingly different from
one another. Jupiter’s single ring (Figure 11.26) is so
faint that it can only be seen from behind the planet,
and it has been observed only by the Voyagers and
Galileo. It is made up of a single distinct main ring
of rock and dust about 6000 km wide but only 30 km
thick, orbiting Jupiter from about 1.72RJ to 1.81RJ.
It is known that the larger particles in the main ring

are at least a cm in size, and are quite dark, like rock
rather than water ice (note the rather unusual use of
the word “particle”, which in this setting can mean
bodies even many meters in diameter). This ring is
embedded in a larger and fainter halo of dust particles
that extends inwards towards the planet. Two tiny
satellites, Adrastea and Metis, orbit close to the outer
edge of the main ring. The ring and these two moons
are well within the planet’s Roche limit, so each of the
moons must be a solid block of rock.

Figure 11.27: This image of Saturn, taken as one of the
Voyager spacecraft was leaving the giant planet, is some-
what overexposed for the planetary disk but clearly shows
the complex structure of the major rings. In this image
the clearly visible rings (starting closest to the planet) are
the faint C ring, the bright B ring in which there seem to
be many individual strands, the dark Cassini division, the
featureless A ring with the faint dark Encke Division near
its outer edge, and (as a faint thin line surrounding the A
ring but separate from it) the narrow F ring. (Courtesy of
NASA.)

Saturn’s massive ring system, the only ring system
easily seen from Earth, extends from about 0.1RS (6000
km) above the planet’s cloud tops out to beyond the
Roche limit. The outermost distinct ring is at about
2.32RS, but a faint dusty ring extends out to about
8RS. The main part of the ring system (the part that
can easily be seen from Earth) is about 70 000 km wide.
Even from the Earth it can easily be seen that Saturn’s
ring system is divided by a series of narrow dark rings
into separate broad bands (Figure 11.27). These bands
are designated by the letters (from the innermost to
outermost) D, C, B, A, and F. Only the C, B and A
rings are easily visible from the Earth; the D and F
rings were discovered by the Voyager probes. Outside
these are the very tenuous G ring and the wide, faint
dusty E ring. The ring system from C to A is extremely
thin compared to its width, only about 50 to 100 m
from bottom to top, and when viewed edge-on from
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Earth, it vanishes completely.
Although the rings seem fairly complicated when

viewed from Earth, the images sent back by the Voy-
agers revealed a whole new level of complexity. What
look like broad, almost featureless rings from Earth
turn out to be composed of hundreds of thin, concentric
strands. The broad rings also show wave-like distor-
tions, and faint, wedge- or finger-like markings called
spokes. The extremely narrow F ring shows kinks,
warps, bright knots, and in places seems to be made
of two or three thinner rings braided together.

Saturn’s rings are quite massive compared to those
of the other giant planets; with about 2 × 1019 kg of
material in the C, B and A rings, there is nearly as
much mass in the rings as in the innermost intermediate
moon Mimas. Note that even from space probes we
have never actually observed any of the ring particles
in any planetary ring; we deduce the range of sizes
and other properties of ring particles from the way in
which they reflect sunlight, their thermal emission, and
how well they reflect radar beams. From such data we
deduce that Saturn’s bright rings are mostly made of
particles between about 1 cm and 5 m across, although
there are some tiny dust grains present as well. The
ring particles are highly reflective, and the spectrum of
reflected light reveals the clear signature of water ice.
The Roche limit for water ice lies within the A ring;
just outside this are several tiny moons, including two
moons whose orbits lie just inside and just outside the
F ring.

Exercise: The rings of Saturn can easily be seen from
Earth, while the rings of Jupiter and Neptune are not
visible from Earth. Can you draw any conclusions from
these facts?

The ring system of Uranus (Figure 11.28) is com-
posed of some ten distinct narrow rings that orbit
within wider dust bands. The rings are all well within
the planetary Roche limit, and are bunched between
1.64RU and 2.00RU. All but two of the distinct rings
are amazingly narrow, ranging in width from about 1
up to 12 km. Two of the densest rings are wider; the η
ring has a width of about 55 km, and the ε ring ranges
from 20 to 96 km in width. All the rings seem to be
extremely flat, with thicknesses perpendicular to their
orbital planes of only a few tens of meters. A final
remarkable feature is that most of the distinct rings
are clearly slightly non-circular (i. e. they have slight
eccentricity).

The outermost and densest ε (epsilon) ring includes
particles ranging from dust grains up to boulders at
least a meter in diameter, and probably contains most
of the mass of the entire ring system. In the other rings
the particles present include some dust grains as well as
many fragments at least one cm in size. The particles

Figure 11.28: This view of the ring system of Uranus was
obtained by Voyager 2 as it left Uranus behind on its way to
Neptune. The part of the ring system imaged includes both
the narrow rings that are visible from Earth and the wider
dusty bands in which these are embedded. Some of the
rings are clearly not symmetric about Uranus. The short
oblique streaks are background stars whose apparent place
in the sky changed during the time required to obtain this
exposure. (Courtesy of NASA.)

in these rings are as black as soot, and reflect only a few
percent of the light striking them. The rings of Uranus
have only about 1/4000th of the mass of the rings of
Saturn, but they contain considerably more mass than
the rings of either Jupiter or Neptune.

The last of the giants to reveal its rings to Earth’s
inhabitants was Neptune, and again a ring system with
many surprising and unique features was found. The
rings were first discovered by occultations, and then ex-
tensively studied during the Voyager 2 passage through
the Neptune system. Five rings are found, two distinct
and narrow ones and three that are wider and fainter
(Figure 11.29). The most remarkable feature of these
rings is the fact that the outermost, narrow ring has
several quite distinct bright clumps along part of its
circumference, while the inner narrow ring is quite uni-
form along its length. Three of these clumps are visible
in Figure 11.30.

Ring physics

The four giant planet ring systems have turned out to
be far more complex and varied than anyone expected
from the Earth-based views of Saturn’s rings that were
available before the start of space probe exploration of
the outer solar system. The ring systems have a large
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Figure 11.29: Two images of Neptune obtained by Voyager
2 clearly show the two bright,n arrow rings of Neptune. A
thinner, more diffuse ring is faintly visible inside the inner
sharp ring, and another in between the two distinct rings.
(Courtesy of NASA.)

range of masses, from the vast system of Saturn to the
almost non-existent ring of Jupiter. All of the ring sys-
tems are extremely thin (typically tens or hundreds of
m) through the ring plane, but individual rings range in
radial width from 1 km up to the 70 000 km width of the
Saturn’s main rings. Most of the rings contain both rel-
atively large particles (up to meters across in the rings
of Saturn) and tiny dust grains. Many of the rings have
distinct edges, and the wide B ring of Saturn seems to
be made up of many thin concentric ringlets. The rings
of Uranus are clearly eccentric. One of Neptune’s rings
has striking clumps, and Saturn’s rings show “spokes”.
Mixed in with the rings are a number of tiny moons
only a few km across. These remarkable systems have
posed a large number of puzzles to planetary scientists,
only some of which have found satisfactory answers up
to now.

We can understand some of the phenomena of the
ring systems if we recall the basic physical effects gov-
erning their orbital motions. The main force directing
the motion of the particles that compose the rings is
of course the gravity of the central planet, which forces
the ring particles to move in essentially circular or el-
liptical orbits about the planet. A considerably weaker
gravitational force is exerted on ring particles by the
inner moons orbiting the planet, but as we will see,
the weak moon forces can have an important effect on
the shapes of rings. The ring particles also exert weak
gravitational forces on one another. A third impor-
tant force comes from the fact that the distinct rings
have enough particles in them that collisions between

Figure 11.30: This image of Neptune’s rings was obtained
by Voyager 2 as it left the Neptune system behind (the back-
lit disk of the planet is visible at the lower left). Only the
two narrow distinct rings are visible. The inner is uniform
along its length, but three quite distinct brighter segments
are seen along the right side of the outer ring, where pre-
sumably some extra mass is concentrated. (Courtesy of
NASA.)

ring particles are frequent, not rare, and this provides
a means of changing the structure of a ring that is not
available in systems with widely separated bodies, such
as the main asteroid belt.

The faint, diffuse rings are mainly composed of dust
particles which are subject to the same gravitational
forces as the large particles from the central planet,
nearby moons, and massive rings. However, in dust
rings particle collisions are much rarer, and there are
additional important forces such as the pressure of sun-
light, effects due to thermal radiation, and even elec-
trical and magnetic forces as these slightly electrically
charged particles move through the magnetic field of
their planet.

The completely dominant force of gravity from the
central planet has the effect that all the ring particles
move in orbits around the planet that are quite close
to circles or ellipses. However, this fact alone is not
enough to explain why rings are confined to a single
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(nearly equatorial) plane or why the various particle or-
bits are essentially similar (usually circular) in shape.
These features of rings are consequences of the colli-
sions between ring particles. As we have already men-
tioned in connection with the moons of Uranus, the
equatorial bulge of the central planet (caused by its
rapid rotation about it axis) causes the orbital plane
of any ring particle whose orbit is tilted with respect
to the equator of the planet to twist around slowly like
a tilted spinning top. This effect guarantees that par-
ticles in such orbits will collide frequently with other
particles in similar orbits. The final result is that the
particles settle into orbits very close to the plane of the
central planet’s equator. Similarly, collisions between
various ring particles moving in eccentric orbits will act
like a kind of friction, and will cause the various orbits
to gradually become circular. Thus, the facts that we
find thin rings, very close to the planet’s equatorial
plane, and that the particles move in nearly circular
orbits, are consequences of the occurrence of frequent
collisions between ring particles.

Exercise: What disk-like collection of many particles
in the solar system has the property that the particles
collide only rarely, and are not confined to a very thin
plane?

However, even when the orbits of ring particles are
nearly circular and in the planet’s equatorial plane, col-
lisions between particles do not stop (although they be-
come less frequent and less energetic). There are always
particles whose orbits are a little different from those
of their neighbors, and sooner or later these bodies run
into others near them. Thus even when rings have be-
come thin, flat, and circularized, there continues to be
a kind of friction acting between particles orbiting the
planet at different distances. This friction has the effect
of speeding up the slower particles in the outer part of
the ring where the orbits are slower, causing these par-
ticles to drift outwards into larger orbits. The faster
particles in the inner part of a ring are slowed down
slightly, causing their orbits to shrink slightly. The
overall effect of the friction within a ring is to cause
the ring to spread out slowly in width. Similarly, if a
ring started out with a sharp inner or outer edge, we
would expect this spreading effect to lead fairly rapidly
to blurred edges.

Thus, the spreading effect of friction within a ring
should lead planetary ring systems to be broad and
diffuse. Planetary scientists were puzzled by the exis-
tence of gaps in Saturn rings, and even more astonished
to find well-defined and extremely narrow rings around
the other three planets. Clearly some additional pro-
cesses must be acting to confine ring particles to dis-
tinct rings.

One such process is apparently the gravitational ac-
tion of moons. Effects are produced by both the large
moons outside the Roche limit, and also by smaller
moons, usually only a few km across, that orbit close
to the rings, often just inside or just outside a narrow
ring. An example of such an effect is the outer edge of
Saturn’s B ring (the inner of the two brightest rings),
where the Cassini division begins. Particles at this dis-
tance from Saturn have exactly half the orbital period
of the innermost intermediate moon Mimas. (We say
that these particles are in a 2:1 resonance with Mimas.)
Particles orbiting here would encounter Mimas in the
same place in their orbits every second revolution, so
their orbits would quickly be forced to become quite ec-
centric, which would lead to collisions with other ring
particles. This effect eliminates particles from this or-
bital radius, and causes the B ring to have a rather
sharp edge.

Another kind of effect is “shepherding”. Calculations
have shown that a pair of tiny moons orbiting just in-
side, and just outside, a narrow ring are able to confine
the particles of the ring, and prevent them from spread-
ing out laterally. The tiny satellites Cordelia and Ophe-
lia are apparently the shepherd moons for the ε ring of
Uranus. A number of small moons were observed orbit-
ing within the ring systems by the Voyager spacecraft,
and many of the narrow rings may be confined by this
mechanism. However, for other narrow rings, no shep-
herd moons have yet been discovered, perhaps because
they were too small or dark to be detected by the Voy-
ager cameras, or perhaps because shepherd moons are
not the whole story.

There are at least tentative explanations for some
of the other strange phenomena found in rings (eccen-
tricity, clumpiness, waves, braiding, etc) but most of
the explanations are rather difficult to understand in
a simple way, and so we will not go farther into this
problem.

Origin and evolution of ring systems

Perhaps the most interesting question about planetary
rings is the question of their origin. Are the rings we see
primordial, material that, because of its location inside
the Roche limit, was unable to coalesce into moons, and
is thus left over from the period when the planet and
its large moons formed? A second possibility is that a
ring results when a moon drifts inside the Roche limit
(perhaps as a result of tidal interaction with the planet)
and is torn apart by tidal forces. Similarly, a large
comet passing close to the planet might be disrupted by
tidal forces, and some of its debris could be captured.
Still another possible origin would be that rings are the
debris of small moons that are damaged or destroyed
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by high-speed collisions with passing comets.
Important clues about the origin of rings are found

when we try to estimate how long the systems we ob-
serve could survive in essentially unchanged form. If
we find that the observed ring systems should be able
to persist largely unchanged for several Gyr, then a pri-
mordial origin is plausible. On the other hand, if the
ring systems are expected to change greatly in millions
of years or less, then a theory that creates ring systems
continually or repeatedly may be more appropriate.

We have a couple of different ways of estimating the
ages of the observed rings. For Saturn’s bright, icy
rings, one finds that over the age of the solar system,
each particle should have collided with and accreted
roughly its own mass in dark meteoritic dust. However,
Saturn’s ring particles are only as dark as would be
expected after roughly 100 million yr of collisions. We
conclude that these particles have not been sweeping
up meteoritic dust for 4.5 Gyr: they are much younger
than the solar system.

A second estimate of the ages of Saturn’s rings comes
from the tidal interactions between rings and their
shepherd moons. The tidal interactions that allow
these moons to shape the edges of rings also transfer ro-
tation (angular momentum) between the rings and the
moons. For example, the moon Prometheus (located
just outside Saturn’s A ring) would move the 2500 km
that separates it from the A ring in only about 10 mil-
lion yr. Thus the observed system will change substan-
tially in some millions of years.

Other estimates of ring ages tend to agree that ring
systems should change substantially, and perhaps even
be completely disrupted or removed, within 107 or 108

yr. We conclude that the observed rings are probably
relatively recent creations, not structures left over from
the period of planet formation.

In this case, probably the most common method of
making a ring is from the impact of a comet on a small
moon. Comets passing close to one of the giant planets
will typically be moving very rapidly; a comet passing
within 2RS of Saturn will be moving at more than 25
km s−1. If such a comet struck a moon with a diameter
of a few tens of km, the impact could completely shatter
both the moon and the comet. Calculations based on
estimates of how many comets have passed close to
each of the giant planets since their formation suggest
that any moon close to the Roche limit of Jupiter or
Saturn with a radius of less than 1–200 km is likely
to have been disrupted at least once by such impacts.
Thus the rings of Jupiter, Uranus and Neptune may
well have been formed by such impacts.

The case of Saturn is a little more puzzling. Its ring
system is so massive that it requires the recent disrup-
tion of an intermediate moon; a small one does not

supply enough mass. This should have happened only
a couple of times since Saturn formed, so the probabil-
ity of finding the observed ring system at any particular
time (e. g. now) is not high. It is of course possible that
we have simply been lucky to have such an impressive
ring system on hand now. Alternatively, perhaps a re-
ally large comet struck a small moon as it passed close
to Saturn, disrupting the comet and enabling most of
the debris to be captured, but this is also improbable.

The diffuse rings, composed almost entirely of tiny
dust particles, are expected to have even shorter life-
times than the main rings. The dust that makes up
these very faint rings is rather easily driven out of the
planet system by the steady orbit changes driven by ra-
diation effects, or the particles are slowed by gas drag
from the very thin outer atmosphere of the planet and
spiral quickly in towards the planet. Thus such rings
need almost constant replenishment. However, these
rings are often found in orbits near one or another of
the small inner moons, and it appears that bombard-
ment of these small moons by fast meteoroids is fre-
quent enough to replenish the dust rings with debris as
fast as they are cleared away.

11.5 Pluto and Charon

The outermost planet, Pluto, is a body physically very
different from the other planets, although perhaps not
so different from some of the moons of the giant planets,
or from other bodies in the Kuiper Belt. Furthermore,
as the only planet not yet visited by any spacecraft
for a close-up look, it remains in many ways uniquely
mysterious.

The ninth planet was discovered only in 1930, by
Clyde Tombaugh, an astronomer at Percival Lowell’s
observatory in Arizona. The discovery of the tiny body
was the culmination of a long search for fifth mas-
sive outer planet, which had been hypothesized to ex-
plain what appeared to be irregularities in the orbits
of Uranus and Neptune, in the same way that Nep-
tune was discovered through its effects on the orbit of
Uranus. (We now know that these orbital irregulari-
ties do not exist; no fifth giant planet is expected, or
found.) With a position so far from the Sun that it re-
quires 248 years to complete one orbit, it seemed quite
appropriate to name the new planet after the Roman
god of the underworld, Pluto, especially since the first
two letters of the name are also Lowell’s initials.

Pluto’s orbit is much more eccentric (e ≈ 0.25) than
those of the other planets (except for Mercury), and
quite strongly inclined (i ≈ 17◦) to the general orbital
plane of the other planets. Because of the large eccen-
tricity of its orbit, Pluto’s perihelion (q ≈ 29.7 AU)
brings it closer to the Sun than Neptune for a short
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part of each revolution, while at its most distant retreat
from the centre of the solar system (Q ≈ 49.5 AU) it
is near the outer edge of the Kuiper Belt. One conse-
quence of this large eccentricity is that the solar energy
falling on the planet varies by about a factor of three
between perihelion and aphelion. The planet passed
perihelion on 5 September 1989, and is now moving
away from the Sun.

With an orbit that crosses that of Neptune, it would
appear that Pluto would be in considerable danger of
colliding with the larger planet. However, it is now
clear that Pluto is locked in a 3:2 orbital resonance
with Neptune (Neptune makes three revolutions about
the Sun for two made by Pluto), so that Neptune passes
Pluto only when the ninth planet is near the outermost
part of its orbit, at a safe distance of about 17 AU from
Neptune.

Exercise: Sketch the orbits of Neptune and Pluto and
show how the 3:2 ratio of orbital periods leads to Nep-
tune always passing Pluto when the smaller planet is
in a particular part of its orbit.

Because Pluto is both small and very distant, for
many years after its discovery almost nothing was
learned about it except for its orbit. It appeared as
an unresolved point of light (less than 1′′ in diameter)
in ground-based telescopes, and so its diameter was es-
sentially unknown, except for an upper limit (provided
by a stellar occultation that did not occur) of 6500 km.
No information at all was available about its mass. One
discovery of note was made during this period: in the
1950’s it was found that the planet’s brightness varies
regularly, by about 30%, in a 6.4 day cycle which is
clearly the rotation period. This shows immediately
that the planet has a surface which is not uniformly
reflective.

The situation changed dramatically in 1978 when
two astronomers at the U. S. Naval Observatory (only
a few km from Lowell’s observatory in Arizona) discov-
ered that Pluto has a moon, so close to the planet (less
than 1′′ away) that its light blends with that of Pluto
except for observations under the best possible condi-
tions. The new moon was quickly named Charon, after
the boatman who ferrys the dead to the underworld in
Greek mythology. This moon has made possible major
advances in our knowledge of the tiny ninth planet.

Careful imaging from Earth, both from the ground
and later from the Hubble Space Telescope (see Fig-
ure 11.31), showed that Charon moves around Pluto in
an orbit with a semi-major axis of about 19,600 km.
Furthermore, Charon’s orbital period around Pluto is
found to be synchronized with the planet’s own ro-
tation. The Pluto-Charon system is the only planet-
moon pair in the solar system which is fully tidally

locked, so that both bodies rotate synchronously with
their mutual orbit, and each can be seen only from one
side of the other. From the orbital period and semi-
major axis, the mass of Pluto could be determined for
the first time. The tiny planet has a mass of only about
0.0021 of the Earth’s mass, less even than the mass of
Neptune’s moon Triton. (From the relative motions of
Pluto and Charon on the sky, which has been success-
fully observed both from HST and from the ground,
Charon’s mass is found to be about 12% of that of
Pluto.)

Figure 11.31: An image of Pluto and its moon Charon
taken with the Hubble Space Telescope when the two bodies
were near their maximum apparent separation on the sky.
(Courtesy of NASA.)

The plane of Charon’s orbit, and of Pluto’s equator,
is oriented roughly perpendicular to the plane of the
solar system, and at present the rotation axes of the
two bodies are roughly parallel to the direction of their
orbital motion around the Sun. As a result, we had
the good luck that only a few years after the discov-
ery of Charon, the Earth moved into Charon’s orbital
plane, and the planet and moon began to eclipse one
another. Timing of these eclipses (“mutual events”)
made possible, for the first time, accurate measure-
ments of the radii of the two bodies, which were later
confirmed by direct imaging by the HST. It is found
that the radius of Charon (about 590 km) is about half
that of Pluto itself (about 1150 km), making Charon
the largest moon, relative to its planet, in the solar sys-
tem. Combining the planetary radius with the mass,
we find that Pluto has a mean density which is about
2050 kg m−3. The planet therefore has a composi-
tion, assuming as usual a mix of rock and ice, which
is around 60 – 75% rock. This proportion is one of
the largest values found among the moons of Saturn,
Uranus, and Neptune, which generally have between
50 and 60% rock; only Titan, Oberon, and Triton have
similarly large rock fractions. Charon is found to have
a similarly large mean density, about 1800 kg m−3, so
its proportion of rock is similar to that of Pluto.
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One final discovery of note was that of strong evi-
dence in the infra-red spectrum of the presence of CH4

frost on the planet’s surface. Because this ice has an
appreciable vapour pressure even at the very low tem-
perature expected on Pluto’s surface (roughly 50 K),
it was realized that the planet must have a very thin
atmosphere. This was confirmed in 1988 when the oc-
cultation of a bright star occurred with the kind of
gradual dimming expected due to this atmosphere. In
contrast, Charon shows no trace of CH4, but does ap-
pear to have water ice at its surface.

Because Pluto has never been visited by a spacecraft,
we have no close-up pictures of its surface, and thus
no direct evidence as to whether the planet is differ-
entiated or homogeneous. However, there are several
reasons to think that Pluto probably is differentiated.
Recall that, like the moons of the giants, differentia-
tion occurs if the ices are melted, which only requires a
temperature rise of about 200 K from the current tem-
perature near 50 K. Some of the arguments pointing to-
wards differentiation are the following. (a) Accretion of
the planet could have provided enough energy to melt
the ices if most of the gravitational energy released was
retained by the planet. (b) With the high rock fraction
in the planet, radioactivity would probably have re-
leased enough energy by now to cause melting. (c) The
observed surface CH4 frost would not be present if the
CH4 were mixed with other, less volatile ices such as
water ice; the surface methane would have evaporated
and escaped from the planet, leaving a surface of other,
less volatile ices. We deduce that the surface coating
of CH4 may be at least some km thick, which appears
to require that differentiation has taken place. (d) Fi-
nally (see below), we think that Charon became bound
to Pluto after a giant impact somewhat like that now
thought to have formed the Earth’s Moon; this would
also probably have released enough energy to melt the
planet.

If we are correct that Pluto has differentiated, a plau-
sible interior model would have a core of rock roughly
900 km in radius, with a layer of mostly water ice above,
probably about 250 km thick, that extends to within
some km of the surface. Above all is a thin layer, some
km thick, of methane ice. The internal temperature
could be somewhere in the vicinity of the melting point
of water, although the surface is at a chilly 40 to 50 K.

The origin of an apparently unique, tiny planet in
the outer solar system has long been a mystery. Pluto’s
Neptune-crossing orbit led to the proposal that Pluto
might once have been a moon of Neptune that suffered
a close encounter with Triton, ejecting Pluto from the
Neptune system and putting Triton into its present un-
usual retrograde orbit. This idea now seems very un-
likely for several reasons: first, because Pluto is less

massive than Triton, Pluto would not be able to re-
verse Triton’s orbit; secondly, because Pluto would
leave Neptune in an orbit which would intersect that
of Neptune, the two planets would rather quickly col-
lide; and finally, it is not at all obvious how Pluto could
get from a Neptune-intersecting orbit into its present
strongly Neptune-avoiding 3:2 resonance orbit.

Most scientists now suppose that Pluto formed as
an independent body, by accretion of planetesimals,
early in the history of the solar system. The recent
discovery of hundreds of bodies in the Kuiper Belt,
many of which have dimensions approaching those of
Charon, certainly makes this origin seem quite plausi-
ble. Furthermore, the existence of the many bodies in
the Kuiper Belt may offer a reasonable explanation of
the origin of the Pluto-Charon system. With probably
thousands of bodies in this region, it does not seem
too unlikely that Pluto might have suffered a collision
with a large one, leading to formation a moon out of
the collision debris. Note, however, that because of the
small size of the bodies involved, such a collision would
have occurred with only about 1/10th the relative ve-
locity that the Earth and its moon had at the time
of their collision, so the heating effect – though prob-
ably enough to melt Pluto – would have been much
less catastrophic. Nevertheless, enough volatiles might
have been lost from the Pluto-Charon system to ac-
count for its relatively large mean density, and for that
of Charon.

Although the solar system’s outermost planet is still
known quite imperfectly, it is no longer the total mys-
tery it was for the first half century after its discovery.
Instead, its particular nature – unique, but clearly re-
lated to other objects we have gotten to know – reminds
us again of the immense variety and strangeness of the
small system of bodies that travel through the Milky
Way together with our Sun.

11.6 Mathematical aspects

Gravity, hydrostatic equilibrium, and
cooling

Many of the ideas that we have discussed in the Mathe-
matical Aspects sections of earlier chapters are relevant
to the giant planets and their moons. For example, we
have discussed in Chapters 8 and 9 how the mean den-
sity of a planet or moon may be used with reasonable
guesses about possible substances making up the body
to estimate the relative fractions of these components,
and if they are separated, to estimate the size of the
core and the mantle.

Exercise: Data about Jupiter’s moon Callisto may
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be found in Table A.3. Assume that this moon is com-
posed of partly of ice (of density 900 kg m−3) and partly
of rock (of density 3500 kg m−3). (a) Show that the
general expression relating the mass fractions f1 and
f2 = 1−f1 of two composition components of densities
ρ1 and ρ2 to the observed mean density ρ of the moon
is simply

ρ = f1ρ1 + f2ρ2. (11.1)

(b) Use the measured mean density of Callisto to esti-
mate the fraction of the total mass that is rock, and the
fraction that is ice. Do you find that these components
each make up roughly half of the moon’s mass?

The estimate that you derived earlier (Equation 6.8)
for the maximum possible temperature increase that
could be produced by the conversion of gravitational
accretion energy into internal energy should apply to
the accretion of the Galilean moons.

Exercise: Assume that the material from which Eu-
ropa formed had an initial temperature of 100 K. Could
accretion have supplied a large enough temperature in-
crease to melt ice (273 K) and lead to separation of a
rocky core from an ice mantle?

We have also seen that internally and in any atmo-
spheres present, the material of these bodies will be
approximately in hydrostatic equilibrium, which we ex-
amined in Chapters 3 and 8. This fact may be used to
estimate conditions both in the deep interior of a planet
or moon, and in its atmosphere.

Exercise: Use the reasoning discussed in Chapter 3
to estimate the order of magnitude of the pressure at
the centre of Saturn. Does your result agree reasonably
with the value you infer from Figure 11.5?
Exercise: At the top of Jupiter’s uppermost cloud
deck, the pressure is about 6 × 104 Pa. Assuming for
simplicity that the gas is all H2 molecules, estimate the
local number density of molecules (number per m3),
and the total mass of gas per m2 above this level. (You
may want to look back at Chapters 3 or 10.)

Another aspect of the giants and their moons that
can be studied with physics we have already met is the
surface temperatures expected from equilibrium with
sunlight. Recall from Equation 7.3 that this depends
on the albedos for visible and infrared radiation, as well
as the distance of the bodies from the sun.

Exercise: Europa reflects 58% of the visible light
falling on it, while Callisto reflects only 13%. Assum-
ing that both moons reflect only about 5% of infrared
radiation, determine the average surface temperatures
of the two moons. Why is the surface of Europa cooler
than that of Callisto? (Hint: don’t just directly apply
Equation (7.4).)

Growth of a surface ice layer

Yet another problem we can examine is the rate of
growth of the ice layer over a sea of water on a moon
of one of the giant planets shortly after it first forms.
Let’s assume that the layer is so thin that the ice layer
can be treated as flat, not curved around the moon. We
also assume that the only way in which heat is carried
out through the icy crust is by thermal conduction; this
is the key assumption, because if solid-state convection
is able to start in the ice, heat will be transported much
more efficiently than by simple conduction. Finally, we
assume that the surface layer of the ice is held at a con-
stant temperature Ts by the balance between incoming
sunlight and thermal re-radiation [Equation (7.4)], and
that the bottom of the ice layer is held at the melting
temperature of the water in the sea, Tm (why?).

Now a certain amount of energy will leak out from
the sea below to the surface of the ice sheet. We mea-
sure this heat leakage by the heat flux q, the energy
carried through the ice sheet per m2 per s. From Equa-
tion (6.9), at a time t when the ice sheet has reached a
thickness D(t), this heat flux is given by

q = kc
Tm − Ts

D
. (11.2)

This means that in some time dt, the amount of energy
lost from one square m of the sea is q dt. Now let us
suppose that the rate of heating of the sea by radioac-
tive energy release in the core is insignificant compared
to the rate of heat leakage through the ice layer, which
it will be shortly after the liquid water at the surface
of the moon starts to freeze. In this case, the heat lost
from one m2 at the top of the sea will have to be pro-
vided by freezing a thin layer of ice onto the bottom
of the ice sheet; the energy needed will be the latent
heat of fusion released by this process. The amount
of latent heat released in freezing one m3 of ice is Lρ,
where L is the latent heat per kg and ρ is the density of
the ice. Thus to provide an amount of energy q dt from
one m2 at the top of the sea, a volume dV = 1 × dD
must freeze such that

q dt = LρdV = LρdD (11.3)

where dD is the thickness by which the ice layer in-
creases in dt. Then

Lρ
dD

dt
= kc

Tm − Ts

D
. (11.4)

This equation may be rewritten as

D
dD

dt
=

kc(Tm − Ts)
Lρ

(11.5)
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which is easily integrated (with D = 0 at t = 0) to
yield

D(t) =
(

2kc(Tm − Ts)
Lρ

t

)1/2

. (11.6)

Thus we see that the thickness of the ice layer grows
as the square root of the time elapsed since the start
of freezing, rather than linearly with time. (This is the
basic reason that most lakes on Earth do not freeze all
the way to the bottom during the winter.)

Exercise: Using data from Tables 2.4 and 6.7, esti-
mate the amount of time that would be required for
a surface ice layer to reach a thickness of 20 km on
Jupiter’s moon Ganymede.

Tidal disruption

We next turn to the subject of tidal disruption. Un-
like the description of the orbital movement of a small
body around a larger one, tidal disruption cannot eas-
ily be described exactly. Instead, we look for a way
to get an estimate of the size of this effect by suitable
approximations.

To treat tidal disruption approximately, recall that
the force of gravity exerted by one point mass (or spher-
ical body) of mass M , radius R, and density ρM, on
another of mass m, radius r, and density ρrmm, is

F = GMm/a2, (11.7)

where G is the gravitational constant and a is the sep-
aration of M from m. Now to estimate the tidal effect
of M on m, we divide m mentally into two halves, one
on the side near M and the other on the side opposite
M . Suppose now that the body m is held together by
gravity, so that the force holding these two halves to-
gether is only gravitational; then the attractive force of
gravity Fg of the near half of m on the far half of m is
(rather approximately)

Fg ≈ G(m/2)(m/2)
(r)2

=
Gm2

4r2
. (11.8)

Opposing the self-gravity of m is the tidal effect of M .
The attraction of M on the near half of m is approxi-
mately

Fn ≈ GM(m/2)
(a − r/2)2

=
GMm

2a2(1 − r/2a)2

≈ GMm

2a2
(1 + r/a), (11.9)

where have used a first-order Taylor expansion of the
parenthesis in the denominator to get the last approxi-
mate equality. Similarly, the gravitational force due to

M on the far side of m is approximately

Ff ≈ GM(m/2)
(a + r/2)2

≈ GMm

2a2
(1 − r/a). (11.10)

Because of the larger distance of the far half of m from
M compared to the separation of the near half of m
and M , Fn is somewhat larger than Ff . Thus M will
tend to attract the near half of m toward itself more
strongly than the far half. This is the origin of the tidal
effect. To keep the two halves of m moving together,
we need the attractive force Fa of the near half of m
on the far half, and the attractive force by the far half
of m on the near half to be strong enough that the net
force on each half of m equal, so that they follow the
same orbits. This requires that Ff + Fa = Fn − Fa, or

Fa ≈ (Fn − Ff)/2

≈ GMm

4a2
[(1 + r/a) − (1 − r/a)] (11.11)

= GMmr/2a3.

Now for the small body to be stable against gravita-
tional disruption, its self-gravity must be large enough
to supply the required Fa, so stability occurs for

Fg ≈ Gm2/4r2 ≥ Fa ≈ GMmr/2a3, (11.12)

or
a > r(2M/m)1/3 ≈ rRoche. (11.13)

But now the density of M is just ρM = M/(4πR3/3),
while ρm = m/(4πr3/3), so we may rewrite rRoche as

rRoche ≈ r(2M/m)1/3

≈ R(2ρM/ρm)1/3 (11.14)
≈ 1.26R(ρM/ρm)1/3.

From this form it is easy to see that tidal disruption
only occurs for separation a not much greater than the
radius R of the larger body, and that larger density ρm

decreases rRoche and promotes stability of m.
Although the derivation above is quite rough, the re-

sult shows the correct dependence of rRoche on the two
densities, with a coefficient which is of the right order
of magnitude. The exact result for two fluid bodies of
uniform density is

rRoche = 2.45R(ρM/ρm)1/3. (11.15)

This is the value of the Roche limit that should be used
for computations.

Note that a single object held together by internal
forces that are stronger than gravity (a solid piece of
ice, for example) will not be disrupted even if it ven-
tures inside the Roche limit of a larger body.

Exercise: Estimate the Roche limit [using Equation
(11.15)], expressed in units of planetary radii, for tidal
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disruption of (a) the Earth’s Moon by Earth and (b)
Io by Jupiter. (c) Is the outer edge of Jupiter’s ring,
at 1.81RJ, inside or outside the Roche limit for a solid
body made of water ice that orbits Jupiter?
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11.8 Review questions

11.1 How can we determine the mass and radius of a
giant planet? Using densities derived from these
data, does it appear that all four giant planets have
similar chemical composition?

11.2 Why is it useful to simplify the composition of
the giants to gas, ice, and rock?

11.3 How is a “model” of a giant planet made? What
is the difference between a “cold” model and a
“warm” one?

11.4 What are the main ways in which Uranus and
Neptune differ from Jupiter and Saturn?

11.5 What processes might have formed the giant
planets? What data and arguments allow us to
choose one possibility over others?

11.6 How hot are the giants inside? Where does in-
ternal heat come from, and how does it reach the
surface?

11.7 What can we deduce about the chemical compo-
sition of the moons of the giant planets?

11.8 Why does water ice predominate over frozen
methane, ammonia, or carbon dioxide in the
moons of the giants?

11.9 What heat sources may have powered tectonic
activity in the moons of the giant planets?

11.10 How do surface features help us to understand
the history of the moons of the giant planets? How
can we tell if a moon is differentiated or not?

11.11 How could a moon be captured by a giant
planet?

11.12 What processes change planetary rings with
time, and cause them to evolve?

11.13 How can shepherd moons exist inside a plane-
tary Roche limit?

11.14 How may rings have formed? Are they probably
permanent features of their planets?

11.9 Problems

11.1 Jupiter has about 5 × 1029 molecules of H2 and
1 × 1029 molecules of He per m2 above the NH3

ice cloud tops, where the local temperature is
Tc = 140 K. (Note: these are total numbers of
molecules above each square meter, not local num-
ber densities.) Write down an expression for the
pressure pc at the cloud tops using this informa-
tion, and evaluate it. (b) Assume that the atmo-
sphere is convective below the NH3 cloud tops, and
that the temperature increases with depth s at the
constant adiabatic lapse rate of dT/ds = 2× 10−3

K m−1. Write down an expression for the tempera-
ture T (s) below the cloud tops, and then the equa-
tion of hydrostatic equilibrium including explicitly
the variation of temperature with depth. (c) In-
tegrate the resulting equation of hydrostatic equi-
librium to find the variation of p(s) with depth.
Use the known values of pressure and temperature
at the NH3 cloud tops to evaluate any constants.
(d) The bottom of the water ice clouds occur at
a depth where the temperature is about 280 K.
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Evaluate the depth sw of this level below the level
of pc, and find the pressure p(sw) there.

11.2 At the top of the NH3 clouds in Saturn’s at-
mosphere, the temperature is about 110 K and
the pressure is about 0.5 bar. Below this level
the atmosphere is convecting and the tempera-
ture increases with depth s at a constant rate of
dT/ds = 7 × 10−4 K m−1. (a) Write down an ex-
plicit expression for the value of temperature as
a function of depth, T (s), and the expression for
the equation of hydrostatic equilibrium including
this explicit variation of T (s). (Eliminate density
from the equation of hydrostatic equilibrium us-
ing the ideal gas law, assuming that Saturn’s at-
mosphere is composed of pure H2.) (b) Integrate
your equation of hydrostatic equilibrium to find
an explicit expression for the pressure p(s) as a
function of depth below the NH3 cloud tops. Use
the data above to evaluate any constants. (c) Use
the ideal gas law and your expressions for p(s) and
T (s) to find an expression for the density ρ(s) as
a function of depth. (d) The separation of the
two nuclei in H2 is about 7.4 × 10−11 m, so two
molecules will essentially touch when their separa-
tion is of the order of 10−10 m. When the density
is high enough for the mean separation between
molecules to be of this order, H2 will surely be es-
sentially liquid rather than gaseous. Imagine for
counting purposes that the H2 molecules in a liquid
are arranged in a simple lattice of rows, columns,
and layers with all the spacings between adjacent
molecules being 1× 10−10 m. What is the density
of H2 in this state, in kg m−3? (e) Use your results
from parts (c) and (d) to estimate the depth below
the cloud tops at which Saturn’s interior changes
from a gas to a molecular liquid.

11.3 Atoms of all atomic numbers have radii compara-
ble to twice the Bohr radius ao = 5.29× 10−11 m.
In general, one cannot crowd atoms significantly
closer together than a mean spacing of ∼ 4ao with-
out providing enough energy to disrupt the elec-
trostatic structure of the atoms (i.e. without pro-
viding enough energy to detach at least the va-
lence electrons, thus ionizing the atoms). (a) Cal-
culate the approximate density of liquid hydro-
gen, of a common rock such as Mg2SiO4, and of
lead, assuming that in all cases the spacing be-
tween atoms is approximately 4ao. (Recall that
Mg2SiO4 has seven atoms, not one.) Compare
your estimates to measured values. Considering
that this is only an order-of-magnitude estimate,
do you think that the assumption of a universal
atomic size is roughly correct? (b) Assume that

a giant planet of radius R is composed entirely
of H, with a (compressed) density of 300 kg m−3.
Compute the total number of atoms in the planet,
and the gravitational energy released in forming
the planet. How large must the radius R be in
order for the gravitational energy to be just large
enough to provide enough energy to remove the
electron from each H atom, assuming that this re-
quires of order Ecoulomb ∼ e2/4πεoao Joules per
atom? (This is a rough estimate of the minimum
mass a planet must have to convert all molecular
H into metallic H.) Compare your calculated mass
to that of Jupiter.

11.4 (a) Use the measured mean density of Ganymede
from Table A.3 to determine the mass fractions of
ice (density 900 kg m−3) and rock (density 3200
kg m−3). (b) Assume that Ganymede has sepa-
rated into a core-mantle structure. Using the mass
fractions from (a), determine the radius of the core
and the thickness of the mantle. (c) Estimates of
the densities of each composition component are
always uncertain because of imprecise knowledge
of how the moon accreted. Assume that the den-
sity of ice is relatively certain, but that the den-
sity of the rocky component is uncertain by ±400
kg m−3. Estimate the corresponding uncertainty
in the radius of the core.

11.5 This is problem to examine the break-up of
Comet Shoemaker-Levy 9 (SL-9) which struck
Jupiter in 1994 (see Figure 7.11). Comet spe-
cialists have concluded that SL-9 passed Jupiter
in July 1992 at a distance of about 113,000 km
from the planet’s centre, well within the Roche
limit, when the comet broke into a number of frag-
ments. In this problem, we will see that the break-
up in 1992 explains very nicely the fact that the
pieces arrived at Jupiter in July 1994 over a pe-
riod of about 1 week, rather than all together. (a)
Using the time between the last two approaches
to Jupiter and Kepler’s third law, determine the
semi-major axis of the last orbit of SL-9 around
Jupiter. (Be sure to use Jupiter’s mass, not that
of the Sun!) (b) Now let us assume that the comet
was about 5 km across when it broke up, and that
it broke up at its closest approach to the planet.
Thus the nearest pieces of comet to Jupiter were
at a distance r1 about 5 km less than the distance
r2 of the farthest pieces. However, at the moment
of breakup, all the pieces were travelling at the
same velocity. Use the vis viva equation (Equa-
tion 1.14), and the fact that the velocities of all
fragments at break-up were the same, to deter-
mine the difference between the semi-major axes
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of the orbits of the “extreme” fragments, 2.5 km
closer and farther from Jupiter than the average.
(This can be done directly on your pocket calcula-
tor if you keep enough decimals, or more elegantly
using Taylor expansions.) Then use Kepler’s third
law again to find the difference in the extreme pe-
riods. You should find that the difference in the
orbital periods of the fastest and slowest fragments
is of the order of some days, neatly explaining the
spread in arrival times of the pieces of SL-9.

11.6 One of the major factors in the evolution of the
small moons close to Saturn has probably been im-
pacts by comets. In this problem we look at just
how destructive a comet impact could be. The
problem is to estimate the relative velocity of a
plausible comet with a small moon when they col-
lide. (a) Consider a spherical comet composed of
water ice and having a radius of 10 km, entering
the inner solar system from an aphelion distance of
1×104 AU. What is the velocity of this comet as it
reaches Saturn’s distance from the Sun, 9.54 AU?
(b) Now calculate approximately the effect of en-
tering the gravity field of Saturn by using conserva-
tion of energy, starting with the velocity calculated
in part (a), which we can assume applies at, say,
5× 106 km from Saturn, to determine the velocity
of the comet as it reaches a distance from Saturn
of 150,000 km (about the orbital radius of Janus or
Epimetheus). (c) Finally, suppose that the comet
strikes a small moon at this distance from Saturn.
Suppose, to maximize the effect, that the moon
is travelling around Saturn in a circular orbit and
encounters the comet head–on. What is the ap-
proximate relative velocity vrel at the moment of
impact? What is the kinetic energy release in the
impact, computed as mcometv

2
rel/2? (d) Consider a

moon with a uniform mixture of 0.75 ice and 0.25
rock, of radius Rm. What is the minimum radius
the moon must have for the collision to bring in
less energy to the system than the gravitational
binding energy of the moon, and thus be unable
to completely disrupt the moon?

11.7 As discussed in the text, Titan may have an icy
crust with a sea beneath. One way in which this
could happen would be if the ices that formed Ti-
tan contained a few percent of NH3, which seems
likely. The ammonia would act as an anti-freeze,
keeping water liquid down to a temperature of
about 170 K. In this case, the cold liquid at the
bottom of the icy surface crust would keep the ice
so cold that solid state convection would be very
inefficient, and most of the heat loss through the
crust would be by simple thermal conduction. As-

suming that this is the case, we can estimate the
thickness of the ice crust on the moon. (a) First,
we need an estimate of the heat flowing out of the
rocky core of the moon. Assume that the heat
loss from the core is approximately equal to the
current production by radioactivity. Compute the
expected energy output, using data from Chap-
ter 6 (Table 6.5) as necessary. (b) Then assume
that this heat production in the moon’s core is
just in balance with the heat loss through the ice
crust, which has its outer boundary at 94 K and
its inner boundary at 170 K (the temperature of
the ammonia-rich water sea). Find the thickness
of ice that is consistent with this balance.

11.8 Let’s consider the possible evolution of a disk
around a planet, a structure like one of Saturn’s
rings. We will suppose that the material is in the
form of small particles spread uniformly from an
inner radius Ri to an outer radius Ro, with a uni-
form average surface mass density σ (this is the
total amount of matter contained in each square
m of the ring plane, and is measured in kg m−2).
Within this disk the various particles will be or-
biting the central planet (of mass Mp) in nearly
circular Keplerian orbits, but we expect that small
deviations from circular orbits will produce colli-
sions between ring particles, causing a kind of fric-
tion between neighboring orbits, which will have
the effect of gradually slowing the innermost par-
ticles (and thus decreasing the inner radius of the
disk), and of speeding up the outermost particles
(increasing the outer radius). Let’s suppose that
the disk evolves under the influence of this internal
friction but without any external torques acting.
(a) Write down an expression for the total mass in
a narrow ring of radial extent dR. Integrate this
expression from Ri to Ro to find the total mass
Md of the disk in terms of Ri, Ro and σ. (b)
Write down an expression for the angular momen-
tum dL of the narrow ring of radial extent dR,
and integrate this expression to find the total an-
gular momentum L of the disk. (You may compute
the velocity v(R) of the ring at R by equating the
gravitational acceleration due to the central planet
with the acceleration which produces circular mo-
tion.) (c) Write down an expression for the total
energy dEtot, kinetic plus gravitational (which of
course is negative) of a small ring of width dR.
Use your expression for v(R) to simplify this re-
sult. Integrate the result from Ri to Ro to find
the total energy of the disk (this should be nega-
tive). (d) Now suppose that the disk spreads out
as a result of the friction discussed above to new
inner and outer radii R′

i and R′
o, still keeping the
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same total mass and uniform surface density. This
will decrease the surface density to a new value σ′.
Find an expression for σ′ in terms of σ and the
various R’s. (e) Because we have assumed no ex-
ternal torques, the expanded disk should have the
same value of L as before. Use this requirement
to find one relation between the original values of
Ri and Ro and the new values. Don’t forget that
the expanded disk has a different σ than the orig-
inal one. [Hint: simplify your result using the fact
that a4 − b4 = (a2 − b2)(a2 + b2).] (f) Now find
an expression for the new total energy E′

tot of the
expanded disk. Use your result from (c), replacing
the σ′ by your expression from (d). This will re-
sult in an expression in both the old and the new
dimensions. (g) Now (finally!) suppose that the
original disk extended from 1.5Rp to 1.7Rp, and
that the new inner boundary is at 1.3Rp. Use your
result from (e) to find the new outer radius of the
disk, and then find the ratio of the original total
disk energy to the new total energy. The result
should be a little larger than 1. Since both ener-
gies are negative, this shows that the new disk has
decreased in total energy; this is where the energy
comes from that is dissipated in the disk’s internal
friction. You have just demonstrated a specific ex-
ample of a general result, that dissipation resulting
in expansion decreases the total energy of a disk,
and thus is the way in which the disk will evolve.
The disk cannot evolve from a wider to a narrower
shape without external energy input.

11.9 Suppose a small spherical icy body is held to-
gether mainly by solid body crystal forces rather
than gravity, and that it has a tensile strength of
1.5 × 106 N m−2 (i.e. it is an iceberg and a force
per unit area of 1.5 × 106 N m−2 would break it).
Could any planet in the solar system disrupt it by
tidal forces? Assume a density of 1000 kg m−3 and
a radius of 1 km for the small body.


