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INTRODUCTION

In choosing a title we had in mind that there are many planetary systems other than the Solar System.
The book is concerned with the science associated with the planets, the stars that they orbit and the
interactions between them. The relationships of several extra-solar planets to their parent stars
differ from that of any Solar-System planet to the Sun and this can give clues either about the way
that planets are formed or the way that they evolve after formation. For this reason we conclude
with a chapter giving current ideas about the way that planetary systems come into being. There is
general agreement that the formation of planets is intimately connected with the formation of
stars—although there are important differences of view about the nature of the connection. To give
a rounded and complete picture we include material on the formation, evolution and death of stars
and those properties of the Sun that influence the planets of the Solar System.

The origin of the study of the Solar System, at a truly scientific level, occurred in the seventeenth
century when Newton explained the motion of Solar-System bodies by the application of the laws of
mechanics combined with the inverse-square law of gravitational attraction. With subsequent
improvements in telescope technology and, more latterly, through the achievements of space science
we now have detailed descriptions of many Solar-System bodies and have been able to analyse
samples from some of them. The range of what constitutes stellar and planetary science has
expanded in almost explosive fashion in the past few decades and includes aspects of many different
conventional sciences—although physics and astronomy certainly predominate.

There are many excellent textbooks that describe stars and the Solar System in some detail and
give qualitative explanations for some features and quantitative explanations where the underlying
science is not too complicated. At the other extreme there are monographs and papers in learned
journals that deal with aspects of stellar and planetary science in a rigorous and formal way that is
suitable for the specialist and where, sometimes, jargon is used that is incomprehensible to the
outsider. The readership we have in mind for the present work is the senior undergraduate student
in physics or astronomy or the new graduate student working in planetary science who requires an
overview of the whole subject before embarking on detailed study of one narrow aspect of it. Our
analyses of aspects of stellar and planetary science are aimed to be accessible to such students—or,
indeed, to any others meeting the field for the first time.

There are two main components of this text. The first of these is a general overview of the nature of
stars and of the Solar System that can be read independently and quotes the important results that have
been obtained by scientific analysis. For those unfamiliar with stellar properties or the overall structure of
the Solar System we recommend that this part should be read before looking at the other material, to
acquire a general picture of the system as a whole and the interrelationships of the bodies within it.
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XX Introduction

The second component is that which justifies the title of this work. It is a set of 41 topics in which
the detailed science is described. The topics are very variable in length. Some, for example Topic A that
deals with mineralogy, are as long as a normal chapter of a book. Others, for example Topic AG
concerned with the mechanical interactions of radiation and matter, are one or two pages long.
Together these topics provide a description of the great bulk of the underlying science required to
explain the main features of the Solar System.

Problems are given at the end of chapters and most topics, designed to give the reader a
quantitative feeling for stellar and Solar-System phenomena. Solving such problems clearly has
some educational value but, even when the reader fails to solve a problem, reference to the provided
solution may offer useful insights.

Our Earth and the other planets have undergone substantial changes in their states over many
aeons by the action of natural forces. An understanding of the nature of the Solar System and of
the influences that govern its behaviour may allow an appreciation to be developed of what can
influence our planet in the future.



CHAPTER 1

THE UNITY OF THE UNIVERSE

Studies of the Universe, especially in recent times, have brought us to the realization that it is an entity
and not a number of disconnected and unrelated units. Viewing stars, galaxies and gas clouds, either
nearby or in deepest space (which is also equivalent to observing the Universe either in very recent
times or long ago), shows the same formations involving broadly the same chemical compositions.
The galaxies are made of essentially the same components with common mean chemical compositions.
Gas clouds form a family of like objects. For this reason it is possible to consider a representative
galaxy, a representative star or a representative cloud of material. There are, of course, variations
of composition but the variations will be small deviations about some mean.

1.1. COSMIC ABUNDANCE OF THE CHEMICAL ELEMENTS

In most cases the composition of an object can only be studied from a distance. The radiation it emits is
analysed in a spectrometer to determine the frequencies present and also the relative intensities of the
spectral emission or absorption lines. Modern studies cover the whole range of the electromagnetic
spectrum from the most energetic regions (gamma rays and X-rays) to the least energetic (radio
waves). Radioactive elements emit particles during decay and these can also be detected. Each chemical
element emits a characteristic range of frequencies when stimulated in different ways so that the
component chemical elements can be determined. Molecules usually have vibration and electronic
transitions, closely spaced in energy, that give characteristic spectral bands so enabling their presence
to be determined if they are stable under the prevailing conditions.

This procedure has its limitations. Bodies cannot be examined in interior regions if the radiation
or particles cannot escape so that, for example, the composition of the Sun can be found directly only
in its surface regions. To infer the composition of the inner regions requires the exercise of theory,
which may need to be modified as more information accumulates. Bearing this in mind, the cosmic
abundance of the chemical elements is generally accepted as that given in table 1.1. The abundances
are given relative to silicon as the unit.

Hydrogen and helium are overwhelmingly the most abundant elements. Helium is an inert gas; the
second most abundant chemically active element is oxygen. The oxide of hydrogen is water, H,O, so we
will not be surprised to meet a high abundance of water in its various phases. The third and fourth most
abundant elements, carbon and nitrogen, are also chemically active giving simple compounds such as
CO, CO,, NH;, CH,4 and many others. The vast number of carbon-based organic compounds, many
very complex and almost completely consisting of C, N, O and H, is the basis of life on Earth.
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Table 1.1. The cosmic abundance of the chemical elements relative to silicon.

Relative abundance Relative abundance
Element (number of atoms with Si=1) by mass
Hydrogen, H 3.18 x 10*
HZliurri He 221 x 10° } 0-9800
Oxygen, O 22.1
Carbon, C 11.8 } 0.0133
Nitrogen, N 3.64
Neon, Ne 3.44 0.0017
Magnesium, Mg 1.06
Silicon, Si 1
Aluminium, Al 0.85
Iron, Fe 0.83
Sulphur, S 0.50 0.00365
Calcium, Ca 0.072
Sodium, Na 0.060
Nickel, Ni 0.048

Silicon is a relatively abundant element, as are magnesium, aluminium, calcium, sodium,
potassium and iron. These elements, together with oxygen, form the great bulk of the silicate
materials that constitute most of the Earth. Other non-silicate minerals, such as oxides and sulphides,
also occur but they are much less common. Minerals form according to the local conditions of
pressure and temperature and whether, in particular, cooling processes take place quickly or
slowly. A systematic description of different kinds of minerals and the rocks that they form is
given in Topic A.

For condensed matter, there are a few rules that control the general form. The controlling
features are the affinities of different atoms to different types of crystalline bonds. In many cases the
elements segregate into silicate, sulphide and metal according to the following general rules.

. Elements in Groups | and 2 of the Periodic Table have a tendency to combine with oxygen in
oxides and silicates. Elements such as K, Ba, Na, Sr, Ca, Mg and Rb are called lithophilic elements
(from the Greek for stone, /ithos) because they tend to be found in stones.

. Elements in Groups 10 and 11 of the Periodic Table tend to appear as sulphides. Thus Cu, Zn, Pb,
Sn and Ag are called chalcophilic elements (after the Greek khalkos for their leading member,
copper).

. Some elements may combine in compounds as, for instance, silicates but may also appear in
metallic form. Such elements are Fe, Ni, Co, As, Ir, Pt, Au and Ag. These are called siderophilic
(after the Greek sideros for iron, their representative element).

A detailed analysis of the chemical affinities in different conditions is quite complicated but these
simple rules are often useful in understanding particular situations.

1.2. SOME EXAMPLES

Before moving on it is useful to give some examples of the universality of chemical materials. The first
involves the comparison between the mean compositions of the Solar System, the Orion nebula and a
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Table 1.2. Logy(relative abundance), normalized to hydrogen as 12, for three different entities.

Element Solar system Orion nebula Planetary nebula
H 12.00 12.0 12.00
He 10.9 11.04 11.23
C 8.6 8.37 8.7
N 8.0 7.63 8.1
(0] 8.8 8.79 8.9
F 4.6 49
Ne 7.6 7.86 7.9
Na 6.3 6.6
S 7.2 7.47 7.9
Cl 5.5 4.94 6.9
Ar 6.0 5.95 7.0
K 5.5 5.7
Ca 6.4 6.4

planetary nebula. Data for 13 chemical elements are listed in table 1.2. The similarities between the
three lists are very striking.

As expected, similar bodies frequently display similar mineral compositions. This is displayed
in table 1.3 for a selection of minerals on the Earth and Venus, often regarded as sister planets because
of their similar size and mass. As will be seen there are different compositions for different kinds of site
on Earth and for the sites of the Russian Venera landers. The Venus data tend to be similar to the
oceanic material on Earth. This suggests that Venus never underwent the processes forming crustal
and continental material.

Meteorites form a rich source of information about minerals present in the Solar System. The
ages of meteorites, as measured by radioactive dating (Topic B), are about 4.5 x 10° years—the
accepted age for the Solar System as a whole. A list of the most common minerals found in meteorites
is given in table 1.4. They are similar to those on Earth although they must originate from some
condition or event in the very early Solar System.

These examples involving minerals exclude the most abundant elements, H and He, but these
latter can be included by consideration of larger bodies. It is known that all normal stars are made

Table 1.3. The relative abundance by percentage mass for regions of the Earth and Venus. The hostile
conditions on Venus made rapid measurements essential; pressure, temperature and chemical attack destroyed
each probe after about twenty minutes.

Earth (continental Earth (oceanic Venera 13 Venera 14

Oxide crust) (%) crust) (%) site (%) site (%)
SiO, 60.1 49.9 45 49

Al,O5 15.6 17.3 16 18

MgO 3.6 7.3 10 8

FeO 39 6.9 9 9

CaO 5.2 11.9 7 10

TiO, 1.1 1.5 1.5 1.2

K,O 32 0.2 4 0.2
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Table 1.4. The minerals most commonly found in meteorites.

Mineral Composition
Kamacite (Fe, Ni) (<7% Ni)
Taenite (Fe, Ni) (>13% Ni)
Troilite FeS

Olivine (Mg, Fe), SiO4
Orthopyroxine (Mg, Fe) SiO;
Pigeonite (Ca, Mg, Fe) SiO;
Diopside Ca(Mg, Fe) Si,O¢
Plagioclase (Na, Ca)(Al, Si)4 Og

Table 1.5. The main components of the visible regions of the Sun and the major planets by mass percentage.

Sun Jupiter Saturn Uranus Neptune
Molecule (%) (%) (%) (%) (%)
H, 85 89.9 96.3 82.5 80.0
He 15 10.2 3.3 15.2 19.0
H,0 0.11 4x107* — — —
CH,4 0.06 0.3 0.3 2.3 1.5
NH; 0.016 0.026 0.012 — —
H,S 0.003 — — — —

mostly of hydrogen with a substantial component of helium and a small admixture of other elements.
This also applies to the major planets of the Solar System. A comparison between the main surface
components of the Sun and the major planets is shown in table 1.5.

There is a general similarity between the different bodies but it must be stressed that these are
surface components and do not refer directly to the interiors. There is, nevertheless, for Saturn and
Jupiter the implicit assumption that these percentages would be very broadly the same if the full plane-
tary inventory could be taken. The basis of this assumption is that these large and massive planets
would have been formed from similar material that formed the Sun and that the escape velocity
from them is so large that they would have retained all their original material. On this basis, the interior
behaviour of Saturn, for example, is described in terms of a greater helium concentration than in
surface regions. On the other hand the lesser proportion of hydrogen detected in Uranus and Neptune
may be due to losses from these lower mass planets for which escape velocities are also lower.

Wherever we look in the cosmos we are seeing a very similar grouping of the chemical elements. It
would seem safe to assume that the material composition of the Solar System and its neighbourhood is
not untypical of such systems everywhere.

Problem 1

1.1  The density distribution of Saturn is modelled as

=n{i- ()}
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where p, is the central density, r the distance from the centre and R the radius of the planet. The
proportion of helium by mass is assumed to vary as

p=po(l —ar)

where pj is the central proportion and « is a constant. It is known that the surface proportion of
helium is 0.033 and that the average for Saturn as a whole is 0.15.

(i)  What is the mass of Saturn in terms of p, and R?
(i) What is the mass of helium in terms of py, po and R?
(i) What is py?



CHAPTER 2

THE SUN AND OTHER STARS

2.1. THE INTERSTELLAR MEDIUM

The starting point for the formation of all objects in the galaxy is the interstellar medium (ISM). At first
sight it appears a very unpromising source of material. The ISM is rather lumpy, less dense and hotter in
some regions, denser and cooler in others. A characteristic state is with a density a few times 102! kgm >
and temperature about 10000 K. It is mostly hydrogen and helium but also contains 1-2% by mass of
solid grains that may be ices, silicates or metal. Although it is so diffuse, the ISM actually contains a
significant prtoportion of the mass of the galaxy. In the solar neighbourhood the density of stars is
about 0.08 pc>," which is equivalent to 3 x 107! kgm >, assuming that the mean mass of a star is
about 0.5M @.'T' Thus the mass of the ISM is comparable to the mass of the stars in the galaxy.

2.2. DENSE COOL CLOUDS

The first stage in the transformation of the diffuse ISM into dense objects like stars is the formation of
dense cool clouds (DCCs). These can be detected because they obscure the light from stars behind them
and appear as dark patches in the field of view of telescopes (figure 2.1). This raises the question of how
a DCC can be formed from the ISM. A possibility that has to be considered is that of spontaneous
collapse of the ISM under gravity and this will involve a consideration of the Virial Theorem
(Topic C) and of the resultant Jeans critical mass (Topic D). A uniform gas sphere will experience
gravitational forces tending to cause it to collapse and also thermal pressure forces that work in the
opposite direction. A state of balance occurs when the mass of the sphere is given by

375K T3\ /2

My = (33) (2.1)
4nG°u’p

in which k is Boltzmann’s constant, 7 the temperature, G the gravitational constant, ;» the mean mass

of a gas molecule and p the density of the gas. A general form is

My = z(g)m (22)

T 1 parsec (pc) = 3.083 x 10" m.
* The symbol © relates to the Sun so that M, is the mass of the Sun.

6
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Figure 2.1. The central dark feature is the Coal Sack, a dense cool cloud (David Malin, AAO).

where Z = 7.6 x 10%! kg3/2 m 2K 2 for atomic hydrogen and 2.7 x 10°! kg3/2 m 2K 2 for
molecular hydrogen.

A typical mass of ISM material that could spontaneously collapse is found by putting
p=10""kgm™> and 7 = 10000K into (2.2) for, say, Z = 5 x 10*! kg3/2 m ™32 K2 that allows for
the presence of helium plus some molecular hydrogen. This mass is 1.6 x 10®¥ kg or 8 x 107M@,
much greater than the mass of a DCC. Actually, entities of this mass are unlikely to condense. The
reason for this is that the timescale for the collapse would be so long that, well before any appreciable
condensation of the ISM had happened in any particular region, the material in that region would
have been stirred up and mixed with other material. The total time for a spherical body of initial
density p, to collapse to high (theoretically infinite) density, the so-called free-fall time, is

3r \1/2
ly = (—32poG> ; (2.3)

that is about 7 x 107 years for the ISM. The form of collapse is such that at first it is very slow and then
accelerates as shown in figure 2.2. Thus after 40% of the free-fall time the radius is still 90% of its
original value. A theoretical derivation of the form of free-fall collapse is given in Topic E. It
should be pointed out that for gaseous spherical bodies the effect of higher pressure and
temperature as the body collapses slows down the collapse below the free-fall rate. However, for
very transparent bodies, that quickly radiate away the heat energy produced by compression of the
material, the form of the collapse is closely free-fall in the early stages.

As for the ISM, the conditions in DCCs are very variable. A typical conditionis p = 10™"* kgm >
and T = 50K. With the value of Z previously given this corresponds to a Jeans critical mass of
1.8 x 10 kg, or about 900M, and this is a not uncommon mass for a DCC. These DCCs are
often referred to as molecular clouds because almost all the material within them is in molecular
form—about 120 molecular species have been detected including H,, CO and HCN.
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Figure 2.2. Free fall, showing the fraction of the original radius against the fraction of the free-fall time.

2.3. STELLAR CLUSTERS

The Sun is a field star, a star not closely associated with any other and moving independently through
the galaxy. However, there are many stars that are seen in associations called clusters and in particular
the formation of new stars, for example, as observed in the Orion nebula, seems to take place in a
cluster mode.

There are two main types of cluster. The first of these is the globular cluster an example of which is
shown in figure 2.3. It can be seen that there is a dense core in which individual stars cannot be resolved
and the stellar density gradually reduces with distance from the centre. The total number of stars in a
globular cluster is usually in the range 10° to 10° and the material of which they are formed contains
very little (~0.01%) of any element heavier than helium, that is they have very low metallicity. These
are old Population II, stars formed of hydrogen and helium—material very similar to that produced in
the big bang that is believed to have initiated the creation of the universe. Globular clusters are found
mainly in the diffuse halo that surrounds our galaxy. It is postulated that Population III stars may exist
that consist of pure primordial big-bang material with absolutely no heavy element composition, but
none have yet been found.

The second type of cluster is the open or galactic cluster (figure 2.4). Such clusters are open in the
sense that the separation of the stars is large enough for them to be seen individually and galactic in the
sense that they occur only in the galactic plane. Typical open clusters contain from 100 to 1000 stars
and have a mean radius of between 2 and 20 pc, although they are usually quite irregular in shape.
From their spectra it can be found that the constituent stars contain a 1-2% component of heavier
elements by mass—that is they are Population I stars of similar composition to the Sun. The
material in these stars has been through one or more cycles of star formation and evolution during
which heavier elements have been produced. This material has been blown off the evolved star
either in the form of a planetary nebula or in a supernova explosion and then became incorporated
as part of the ISM. The ISM contains 1-2% of dust, representing a component of heavier elements,
and stars produced from it will be Population I stars.



Stellar clusters

Figure 2.4. The Pleiades, a galactic cluster ( Edinburgh Observatory/AAT).
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2.4. A SCENARIO FOR FORMATION OF A GALACTIC CLUSTER

It is very likely that the formation of DCCs may be initiated by the effect of supernova explosions. To
understand this we first need to consider the equilibrium of a DCC. Compared with the ISM, a DCC
has a density larger by a factor of ~10° and a temperature lower by about the same factor. This means
that the pressure in a DCC is similar to that in the ISM; it may be somewhat larger or somewhat
smaller but it would not be too far from being in pressure equilibrium with the ISM.

The galaxy is traversed by energetic radiation and particles which we can identify as starlight and
cosmic rays. These interact with matter, which can be in the form of dust grains, molecules, atoms or
ions, and they are a source of heat. On the other hand there are also cooling processes taking place. The
ISM and DCC material will be partially ionized and, because of the principle of equipartition of
energy, low mass electrons will move quickly and frequently interact with other particles. As an
example, an electron striking an atom or ion may promote one of its electrons into a higher energy
state. Subsequently the electron will fall back into a lower energy state, emitting a photon. Because
of the transparency of the medium this photon will leave the region and so carry away energy. The
net effect in the vicinity of the interaction is that the original free electron loses energy, and this is
equivalent to local cooling. If a DCC or a region of the ISM is to be in equilibrium then the heating
and cooling processes taking place in it have to be in balance.

In regions well away from stars, cosmic rays will be the dominant source of heating and, to a
crude approximation, cosmic ray heating in transparent regions is independent of the form of the
material and can be expressed in units of Wkg™'. On the other hand all cooling processes are
dependent on both density and temperature. We can regard the very low density ISM and DCCs as
being perfect gases and so express the total cooling rate as a function of density and pressure. The
form of this dependence is shown in figure 2.5 for a particular heating rate that we can take as the

Grain, ionic, oxygen and hydrogen cooling
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Figure 2.5. The log P versus log p curve for typical ISM material and a cooling rate of 5 x 107> Wkg™!.
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cosmic-ray heating rate. We can see that the curve has a sinuous form and the horizontal line shows three
points corresponding to the same pressure but three different densities (and hence temperatures) that give
a cooling rate equal to the cosmic-ray heating rate. These points, A, B and C, are states of material that
will be in pressure equilibrium with each other and in thermal equilibrium with the background
radiation. Actually, point B represents an unstable state, corresponding to a part of the curve where
increasing density leads to decreasing pressure. The other two represent a low-density, high-
temperature state corresponding to the ISM (A) and a higher-density, low-temperature state
corresponding to a DCC (C).

The action of a supernova explosion is both to inject heavier-element coolants into the ISM and
also to compress it by a shock wave. Both these effects increase the cooling rate in the region. Cooling
lowers the pressure in the region and the external ISM pressure then compresses it further, so
increasing the cooling even more. It has been shown by numerical modelling (Golanski and
Woolfson, 2001) that eventually the state changes from that at A, the ISM, to that at C, a DCC.

When the DCC is formed it will have a particular density and temperature, and if its mass exceeds
the Jeans critical mass given by equation (2.1) then it will undergo a collapse. The collapsing DCC will
be very turbulent with streams of gas occasionally colliding to give high-density, high-temperature
regions. Because cooling processes are so efficient the high-density region quickly cools and may
then satisfy the Jeans condition for further collapse to form a star. Computation has shown that
sometimes colliding turbulent streams will give rise to binary or other multiple star systems
(Whitworth et al., 1995).

It has been shown theoretically (Woolfson, 1979), and also deduced from observations (Williams
and Cremin, 1969), that the first stars produced are of mass about 1.35M and that later stars of
decreasing and also increasing mass are formed (figure 2.6). The stream of decreasing mass is due to
the increasing density of the DCC as it collapses. More, but smaller and more energetic, turbulent
streams are formed and the smaller Jeans mass enables lesser mass stars to form. The stream of
increasing mass stars in figure 2.6 is due to accretion by stars as they move through denser parts of
the DCC. Stars produced directly by colliding streams spin fairly slowly, as is found from
observation for lower mass stars. However, stars that become more massive by accretion also spin
more quickly, again in line with observation.

e )
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age/Ma

Figure 2.6. The masses of individual stars produced in a young stellar cluster as a function of time. The origin
represents ‘now’ (after Williams and Cremin, 1969).
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The scenario presented here for the formation of a galactic cluster is by no means certain but
it does seem to explain in a rational way what is observed. In fact, all clusters eventually disperse as
stars within them, exchanging energy in a many-body environment, occasionally attain escape
speed. These escaping stars, or perhaps binary pair of stars, form the field stars of which the Sun is
a typical member.

2.5. MAIN SEQUENCE STARS AND THEIR EVOLUTION

What we have described in section 2.4 is the formation of protostars—embryonic stars on the way to
evolving into main sequence stars (Topic F). Main sequence stars are in a state of quasi-equilibrium
(Topic G) where the energy emitted by radiation is balanced by energy generation through the
conversion of hydrogen to helium in the stellar core (Topic H). The Sun, with an age of about
5 x 107 years, is half way through its main-sequence life and thereafter it will evolve through a red-
giant stage until eventually it becomes a white dwarf, with almost its present mass but with a radius
similar to that of the Earth. The form of the evolution of a star away from the main sequence is
mass-dependent and is described in Topic I. The final state of the star—a white dwarf, a neutron
star or possibly a black hole—is also mass-dependent. The theory of the structure of white dwarfs
and neutron stars is given in Topic J.

2.6. BROWN DWARFS

The lowest mass for normal main-sequence stars, ones that emit in the visible part of the spectrum and
so may be observed with optical telescopes, is about 0.075M . This is the lowest mass that gives rise to
a sufficiently high temperature in the core to give hydrogen conversion to helium and hence a high
enough effective black-body temperature to give visible light.

At somewhat below this mass the temperature in the core will still be high enough (a few million
K) to give nuclear reactions involving deuterium, the stable heavy form of hydrogen. Deuterium forms
a fraction about 2 x 10~ of the hydrogen in the galaxy at large, an insufficient quantity to increase the
core temperature to the point where reactions involving normal hydrogen can take place. Objects in
this class are known as brown dwarfs and they have masses down to 0.013M, below which not
even deuterium reactions can take place. It is usual to classify bodies with mass below this,
corresponding to 13 times the mass of Jupiter (13M;), as planets. Planets are cold bodies for which
gravity is a significant internal force. They range in mass from about 10" kg upwards (Topic P).
The radius increases with the mass up to a maximum R, at a critical mass M. (~2M; for
hydrogen but other compositions are possible) when the strength of gravity inside begins to cause
electron degeneracy (section J.2) in the central regions. The degree of degeneracy increases with the
mass, progressively modifying the internal structure. The compressibility increases in consequence,
the radius now tending to decrease with increasing mass, but the effect is small, especially for
hydrogen up to the deuterium limit 13M; when the body ceases to be cold. The range of cold
bodies, therefore, falls into the two categories M < M, and M > M., each with radii below R,,.
Mj is the highest mass within the Solar System (M < M, there) and these bodies have been the
model for planets in the past. The regime of cold bodies beyond M. is yet to be explored in detail.

2.7. STELLAR COMPANIONS

Solar-type stars often, perhaps usually, have a gravitational link with one or more companions. A
companion may have a mass comparable with that of the star, in which case the two form a binary
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Figure 2.7. The measured Doppler shifts from 47 Uma (after Butler and Marcy, 1996).

star system. Alternatively, the mass may be less, and a star—brown-dwarf binary is formed, or the
companion may even be a planetary body.

The first evidence of a planetary companion to a star came from observations of a pulsar. A
pulsar is a rotating neutron star that emits a regular stream of radio pulses of period in the
millisecond to a few seconds range. The period is constant to within about 1 part in 10%, or better,
over time periods of a year or so. If a star has a single companion then the two bodies move
around the centre of mass with the speed of motion of the bodies inversely proportional to their
masses. Thus if the plane of the orbit is not perpendicular to the line of sight then the star will have
a component of motion along the line of sight, towards and away from the observer in a periodic
way. This motion is with respect to the centre of mass of the star—companion system that may itself
be moving with respect to the observer—but this just affects the mean observed period of the radio
pulses. When the pulsar is moving away from the Earth then there is a cumulative delay in the
arrival of pulses since they have farther to travel, and when it moves towards the Earth there is the
opposite effect. If there is more than one companion then the motion of the star is more
complicated but can still be interpreted. In 1992 it was reported that the pulsar PSRB1257412
probably had three planetary companions and later these were confirmed to have masses 3.4M g,
2.8Mg and ~100Mg."

The existence of planetary companions to normal stars was first detected in 1995 when a planet
was detected orbiting Peg 51. The technique of detection depends on the continuous measurement of
the Doppler shift of spectral lines in the light from the star (Topic K). Where the star has a single
companion both bodies move around the centre of mass. If the plane of the orbit is in the line of
sight then the radial motion of the star has a sinusoidal variation of velocity (figure 2.7), the
measurement of which gives the mass and orbit of the planet. It is assumed that the mass of the star
is known, which it will be because mass is closely linked to spectral class for main sequence stars.

T The symbol @ represents the Earth so Mg is one Earth mass.
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Table 2.1. Planets detected around normal stars. The masses, in Jupiter units, are minimum masses.

Minimum planet Period Semi-major
Star mass (Mj) (days) axis (AU) Eccentricity
HD187123 0.52 3.097 0.042 0.03 +£0.03
HD75289 0.42 3.51 0.046 0.054
T-Bootis 3.87 3.313 0.0462 0.018 £0.016
51 Peg 0.47 4.229 0.05 0.0
v-Andromedae 0.71 4.62 0.059 0.034 +£0.015
2.11 241.2 0.83 0.18 +0.11
4.61 1266 2.50 0.41 +0.11
HD217107 1.28 7.11 0.07 0.14
55 Cnc 0.84 14.65 0.11 0.051 +£0.013
>5 >8y >4
Gleise 86 4 15.78 0.11 0.046
HD195019 3.43 18.3 0.14 0.05
Gleise 876 2.1 60.85 0.21 0.27 +£0.03
p-CrB 1.1 39.65 0.23 0.028 +0.04
HD168443 5.04 57.9 0.277 0.54
HD114762 11 84.03 0.3 0.334 +£0.02
70 Vir 6.6 116.6 0.43 0.4
HD210277 1.28 437 1.097 0.45
16 CygB 1.5 804 1.70 0.67
47 Uma 2.41 3.0y 2.10 0.096 +0.03
0.75 711y 3.73 <0.1
14 Her 33 1619 2.5 0.354 +0.088

However, in general the angle, i, between the normal to the orbital plane and the line of sight is
unknown. The component of radial velocity of the star along the line of sight is still sinusoidal but
the deduced mass of the planet is uncertain by a factor 1/sini so that only a minimum mass is
known for the planet. Table 2.1 gives the characteristics of the first 18 detected planets around
stars. They are listed in ascending order of semi-major axis.

The best conditions for detecting extra-solar planets are when the speed of the planet around the
centre of mass is large, for then the Doppler shift is more easily measured, and when the period is short,
for then measurements can be made in a relatively short time and several orbits can be followed. These
conditions are met if the planet is massive and in a very close orbit. For this reason the extra-solar
planets detected so far may not be a typical sample of the full range of masses of planets and orbits.
The echelle spectrographs used for measuring the Doppler shifts can at present measure speeds with
an accuracy of about 3ms '. The speed of the Sun around the Sun—Jupiter centre of mass
(ignoring the other planets) is 13ms~' so Jupiter could be detected from afar although the
measurements would not give great precision unless the time of the observations covered several
years to include a significant fraction of a single orbit.

From the frequency of detection of planets around nearby stars it has been concluded that
about 3-6% of stars like the Sun have at least one planetary companion. Not only does this
influence the way that we think about the status of the Solar System in the galaxy and the
universe but also about the possibility of the existence of intelligent life elsewhere than on Earth
(Topic AM).
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Problem 2

2.1 The proportion of stars with masses between M and M + dM is given by
P(M)dM = CM ~*¥ dM

where C is a scaling constant.

(i) Ifthe lowest mass main sequence stars have a mass of 0.075M o, then what is the mean mass
of a main sequence star?

(i) If the same relationship extended into the brown-dwarf region, with a lower mass limit of
0.013M g, then what would be the ratio of the number of brown dwarfs to the number of
main sequence stars?



CHAPTER 3

THE PLANETS

Although the Sun is the dominant body in the Solar System, containing some 99.86% of its total mass,
it is just a star like others of its spectral type. The entities that make a solar system are the planets and
other bodies bound together by the Sun’s gravitational field. The most important of these other bodies,
both on account of their masses and the fact that one of them is our home, are the planets.

3.1. AN OVERVIEW OF THE PLANETS

There are eight substantial planets in orbit around the sun, seemingly in two distinct families. Their
relative sizes and mean orbital radii are shown in figure 3.1. The outer family, the major planets with
widely spaced orbits, contains four relatively large bodies consisting mainly of gaseous material; the
largest of them, Jupiter, has a diameter one-tenth that of the Sun. The four bodies of the inner family,
the terrestrial planets with more closely spaced orbits, are much smaller and much less massive rocky
bodies. The largest terrestrial planet, the third out from the Sun, is our own Earth. Its radius is less
than one-tenth that of Jupiter and it supports a wide range of biological systems including
humankind. It is of particular interest to understand the factors that enable it to do this. One of the
important questions that scientists are addressing is whether planets in other systems can support life
and, if that life is intelligent, whether communication can be established (Topic AM).

The two families of planets are separated by a gap as though a planet is missing, but this gap is
actually occupied by a large number of very small bodies. These are the asteroids that will be discussed
further in chapter 8. To complete the planetary inventory we must add a ninth body, although this
planet, Pluto, the outermost one is extremely small—smaller even than the Moon. It also has an
orbit that is more eccentric and more inclined than that of any of the others, which all adds to the
general impression that this body is something of a misfit in the planetary family.

3.2. ORBITAL MOTIONS

Every planet moves around the Sun in an orbit that is influenced not just by the dominant effect of the
Sun’s mass but also, to a small extent, by the other bodies in the Solar System, in particular the other
planets. The laws of planetary motion were first formulated by Johannes Kepler (1571-1630). These
state that:

1. Planets have elliptical orbits with the Sun at one focus.

16
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Figure 3.1. The orbital radii and sizes of planets (different scales).

2. The line connecting the planet to the Sun sweeps out equal areas in equal time.
3. The square of the orbital period is proportional to the cube of the semi-major axis of the orbit.

An ellipse is illustrated in figure 3.2. The point F is the focus occupied by the primary body, the Sun in
our case, « is the semi-major axis and b the semi-minor axis of the ellipse. These quantities are related
through the eccentricity, e, of the ellipse by

P =d*(1—¢). (3.1)
For theoretical work connected with orbital motions an ellipse is best described in polar
coordinates (r, ) by
_a(l - )
" 1+ecosh’

The semi-latus rectum of the ellipse, p, is shown in figure 3.2 and is the value of r when § = £n/2 or

(3.2)

p=a(l —é). (3.3)
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Figure 3.2. The geometry of an ellipse.
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The closest distance of the planet to the Sun is when 6 = 0 and this distance, ¢, is known as the
perihelion distance or sometimes just the perihelion, a term that is also used for the nearest point of
the orbit. Similarly the aphelion distance (or aphelion) Q is the farthest distance corresponding to
0 = . From equation (3.2)

g=a(l —e) and O=a(l+e). (3.4)

Kepler’s deductions about the form of planetary motions were based purely on observations,
mainly those of Tycho Brahe (1546—1601) to whom he was an assistant for many years. However,
like Nicolaus Copernicus (1473—1543), who was the main protagonist for a heliocentric model of
the Solar System in the Middle Ages, Kepler had no idea of the fundamental physics that led to
these orbits. A brief historical account of the development of understanding and knowledge about
the Solar System up to the middle of the seventeenth century is given in Topic L.

A complete understanding of orbital mechanics was not available until the basic work on
gravitation by Isaac Newton (1642—1727), who contributed over a vast range of physics and
mechanics and is arguably the greatest scientist who has ever lived. He started from the idea that
the force that caused an apple to fall from a tree towards the Earth is the same force that holds the
Moon in its orbit around the Earth and the Earth in its orbit around the Sun. He deduced that the
magnitude of the force between two gravitationally attracting bodies was the same on each and was
proportional to the product of the masses of the bodies and the inverse square of the distance
between them, i.e.

nymy

2
P!

F=G (3.5)

The gravitational constant, G, has been determined by laboratory experiments and is
6.67 x 107" m> kg~ 's72. It is the least well determined of all the physical constants—although we
can determine the product of G with mass quite accurately. This has implications for the estimates
made of the masses of astronomical bodies.

It is possible to deduce the form of the law of gravitational attraction from Kepler’s laws and,
conversely, to deduce Kepler’s laws from the law of gravitational attraction (Topic M).

While @ and e completely define the size and shape of the orbit, in order to completely define
the orbit in space it is necessary to add three orientation angles and a time fix, i.e. defining a time at
which the orbiting body is at perihelion. Defining angles must be done in relation to a coordinate
system and the ecliptic, the plane of the Earth’s orbit around the Sun, is taken as the x—y plane in a
rectangular Cartesian system. The positive z axis is taken towards the north so that all that remains
is to fix an x direction in the ecliptic. Relative to the Earth the Sun moves in the ecliptic and twice a
year it crosses the Earth’s equatorial plane, at which times there are the equinoxes when all points
on Earth have equal periods of day and night. The equinox when the Sun moves from north to
south of the equator is called the autumnal equinox and the other, when the Sun moves from south
to north is called the vernal equinox. The direction defined by the latter is called the First point of
Aries and this is taken as the direction of the x axis. These planes and directions are illustrated in
figure 3.3a.

The definition of the angles that fix a planetary orbit in space can be followed in figure 3.3b. The
first angle that defines an orbit is i, the inclination, that is the angle made by the plane of the orbit with
the ecliptic. The intersection of the orbital plane with the ecliptic defines the line of nodes; the point on
this line when the orbiting body moves from south to north is the ascending node and when it moves
from north to south the descending node. The other two angles that completely define the orbit are
expressed relative to the ascending node. The first relates to the ecliptic plane and is the longitude of
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Figure 3.3. (a) Defining the First Point of Aries. (b) Quantities defining the orientation of an elliptical orbit.

the ascending node, (2, which is the angle between the ascending node and the First point of Aries. The
second angle relates to the orbital plane and is the argument of the perihelion w, that is the angle in the
direction of motion from the ascending node to the perihelion.

To define the position of the body at any time requires, in addition, some time-dependent
information, usually the time of perihelion passage, T,. With all six quantities (a, e, i, {2, w and T})
given, the motion of the body is completely defined. Since the orbit must also be defined if both the
position r and the velocity v are known, also requiring six items of information, then clearly it is
possible to transform between the two sets of defining quantities.

3.3. ORBITS OF THE PLANETS

The quantities @, e and i for the planets are shown in table 3.1. The division into terrestrial and giant
planetary families is just about evident in the distribution of the planetary orbital radii, although the
gap between the two groups of planets is not too obvious. The orbital radii are given in astronomical
units (AU), the mean Earth—Sun distance. The orbital characteristics reveal that most orbits are close to
circular and close to being coplanar with the greatest deviations from this pattern being shown by the
innermost and outermost bodies, Mercury and Pluto.
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Table 3.1. Characteristics of the planetary orbits.

Mean distance Bode’s Orbital Orbital Period
Planet (av)f law eccentricity inclination (years)
Mercury 0.387 0.4 0.2056 7°0 0.2409
Venus 0.723 0.7 0.0068 3024 0.6152
Earth 1.000 1.0 0.017 — 1.000
Mars 1.524 1.6 0.093 1°51' 1.8809
Asteroids — 2.8 — — —
Jupiter 5.203 5.2 0.048 1°18 11.8623
Saturn 9.539 10.0 0.056 2°29' 29.458
Uranus 19.19 (19.6) 0.047 0° 46’ 84.01
Neptune 30.07 (38.8) 0.0086 1°47 164.79
Pluto 39.46 (77.2) 0.249 17° 19’ 248.54

1 astronomical unit (AU) = 1.496 x 10" m.

The planets known to the ancients were those out to Saturn, and this state of affairs was
unchanged until William Herschel (1738—1822) discovered Uranus in 1781. In 1772 Johann Bode
(1747—-1826) noticed that the planetary orbital radii out to Saturn, the outermost known planet,
were close to a fairly simple mathematical progression, which became known as Bode’s law. This is
illustrated in the third column of table 3.1. The law is of the form

ry=04403x2" (3.6)

where the leading term is the radius of Mercury’s orbit in Au and for the remaining planets n =0, 1. ..
for Venus, Earth, etc. However, to fit the law n = 3 has to be assigned to the asteroids and, in fact, the
mean of the orbital radii of the larger asteroids fit the law well. When Uranus was discovered and its
orbital radius was found to fit the law, it was generally believed that the law had some fundamental
validity, although without any physical basis being established for it.

In the early nineteenth century telescopes were quite refined and the principles of celestial
mechanics were well established. When Uranus was discovered, a search of earlier records revealed
that it had previously been observed but not recognized as a planet. Careful observations of Uranus
over 20 years or so showed that it was departing from its expected path and it was suspected that
some unknown perturber was the cause. In 1845 a Cambridge student, John Couch Adams (1819—
1892), explained the residuals of the motion of Uranus in terms of an unknown planet and he sent
the predicted position to Airy, the Astronomer Royal. Unfortunately, Airy was not inclined to
waste telescope time on the predictions of a student and, in any case, he was sure that the residuals
of Uranus were due to a breakdown of the inverse square law of gravitation at large distances. In
1846 a French astronomer, Urbain Leverrier (1811-1877), independently predicted the position of
an unknown planet that agreed with that of Adams very closely. His prediction was sent to Galle at
the Observatory in Berlin and the new planet, Neptune, was discovered straightaway.

The discovery of Neptune in 1846 gave the first major breakdown of Bode’s law. In fact, even
after the discovery of Neptune, observations of Uranus and Neptune suggested further unexplained
residuals (now believed not to exist) and a search was mounted for Planet X, a planet even farther
from the Sun. The first prediction of the mass of Planet X was six times that of the Earth—a
substantial body—but nothing was found for a considerable time. The main searchers for the new
planet were Percival Lowell (1855-1916) and William Pickering (1858—1938) of the Lowell
Observatory with a telescope devoted to the search. Eventually the new planet, Pluto, was
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discovered in 1930 by Clyde Tombaugh, fairly close to the position predicted by Lowell and Pickering.
Its orbital radius departed even farther from the Bode’s law pattern. Most astronomers do not now
believe that Bode’s law has any fundamental significance although there are some theories of the
origin of the Solar System that attempt to find it as an outcome.

Although Bode’s law seems to have no physical basis for linking the orbital radii there are
nevertheless some striking relationships between the periods of the major planets and Pluto. These
relationships are in the form of orbital commensurabilities, that is where the ratio of the periods of
a pair of planets is very close to the ratio of two small integers. Very often the ratio is not exact but
close enough to suggest that some underlying physical process is trying to achieve the exact ratio.
The most striking of these is the ‘great’ commensurability connecting the periods of Jupiter and
Saturn. This is of the form

5ng — 2ny = 0.007 127 year ™!, (3.7)

where n represents the mean motion, which is the mean angular speed in the orbit, in this case expressed
in the units radians per year. If the right-hand side were zero then there would be an exact
commensurability with the periods of Jupiter and Saturn in a 2 : 5 ratio.

Another striking commensurability is between Neptune and Pluto for which

2nn — 3np = 0.000 159 year . (3.8)

Pluto’s very eccentric orbit brings it at perihelion just within the orbit of Neptune and it might be
thought that the gradual drift in the relative positions of the two planets implied by the finite value
of the right-hand side of equation (3.8) would eventually bring them close together. Perturbations
of Pluto produce the pattern that the conjunctions with Neptune (i.e. when the planets are aligned
on the same side of the Sun) occur when Pluto is close to aphelion. Over many successive
conjunctions Pluto librates (oscillates) about its aphelion with an amplitude of 80°. Computation
has confirmed that this gravitational evasion could persist for much longer than the age of the Solar
System.

Another, but much less striking, commensurability occurs for Uranus and Neptune where the
ratio of periods is 1: 1.962 although in this case there is no gravitational evasion. A possible origin
of commensurable orbits is described in Topic N.

3.4. PLANETARY STRUCTURES—GENERAL CONSIDERATIONS

The details of the main physical characteristics of the planets are given in table 3.2. The size variations
illustrated in figure 3.1 showed clearly the division into terrestrial and major categories, and this
division is reinforced by the clear differences in masses and densities. The anomalous nature of
Pluto, considered as a member of the planetary family, is also quite clear from its small size and
mass as well as the extreme nature of its orbital eccentricity and inclination, as shown in table 3.1.

The main general components for the formation of planets, in descending order of density, are
iron, silicates, ices and gases. From observations of the terrestrial planets and their overall densities
they consist mainly of iron and silicates, together with atmospheres except for Mercury. The
atmospheres are important in controlling the surface conditions on these bodies but contribute very
little to the mass. The atmosphere of the Earth has a more complicated structure than that of any
other terrestrial planet and is described in Topic O. It provides a basis for describing the
atmospheres of other planets.

The major planets are sometimes called the giants or gas giants and the distribution of matter
within them has been theoretically modelled as being an iron-silicate core, somewhat like a large
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Table 3.2. Characteristics of the planets.

Planet Mass Mass Equatorial Equatorial radius Mean density Surface gravity
(10** kg) (Earth=1)  radius (10°km)  (Barth = 1) (10°kgm™>) (ms™?)

Mercury 0.3302 0.0553 2.440 0.383 5.427 3.70
Venus 4.869 0.815 6.052 0.949 5.204 8.87
Earth 5.974 1.000 6.378 1.000 5.520 9.78
Mars 0.6419 0.107 3.393 0.532 3.933 3.69
Jupiter 1899 317.8 71.49 11.21 1.326 23.12
Saturn 568.5 95.16 60.27 9.449 0.687 8.96
Uranus 86.6 14.54 25.56 4.01 1.27 8.69
Neptune 102.4 17.15 24.76 3.88 1.64 11.0
Pluto 0.014 0.0025 1.44 0.226 2.03 0.45

terrestrial planet, with most of the mass in a surrounding ice and gas envelope. Thus Jupiter and Saturn
may have iron—silicate cores of mass in the range 5-10M, surrounded by a mainly hydrogen + helium
envelope. Uranus and Neptune may have an additional substantial component of fluid or solid
molecular material, such as water, H,O, methane, CH,4, and ammonia, NH;, between the solid core
and gaseous outer layers.

Despite the uncertainties of our knowledge concerning the internal structures of planets it
is possible to develop a generalized approach to the structure of planets just based on the various
energies associated with its component material treated as a collection of atoms (Topic P). It turns
out from this approach that thermal energy is such a tiny part of the total energies involved that
at this level, for all practical purposes, a planet may be regarded as a cold body. Nevertheless,
when we consider the detailed behaviour of a planet then thermal energy cannot be neglected.
Heated material sets up convection motions, often in the form of a pattern of cells, and these can be
responsible for distortions in the overall shape of the planetary body, mass motions of its
surface material, volcanism or earthquakes. The general equations of heat transfer are developed in
Topic Q. Terrestrial seismology, and what we can learn from it, is described in Topic R.

Another difference between the two families of planets, but not such a distinct one, is seen in their
spin periods, those of the giant group all being shorter than those of the terrestrial group. The spin
characteristics of the planets together with information about their satellite families are given in
tables 7.1 to 7.5. The effect of spin is to distort the planets away from spherical form and to a first
approximation the distorted surface takes on the form of an oblate spheroid. A general ellipsoid
(figure 3.4) is a surface described in rectangular Cartesian coordinates as

+5=1 (3.9)

If @ = b then the z axis is a symmetry axis; ¢ > a gives a prolate spheroid (like a rugby ball) while ¢ < a
gives an oblate spheroid, which is like the surface of a spinning planet flattened along the spin axis. If
a = b = ¢ the surface is spherical.

The extent of the distortion of a planet can be expressed as the flattening

d, — d,
de

where the equatorial diameter is d, and the polar diameter is d,. The values for the planets, except those
for Mercury, Venus and Pluto that are too small to measure, are given in table 3.3. The general pattern

f= , (3.10)
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Figure 3.4. A general ellipsoid.

agrees with what would be expected. The giant planets, because they are more diffuse in structure and
spin more rapidly, have the greatest flattening.

A matter of interest to planetary scientists is the distribution of matter within a planet. A non-
spinning planet would have spherical symmetry and no information could be gained by external
gravitational measurements since all the mass would act as though it was concentrated at the
centre. A quantity that gives information about the distribution of matter is the moment of inertia
(Topic S).

A uniform sphere of mass M and radius R has moment of inertia 0.4MR® and where there is non-
uniformity, but still spherical symmetry, the general form is aMR> where « is the moment-of-inertia
factor. Thus for the Moon o = 0.392 and this indicates that there is some central concentration of
its mass—presumably in the form of an iron core. For a distorted spinning planet the moment of
inertia about the polar spin axis (about which the planet actually spins), C, is different from that
about a diametrical axis in the equatorial plane, 4. Determination of both C and A can give
important information about the internal distribution of matter within the body.

One consequence of a planet departing from spherical symmetry is that the gravitational
potential in its vicinity no longer has a simple 1/r dependence and other terms appear in the
expression for the gravitational potential. For an idealized distortion of a planet that maintains an
axis of symmetry the extra terms involve higher powers of 1/r and Legendre polynomials that
describe the 6 dependence in a spherical polar coordinate system. Because of the r dependence, at
great distances the extra terms become unimportant but at smaller distances their effect can be
detected, for example by detailed measurements of the motions of satellites, both natural and

Table 3.3. The flattening of planets.

Planet Flattening
Earth 0.0034
Mars 0.0065
Jupiter 0.0649
Saturn 0.0980
Uranus 0.0229

Neptune 0.0171
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Figure 3.5. Precession of the Earth’s spin axis with a period of 26 000 years.

artificial. Numerical coefficients of these extra terms, known as the gravitational coefficients, depend
upon the distribution of matter in the planet and the most important of these coefficients, J,,
depends on the difference between the two moments of inertia, C and 4. In addition to the effect of
the planet’s shape on the external gravitational field, the effective gravitational acceleration at a
point on its surface will also be modified due to its spin. The gravitational effects of spin and
distortion are described in Topic T.

Another consequence of departure from spherical symmetry is that the gravitation effect of an
external body on the distorted planet is not equivalent to a simple force acting at its centre of mass.
In addition, there is a net torque about the centre of mass. This situation occurs for the Earth—
Moon system. The gravitational effect of the Moon acting on the Earth’s equatorial bulge due to its
spin causes precession of the Earth’s spin axis with a period of 26 000 years (figure 3.5). The angle
made by the polar axis stays at the same angle to the Earth’s orbital plane but the intersection of
the polar axis with the celestial sphere moves along a circular path. Thus Polaris, the pole star, has
not always indicated north nor will it do so in the distant future. Similarly the intersection of the
Earth’s equatorial plane with the ecliptic changes with time, and hence so does the First point of
Aries. An approximate derivation of the precession period, Tp, is given in Topic U. A characteristic
of Tp is that it depends on the ratio of moments of inertia C/A.

If the mass M and mean radius R of a planet are known then a measurement of J, gives C — A
and an estimation of Tp gives C/A4 so that C and A can both be found. Knowledge of these two
quantities then provides information about the distribution of matter within the planet or, at least,
enables models to be tested. If a model based on some assumptions gives disagreement with the
estimated values of C and A then that model can be ruled out. Unfortunately it is not always
possible to find a precession rate, in which case a combination of the flattening, f, and J, can be
used to estimate C and A4 but not as precisely as when Tp is available.

3.4.1. Planetary magnetic fields

Another important physical characteristic of most planets is an internally generated magnetic field. A
description of the Earth’s magnetic field is given in Topic V. It is not a simple matter to produce a
picture of how such fields come about. The usual picture presented is that of a self-excited dynamo,
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Figure 3.6. Magnetic field lines for a dipole field.

a device that can actually be constructed in the laboratory. A wire loop spun very quickly in a fairly
weak magnetic field can generate a large alternating current that can be rectified and then be used
to generate a magnetic field larger than the original one. How such a model can be applied to what
goes on inside, say, the Earth is not clear. However, it is generally agreed that the Earth’s magnetic
field, corresponding to a dipole moment of ~8 x 10" Tm™, is generated by some kind of dynamo
mechanism that converts mechanical energy into the energy of a magnetic field. Such a mechanism,
whatever it is, must be capable of reversing the direction of the field from time to time in a fairly
random way, as is indicated by observations (section V.6.3).

The planetary fields closely approximate a dipole form, which is the form of field produced by a
conducting coil. This is illustrated in figure 3.6. However, the dipole form is only maintained for a small
distance from the planet, beyond which the field is modified by interaction with the solar wind, a stream
of energetic charged particles emanating from the Sun. The Sun itself produces a strong magnetic field
with a quoted dipole moment 8 x 102 T m? but the structure of the field is very complex and can hardly
be described in any simple way. It behaves like a large collection of different sources of dipole fields
varying randomly in both polarity and strength. The Sun is also a source of ionized material that
leaves the Sun spiralling around field lines until, at some distance, it becomes decoupled from the
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weakening field and then travels on to the edge of the Solar System and beyond. The solar wind is a
plasma with equal numbers of protons and electrons; in the vicinity of the Earth it travels at about
400 kms~' and it has a density that is very variable but is of the order of several million particles
per cubic metre.

The way that the solar wind interacts with a planet or other body, e.g. the Moon, depends on the
properties of that body. In the case of the Moon, a body with neither intrinsic magnetic field nor
atmosphere, the solar wind simply bombards the surface and microscopic examination of lunar
rocks reveals the damage caused by the impact of the charged particles. On the lee side of the
Moon, and close to it, there will be a cavity without any charged particles but farther away
particles will diffuse inwards. Of more interest is the interaction of the solar wind with a planet that
has both an atmosphere and an intrinsic magnetic field and the Earth is such a planet. Figure W.8
illustrates the action of the solar wind on the Earth. The interaction of a fast-flowing plasma with a
magnetic field is quite complex. The charged particles become coupled to the field and hence are
influenced in the way that they move. Conversely, the magnetic field lines become frozen in to the
plasma and are distorted by its motion. This complex interaction, giving rise to the pattern of field
lines and particle distribution shown in figure W.7, is described more fully in Topic W.

Some particles break through the Earth’s magnetic-field barrier and become trapped by field lines
in such a way that they travel to-and-fro from pole to pole. They are concentrated in two doughnut-
shaped regions known as the van Allen belts. When the motions of the charged particles bring them into
the tenuous regions of the upper atmosphere they excite atmospheric atoms by collision. Subsequent
de-excitation gives rise to spectacular displays in the form of streams and sheets of colour known as the
aurora borealis at the northern pole (plate 1a) and the aurora australis at the southern pole (plate 1b).

Problems 3

3.1 Associating the planets from Mercury to Pluto with integers n = 0 to 8 then plot log(r,) against n
where r, is the mean orbital radius of planet n. Draw a best straight line through the plotted
points and so find the best relationship of type r, = a x b". Compare the values from your
formula with the true values.

3.2 (a) The periods of Uranus and Neptune are 84.011 and 164.79 years respectively. Find a relation-
ship, similar in form to equations (3.7) and (3.8), that links the mean motions of Uranus and
Neptune.

(b) The orbital period of Venus is 0.723 years.

(1) Find the mean motions of the Earth and Venus, ng and ny.
(i) By considering integers, m, up to 10 find a relationship of form

MgNng —Myny = ¢

with the minimum possible value of c.



CHAPTER 4

THE TERRESTRIAL PLANETS

So far we have considered the planets as of two major types, terrestrial and major, and also dealt with
matters such as atmospheres, general structure and magnetic characteristics that are common to all or
many planets. Now we consider the planets individually and highlight their characteristic features,
starting with the terrestrial planets.

4.1. MERCURY

Mercury has the form of a triaxial ellipsoid, meaning that the values of a, b and ¢ in equation (3.9)
are different. The gravitational coefficient J, =8 £ 6 x 10™* (Topic T). The mean moment-of-
inertia factor is apgee =~ 0.33 which is to be compared with aygoon = 0.392. This implies a greater
concentration of material towards the centre of Mercury than for the Moon. There are indications
of hemispherical asymmetry in the Mercury figure, the southern hemisphere being rather larger
than the northern. Interestingly, this type of asymmetry also occurs with the Earth, the Moon and
Mars.

Since it has neither a natural satellite nor an artificial one placed by man, its mass cannot be
determined by the application of Kepler’s third law. The best estimate available, given in table 3.2,
comes from perturbation of Mariner 10 during its close passages to Mercury in 1974 and 1975. Its
mean density, 5427 kgm™>, is 0.983 times that of the Earth, which is surprisingly high for such a
small body. In fact, because of its larger mass, compression plays a significant role in the Earth and
its intrinsic (i.e. pressure-free) density is closer to 4500 kg m >—much less than that of Mercury.

The flybys established the sidereal spin period to be 58.65 days while the sidereal orbital period is
87.97 days. The term sidereal means that the frame of reference in which the motion is described is that
of the fixed stars. Thus the sidereal orbital period is the period between which the Sun—planet line
points towards the same fixed star and represents a true orbital rotation of 2r radians. By contrast
the synodic period is the time between similar positions with respect to the Sun and the Earth. The
synodic orbital period is the time between one conjunction, when the planet, Earth and Sun are
collinear, and the next similar conjunction. Since, for Mercury, the sidereal spin period and the
sidereal orbital period are in the ratio 2 : 3, the planet rotates three times on its axis during two
revolutions of the Sun. This means that two regions, 180° apart in longitude, alternately face the
Sun at successive perihelia. This forms two temperature ‘hot’ poles. The temperature extremes on
the surface are wide—90 K and 740 K. The upper value is above the melting points of lead (601 K),
zinc (693 K ) and tin (505 K).

27
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It is presumed that Mercury has the same age as the other members of the Solar System. The
small size of the planet and the high temperature of its environment are consistent with it not
having an atmosphere now. It may well have had one very early in its life but it will have
evaporated very quickly (Topic O).

4.1.1. The surface of Mercury

The surface details were photographed during the Mariner 10 space vehicle missions of 1974 (29 March
and 21 September) and 1975 (10 March) at distances of about 200 000 km. They were flyby missions
and the vehicle passed the planet at high speed. The accuracy of the data is not high and imaging
techniques have improved considerably since those early days. It was, as a consequence, not
possible to get pictures of great detail but a mosaic formed from many pictures was obtained
showing the surface details for the first time. This is shown in figure 4.1. Unfortunately, the vehicle
had a 176-day orbit around the Sun, which is just twice Mercury’s orbital period, so consequently

Figure 4.1. 4 mosaic composition of part of Mercury’s surface. The ring structures associated with the Caloris
basin are on the left-hand side (NASA ).
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at each bypass almost the same region, consisting of 45% of the surface, was photographed. The
dangers of a partial photographic survey must be stressed. As an example, the first photographic
views of Mars (the Mariner 4 encounter on 14 July 1965) showed only cratered terrain. This gave
no indication of the very different types of terrain revealed by later photography. Although the
Mercury data can be regarded as to a certain extent tentative, at present they are supplemented by
restricted radar surveys from Earth ground-based apparatus and some firm conclusions about
conditions on the Mercury surface can be inferred.

Superficially the surface of the planet appears very similar to that of the Moon. There will be some
differences of course. Surface gravity is about three times that of the Moon and the very high
temperatures can lead to plastic flows which tend to reduce the stability of initial crater heights. This
will affect the trajectories of ejected material and the shape of elevations. The similarity between the
surface appearances of Mercury and Moon enables some of the nomenclature devised for the Moon
(for instance, using the word basin for a very large crater) to be useful for Mercury as well.

The surface area is 7.5 x 10'* m?, which is slightly less than 15% that of the Earth and very nearly
twice that of the Moon. The surface appears to be an entirely barren and densely cratered terrain with
no present geological activity. Its surface seems to be covered by dust, formed from the underlying
rocks by bombardment with high-energy radiation from the Sun, as has been found for the Moon.
It is also similar to the Moon in the way that it polarizes scattered light and in its low visual albedo
(Topic X), 0.106, compared with 0.07 for the Moon.

Like other solid bodies in the Solar System, Mercury shows the scars of heavy bombardment.
The distributions of crater diameters in the highland regions of Moon and Mercury are shown in
figure 4.2 with data for Mars included for comparison. The curves all have maximum values at
around 100 km although that for Mercury is much sharper than that for the Moon. Both Moon
and Mercury show a high proportion of larger (>400 km) diameter craters. These data suggest that
the objects striking the surfaces were of comparable size and suffered impacts with comparable
speeds, although it could be that the objects striking Mercury were rather more uniform in size than
those striking the Moon. The frequency of impacts can be explored using the counts of crater
density. The density of craters also shows some differences and it would seem that the intensity and
scale of bombardment was greater on Mercury than on the Moon.

The surface regions of Mercury can be divided into five broad categories that can also be
arranged in a general time sequence to portray early events. Four of the categories are very general

Crater densities on Mercury, the Moon and Mars
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Figure 4.2. A comparison of the density of craters on the Moon, Mercury and Mars related to the crater
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but the fifth is very specific. This last category is the major topological feature seen on the surface so
far, the Caloris basin (figure 4.1). It lies near one of the ‘hot poles’ (hence the name Caloris) and spreads
over a diameter of some 1500 km. An unusual hilly region at the antipodal region of the planet could be
due to the focusing of seismic energy due to the collision with the substantial projectile that formed the
basin. If this is so, it must have caused great structural damage to the interior of the planet.

The other four general features are: heavily-cratered terrain, inter-crater plains, smooth plains, and
young craters. There are also lineaments, which appear to be scarps (or cliffs) and trenches (troughs). A
representative scarp is up to 1 km high and several hundred kilometres long. The representative trench
will be several hundred metres deep, about 120km wide and will extend for several hundred
kilometres. The global surface elevations are up to 3 or 4km above and below the mean radius.

Several hundred linear features, such as scarps or troughs, have been identified and there are
probably more to be discovered when a more detailed and complete survey of the surface is possible.
They are not distributed at random but have a specific surface distribution. Except at the polar
latitudes, the majority lie northwest—southeast and the remainder lie northeast—southwest. In the
polar latitudes the orientation is more nearly north—south. The origin of these features is not
understood. An overall contraction or expansion of the surface could well produce extensional cracks
or compressional creases, similar to troughs and scarps, but it cannot be seen how this would lead to
what is observed. Another possible explanation is the early de-spinning of the planet due to solar tidal
effects that also gave rise to the 2 : 3 ratio of spin to orbital period. The time for de-spinning is
difficult to estimate theoretically: values in the range between two million and two thousand million
years have been proposed, depending upon whether the main body was taken as solid or liquid at the
time. But either way, calculation suggests that the east—west stresses will be greater than the north—
south stresses and this result could account, at least partially, for the observed distribution. There
was, presumably, some change of mechanism in the high latitudes to provide the north—south
alignments. These more symmetric forms could have resulted from contraction/compression of the
regions as the newly formed planet approached a form of mechanical equilibrium.

The degree of overlapping of craters allows a relative chronology for the surface to be
established. The relative chronology can be made absolute if (a) there is some other relevant body
with an absolute chronology for comparisons to be made and (b) comparable processes can be
assumed to have occurred on each surface. The dating of the lunar material returned to Earth by
the Apollo missions has allowed an absolute chronology to be established for the Moon. The
surface appearances of Mercury and the Moon are similar. A comparison between the lunar and
Mercury craters may allow an absolute chronology to be established for Mercury.

Like the Moon, the Mercury surface shows every sign of being ancient. It is likely that it was once
molten but cooled rapidly. It seems that the surface has been inactive over the last 3000 million years.
Contraction faults would have arisen during the cooling of the surface and also from internal
rearrangements. One is tempted to postulate a thick crust encasing a cold, solid interior because
activity that accompanied the formation and early history of the planet was soon dissipated leaving
a dead world. This may not be entirely true as we shall see.

The cratered terrain appears, as for the Moon, to be the result of the initial bombardment of large
bodies that accompanied the formation of the Solar System. The impacts penetrated the solid crust
quite extensively and resulted in a general volcanism that spread a layer of basalt across the solid
surface. The structure of the intercrater plains is different from that shown by the Moon; there the
basalt lava lies within each crater but for Mercury it lies between them. There are some impact
craters on the plains, showing that the plains were formed before the later impacts.

Some smooth plains seem to have been the result of extensive volcanism over the surface at a still
later date. The young craters in them are distinguished by the rays due to ejected material (similar to
those on the Moon) still being evident. It seems that an occasional impact still occurs on the surface.
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Figure 4.3. The Mercury bow-shock, magnetopause and tail.

4.1.2. Mercury’s magnetic field

Perhaps the most surprising result of the Mercury observations has been the recognition of an intrinsic
magnetic field with a largely dipole form. This was recognized from observations of the interaction
between Mercury and the solar wind. With no atmosphere the solar wind would be expected to
strike the surface in the same way as it does with the Moon. There was much surprise when a bow
shock structure was encountered characteristic of the effect of a magnetic field (Topic W). This is
shown in figure 4.3. From the observed local speed and density of the solar wind it is possible to
infer the strength of the opposing magnetic field. It appears that Mercury has a dipole moment of
strength 4.9+ 0.2 x 10" Tm®. This would imply an equatorial surface field of 2 x 1077 T (0.002
Gauss) or about one hundredth that of the Earth. As for the Earth, the direction of the field is anti-
parallel to the rotation axis and the angle between the magnetic and rotation axes is less than 10°
(section V.1). The origin of Mercury’s field is not fully understood. A dynamo mechanism requires
a rotating conducting fluid core and it is unlikely that the Mercury interior could provide these
conditions although it is not ruled out completely. The magnetic field is too weak to sustain a
system of trapped charged particles, such as the Earth’s van Allen radiation belt, but it is strong
enough to interact with the solar wind giving features observed near the Earth such as a bow shock
and a distorted magnetosphere.

4.1.3. Mercury summary

Mercury presents an ancient surface and it is certain that heat loss is by simple conduction through the
solid crust. There is evidence for substantial volcanism in the past so that early heat transfer from the
interior would have been, to a large extent, by the advection' of lava materials.

In spite of appearing to be a dead body, the presence of a dipole field suggests that the interior
may still be molten if the magnetic field has a dynamo origin.

 Advection is the mass motion of material, usually due to convection.
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4.2. VENUS

Venus shows phases (figure L.9) to observers on the Earth but no surface details. It was evident to early
observers that the planet’s surface is covered by a thick cloud layer that reflects nearly all the solar
radiation back into space—the visual albedo is 0.65. It is the nearest planet to the Earth and often
the brightest object in the night sky. It is similar to the Earth in size, mass and density and, before
modern exploration, it was referred to as a ‘second Earth’. This view of Venus was changed in the
1950s when it first became possible to measure microwave radiation given off by the surface of a
planet using Earth-based instruments.

These measurements indicated that the surface temperature must be in excess of 650K, a
conclusion confirmed by measurements from the American Mariner 2 flyby (27 August 1962) and
by the early Russian Venera landers (starting with Venera 3 on 16 November 1965). Apart from
confirming a surface temperature of some 730K, the Venera landers measured a surface
atmospheric pressure of about 93 bar—very nearly one hundred times that of the Earth. In spite of
the dense atmosphere there was enough light to allow photographs to be taken (see figures 4.4 and
4.5 returned from Venera 13 and Venera 14). The environmental conditions were so harsh that each
lander survived to function for no more than 30 min on the surface. This was, however, sufficient to
allow soil samples to be tested automatically and the results are displayed in table 1.3. The
composition and the density of the material, in the range 2700 to 2800 kgm >, are similar to those
of terrestrial surface rocks.

Because of thick cloud cover, surface details cannot be found by photography with visible light.
The first alternative method using Earth-based radar was attempted in the late 1950s using the Aricebo
radio dish in Puerto Rico. This was successful within its limits but a global coverage of the surface
required an orbiting vehicle.

4.2.1. The surface of Venus

Detailed radar imaging of the surface was first made by the Magellan orbiter and some 95% of the
surface was surveyed. A general map of the surface derived this way is shown in figure 4.6. Like the

Figure 4.4. The surface of Venus from Venera 13.



Figure 4.5. The surface of Venus from Venera 14.

Figure 4.6. A radar map of Venus taken by the Magellan orbiter (NASA).
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Figure 4.7. A cross-section through a linear depression in Aphrodite Terra (NASA).

Earth, Venus is a relatively smooth body. Some 60% of the surface is less than 500 m above the mean
planetary radius and only 2% is more than 2 km above that. The range of elevations, however, is about
13 km and this is similar to that on Earth. The greatest depths are about 2 km below the mean radius
(compared with 11 km on Earth). The majority of the surface is rolling plains that cover about 70% of
the surface. Below them, lowland planes cover 20% of the surface and highland regions account for no
more than 10%.

There are three substantial raised highland regions which could be compared with the continents
on Earth. One is Aphrodite terra. This is a vast raised continent extending along the equator for some
10000 km and with an area about half that of Africa. It is generally rough terrain and more
complicated in structure than anywhere else. It is crossed by substantial linear depressions up to
300 km wide, 1000 km long and 3 km deep. The flanks of this massif appear to be moving away
from the central ridge at the rate of a few centimetres per year. The cross-section from the western
region is shown in figure 4.7, from which it is clear that there is symmetry about the centre very
reminiscent of the mid-ocean ridge spreading structures on Earth. It is tempting to think of this as a
region producing Venus surface rock.

A second highland region is Beta Regio, 60° longitude cast of Aphrodite. This shows a large rift
valley with interior faults. A volcano, Theia Mons, is set on the western boundary and has flooded the
rift valley. This links with the highland rift valleys that seems to girdle the equatorial region. This
region has the appearance of being relatively young.

The third highland region is Ishtar Terra and is very different from the other two highland
regions. This region has been well explored by radar from the Russian orbiting spacecrafts Venera
15 and 16 and a picture is seen in figure 4.8. To begin with, it is at higher latitudes, between 50° and
80° north, and has an area similar to that of Australia. It has the form of an enormous plateau
(Lakshmi Planum) some 2000km in extent (about twice the size of Tibet). It is rimmed by
mountain chains: to the east the Maxwell Montes (13 km high), to the north-north-east, Frejya
Montes, to the west, Akna Montes, and to the south Dana Montes. There are two large craters
(Colette and Sacajawea) on the plain that are probably calderas (volcanic craters) that provided
much of the lava to form the plain. There is also an obscure circular feature (Cleopatra) that could
be another caldera or an impact crater. This whole structure with its compression generated
mountain belts is very similar to the folded uplifts that form along convergent plate boundaries on
Earth. It is not clear whether this represents a simple subduction region. Indeed, it is by no means
certain that Venus has, or has had, a plate tectonic system in any way comparable with that of
Earth. More accurate data may clarify this question and show whether the system on the Venusian
surface is an elementary form of that for the Earth or a specialized development unique to Venus.

The Russian Venera craft have explored the northern latitudes with a resolution of a few
kilometres, covering 25% of the total surface. One feature of these data is that there are few craters.
Certainly the thick atmosphere will affect the surface crater distribution but there should have been
more if the surface had remained untouched since the earliest times. It seems that the surface is
renewed and certainly more often than once every 1000 million years. This would be a rate some
five times slower than that for the surface of the Earth.
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Figure 4.8. A view of part of Ishtar Terra from a Venera spacecraft.

4.2.2.  The atmosphere of Venus

A great deal of detailed knowledge of Venus’s atmosphere was gained from the Pioneer Venus and
Venera missions in the period from 1975 to 1982. The main constituents of the atmosphere of
Venus are shown in table 4.1 together with those of the Earth, Mars and Titan. Apart from the
constituents shown, Venus also contains 0.015% of sulphur dioxide (SO,) and tiny amounts of
other gases. The average vertical structure is shown in figure 4.9, which shows a troposphere with a
characteristic adiabatic lapse rate and a stratosphere and thermosphere with much more gradual
changes of temperature than are found for the Earth (Topic O). Because of the rather long days
and nights on Venus, the thermal profiles have time to settle into an equilibrium state and so are
somewhat different on the day side and night side. The absence of a mesosphere and the associated
sinuous temperature profile is due to the lack of a strongly absorbing ozone layer. However, by
comparison with the Earth, Venus has a very massive atmosphere with a surface pressure of 93 bar.
With a surface acceleration of 8.89ms 2, this gives a column mass somewhat over 10®kgm >
(Topic O).

Table 4.1. The main constituents of the atmospheres of three terrestrial planets and Titan.

Component Earth Venus Mars Titan
Carbon dioxide 0.00033 0.96 0.95 —
Nitrogen 0.78 0.035 0.027 0.90
Oxygen 0.21 — 0.0013 —
Argon 0.009 0.00007 0.016 0.10

Water 0.001-0.028 0.0001 0.0003 —
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Figure 4.9. The temperature profile of the atmosphere of Venus.

It is the presence of such a high proportion of CO, plus the small amounts of H,O in such a dense
atmosphere which accounts for the high surface temperature through the greenhouse effect, which is
also of great importance for the Earth. In figure 4.10 we show a somewhat simplified version of the
absorption curve for radiation at different wavelengths by an atmosphere containing CO,, H,O and
other greenhouse gases. Superimposed on this are the intensity versus wavelength characteristics
(not at the same scale) of two black-body sources, one at the temperature of the Sun, 5800 K, and
the other at 288 K, corresponding to the mean surface temperature of the Earth. It will be seen that
the atmosphere is fairly transparent to the radiation from the Sun, at shorter wavelengths, so most
of it penetrates to ground level and heats up the surface. The much lower temperature surface
radiates at longer wavelengths and the atmosphere absorbs much of this and consequently heats up.
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Figure 4.10. Absorption as a function of wavelength due to greenhouse gases in the Earth’s atmosphere. Black-
body radiation curves corresponding to the temperatures of the Sun and the Earth are superimposed.
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Taking the Earth’s albedo into account the surface temperature of the Earth without the greenhouse
effect would be 255K (Topic X), so that all water would be in the form of ice—making life at least
difficult if not impossible. The greenhouse effect maintains a temperature some 33 K higher which is
needed to give a balance of heating and cooling. In the case of Venus the greenhouse effect is
amplified by the increased proportion of CO, and the very thick atmosphere to the extent that the
surface temperature is 500 K higher than it would be otherwise.

The compositions of the original atmospheres of the terrestrial planets are not known but one
possibility is that they were similar to those now found in the giant planets. If so then it is easily
confirmed from equation (O.18b) that the hydrogen would be lost on astronomically short time
scales (<10 years). At the distance of Venus from the Sun, with some greenhouse effect due to
methane, its temperature would have ensured a heavy component of water vapour in the early
atmosphere. Indeed, since Venus shows signs of volcanism in its early history the heating due to
that activity alone could have led to an aqueous atmosphere. Since water is an effective greenhouse
gas the surface temperature would have been raised thus producing more water vapour and also
releasing carbon dioxide, another effective greenhouse gas, from carbonate rocks.

Water vapour in the upper atmosphere would have become dissociated by ultraviolet radiation
from the Sun with a reaction described by

H20+V—>H—|—OH
20H — H,0 + O.

The hydrogen would have been lost and the oxygen would have reacted with any available material
which was readily oxidized, including methane and carbon monoxide which would be available
carbon sources to provide the now-dominant carbon dioxide. This runaway greenhouse effect would
have continued until the present situation was reached. Most of the water on Venus has now
disappeared and we shall comment further on this in section 12.12. A difficulty with this scenario,
based on an original hydrogen-rich atmosphere, is that a considerable amount of helium should
also have been present. The application of equation (O.18b) indicates that much of this helium
should still be present, and it is not. Alternative histories of Venus, and of the Earth and possibly
Mars, suggest violent episodes when most of the atmosphere, including the helium, was lost, with
subsequent re-establishment of an atmosphere by degassing of the planet due to volcanism. Since
the internal gases would include a good deal of water and methane the mechanism of water
dissociation, loss of hydrogen and formation of free oxygen to oxidize methane would still apply.

The amount of CO, in the Earth’s atmosphere has doubled since the start of the industrial
revolution and the large-scale burning of fossil fuels. This has led to speculation that the increased
greenhouse effect will lead to global warming (Topic AO) with dire consequences for the pattern of
human life on Earth. Some have even speculated that we are taking the first steps on a path leading
to a Venus-type atmosphere. However, the Earth’s climate has fluctuated greatly in the past without
human intervention and it is difficult to detect a gradual trend against a background of large
fluctuations.

Venus has very heavy cloud cover at a very high level, some 50 km above the surface, with layers
of haze or mist both above and below it. The main constituent of the clouds and the mists appears to be
sulphuric acid, H,SOy, in sub-micron droplets in the mists but greater than micron size in the main
cloud belt. Larger solid particles, probably chlorides, are thought to occur in the lower reaches of
the cloud belt.

Due to the slow spin of Venus, once every 243 days in a retrograde direction, the Coriolis force is
not very pronounced. The winds on Venus are mostly easterly varying from 100ms~' at high levels to
just I ms~! near the surface. The exact reason for this pattern of wind is not completely understood.
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The very low ground wind speeds do help to explain why the surface rocks on Venus, photographed by
landers from spacecraft, have sharp edges and show very little erosion. On the other hand it would be
thought that a planet which rains sulphuric acid might give signs of chemical erosion.

4.2.3. Venus and magnetism

The Earth’s ‘twin’ is different in yet another respect in that it appears not to be the seat of an intrinsic
magnetic field. One cannot, of course, actually measure zero but the measurements that have been
made imply that the magnetic dipole moment is certainly less than 10'' Tm?, which is the limit of
the resolution of the magnetometers that were used on the mission. Consequently, the surface field
is less than 3 x 10~® T. This has been linked with the slow rotation of the planet since it is believed
that energy derived from the spin of a body is an important factor in the dynamo mechanism.

4.2.4. Venus summary

The study of the surface of Venus seems set to provide surprises in the future. The resolution of the
radar data is not yet sufficient to allow the surface to be viewed with sufficient detail to reveal all
the geological processes that might be involved. Some conclusions can be drawn but they may need
modification later.

There is only limited evidence remaining of the early surface bombardment with large projectiles
common to the terrestrial planets showing that the surface has renewed itself since then. There is
evidence to suggest that that this occurs with a period rather less than 1000 million years. The
mechanism for renewal is not certain. There is some evidence for tectonic activity on the surface but
not the global distribution of volcanic structures familiar on Earth as the mid-ocean ridges. Data of
higher resolution will indicate whether it is not there at all or whether it is actually present, but on a
much smaller scale than on Earth. It is not clear, therefore, whether the passage of heat from the
inside is by pure conduction through the crust or whether there are some, at least limited, processes
of advection as well.

There is no detectable intrinsic magnetic activity on the planet. This has implications for the
interior structure.

4.3 THE EARTH

The most obvious physical surface features of the Earth are the oceans and the continents. Of the total
surface area of 5.1 x 10" m? (= 5.1 x 10%km?), 70.8% is covered by water (3.61 x 10'*m? by the
oceans, of which 2.7 x 10" m? are marginal basins and 5.2 x 10> m? continental shelves—the
regions at the edge of continents which lie under the water to form a shallow edge to the oceans)
and 29.2% is covered by the land (1.49 x 10'*m? is continental). The mean height of the continents
is 840 m while the mean depth of the oceans is 3800 m. This suggests, as a rough estimate, that the
mass of the water of the oceans is some 1.4 x 10?' kg while the mass of the continents above sea
level is about 3.75 x 10 kg. Water is clearly a significant feature of the surface structure of the
Earth. We might notice that, for comparison, the mass of the atmosphere is 5.3 x 10'®kg. The
highest point on Earth is the top of Mount Everest, 8.84 km above sea level (it is a dynamic feature
which is still slowly rising) while the deepest point is 11.28 km below sea level (the bottom of the
Mariana trench off the Philippines). This gives a total variation of about 19 km in the local radius
of the Earth; with a mean equatorial radius of 6378 km, this variation is no more than 0.24%.
The surface of the Earth is remarkably smooth! Indeed, the smoothest orange is far less smooth
than the Earth.
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The continents are covered by plains, mountain ranges, deserts, and volcanoes. Island arcs at sea
show immediately the effects of oceanic volcanic activity and one example here is the Hawaiian islands.
A more widespread volcanism, to be considered again later, is the mid-ocean ridge system which spans
the entire globe. The main volcanic activity is, actually, found under the oceans. Some surface regions
show signs of compression, others of extension.

4.3.1. The shape of the Earth

The mass of the Earth is My = 5.976 x 10**kg; it is in steady rotation about the polar axis with an
angular velocity 25 = 7.292 x 10> radianss~'. The effect of this slow rotation is to make the shape
of the Earth (that is its figure) an oblate spheroid with flattening, f = 3.35 x 1073, This is usually
expressed as a fraction making /= 1/298.187. The effect of the shape of the Earth on the form of
its gravitational field is described in Topic T.

4.3.2. Surface composition and age

The compositions of the continental and oceanic regions are different, indicating important structural
differences below the surface. The continental material is generally less dense than the oceanic. The
mean compositions of the oceanic and continental crusts are set down in table 1.3. The differences
between continent and oceanic crust are not great for the major components but are more
significant for the minor ones. In very general terms, the continental crust is silica rich and
granitoid in composition while the oceanic crust is Mg,Fe-rich (mafic minerals) and basaltic in
character (see table A.3).

The age of most of the surface material is found to be in excess of 100 million years and it seems
that much of the surface is replaced about every 250 million years or so. Some rocks are older and the
oldest are about 4000 million years old. The composition of the surface material can be found
accurately for the past 200 million years and progressively less well before that, but for the first 800
million years of the Earth’s history the global composition is not known directly. In this respect the
Earth differs from the Moon where the earliest rocks are still present on its surface and the
compositions can be measured or estimated. Estimates of the areas of continental basement (the
underlying rocks) corresponding to various ages are listed in table 4.2. The division in the table at
2700 Ma marks the end of Archaean period of geology, a period that starts at the formation of the
Earth. This embraces about 40% of the Earth’s total history and only 1% of the present surface
basement dates back to these times. The oldest solid material known so far is zircon crystals found
in Western Australia which are estimated to date to 4.3 x 10° years ago (when the Earth was little
more than 200 million years old). The crystals are held in a slightly younger meta-sedimentary rock
formation and so are not preserved in their origin conditions, but they are a solid remnant of that
time. Although virtually nothing is known of Archaean conditions it seems certain that some form

Table 4.2. The approximate ages and areas of continental basement (after Hurley and Rand, 1969).

Age (Ma) Area (10° km?) Area (%)
0-450 38 29
450-900 41 32
900-1800 23 18
1800-2700 26 20
2700-3100 1-2 1

>3100 <l ~0
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Figure. 4.11. The Geological Column. These are the names most commonly in use; further sub-divisions are
made but have not been included. The dating is by isotopic methods (Topic B) and is that most generally
accepted. Further refinements are to be expected in due course.
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of solid continental structure was associated with the surface at that time. Dynamic resurfacing, always
in progress on Earth, has destroyed virtually all details of the early surface. The geological history
has been divided into a number of periods, of varying length, during which the surface conditions
were broadly the same. The geological column describing the relation between geological periods is
shown in outline in figure 4.11. Many sub-divisions can be added but are not of interest here. An
indication of the most important events in the evolution of life on the Earth is also included.

There are indications that the surface has been produced continuously over the whole history of
the Earth although the relative rates of production at different times are difficult to estimate. Present
knowledge is not incompatible with the surface having been produced broadly at a constant rate
throughout the life of the Earth and this is now usually assumed to have been the case. With a fixed
total radius, continuous production of surface material is possible only if some form of recycling
process is operative. The distribution of basement material over the surface is shown in figure 4.12.
In very general terms, the older material is surrounded by the newer material that has formed
around it. The old material then forms the core of each continent.

4.3.3. Changing surface features

The surface of the Earth is a dynamic entity, constantly changing. Early thinking assumed that the
forces required to bring about large changes were too great to be attainable in practice but there
were many indications that substantial changes had, in fact, occurred over the years. Just one
example of many is the discovery of fossils of marine creatures in the Alps, many hundreds of
metres above the present sea level. Again, the Alpine, Himalayan and Carpathian mountain chains
contain ophiolites, pieces of oceanic plate that have been pushed upwards and incorporated into
continental material. It is now known that these changes are the result of the action of a variety of
causes, some of them of a fundamental kind.

One cause is the simple erosion by wind and water that can be very effective in levelling the
surface. The most fundamental changes, however, are due to the processes of making new oceanic
surface material from material brought up from the interior of the Earth. This forms continental
topography and changes the distribution of continents over the surface. Geological dating and
magnetic studies have allowed the details of the changing surface and the chronology to be found
and the sequence of the surface changes covering the past 220 million years are shown in figure
4.13. At this stage the continental land form a single large land mass named Pangaea. This then
began to break into two parts; the northern part (comprising modern day Eurasia and North
America) has been called Laurasia and the southern part (comprising modern South America,
Africa, India, Australia and Antarctica) Gondwanaland. Between Eurasia and Gondwanaland was
an ocean, rather wedge shaped, called the Tethys Sea. The later movements of Africa and India
northwards to strike the Eurasian land mass largely eliminated the Tethys Sea presumably due to
its subduction (see section 4.3.4) below the continents that rode over the top. The present day
Mediterranean Sea, together with the Caspian and Black Seas, probably represents all that remains
of this original ocean. As far as can be ascertained the land area has remained essentially constant
during all these changes. The process of continental drift continues and can be monitored very
accurately from spacecraft observations. The study of geography in another 100 million years, if
there are any geographers about, will be very different from what it is today.

4.3.4. Surface plate structure

These surface movements described in section 4.3.3 originate in a surface structure associated with a
global ridge system of active volcanoes. This system is almost entirely under oceans (the so-called
mid-ocean ridges), is some 40000 km long and encompasses the globe as shown in figure 4.14. The
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(b)

Figure 4.12. The age of continental material on the Earth: (a) Europe, Asia, Africa and Australia. (b) The
American continents.



The Earth 43

Figure 4.13. The drift of continents showing (from left to right) the positions 220 Ma ago, 100 Ma ago, 60 Ma
ago and the present (Moore & Hunt, 1983).

ridges are at depths typically between 1 and 3 km but in Iceland and the East African Rift Valley the
ridge is above water. The Icelandic ridge is very active and is continually creating new land. Ocean
depths at different points on the same latitude give a height profile as shown in figure 4.15 for the
North Atlantic Ocean: the constant latitude section through the African rift valley region is given
for comparison.

Hot material issuing from the ridge system moves away horizontally, pushing the existing ocean
crust outwards and cooling as it goes to form new ocean crust at a global rate estimated as some 17 km?®
per year. The majority of the Earth’s oceanic crust is believed to have been formed, and is still being
formed, by this mechanism. Since there is evidence that the total surface area of the Earth remained
constant during these changes, the continual appearance of new crust must imply the disappearance
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Figure 4.14. The mid-ocean ridge system (USGS).
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Mid-Atlantic ridge at latitude 30° N

Across Lake Tanganyika at 8°S

Figure 4.15. A cross-section of the Mid-Atlantic Ridge compared to one through Lake Tanganyika that forms
part of the African rift valley.

of old crust. The full oceanic ridge system provides somewhat less than 2 x 10'* m? of crustal material
per year or (assuming the rate of production is approximately constant) about 5 x 10" m® in 250
million years. The surface area is about 5 x 10 m? so that, to account for the volume of material,
a 10km thick layer of the near surface material must be involved in some form of recycling process.
This mobile region of recycling is called the asthenosphere. It can be regarded roughly as starting at
the depth below the surface where the temperature reaches about 1000 K. The near surface region is
cool and solid: this we call the lithosphere.

The lithosphere is divided unevenly into a number of separate ‘plates’, most of which contain
continental material but some (such as the Pacific plate) that do not (figure 4.16). The lithosphere
being, on average, less dense floats on the higher-density asthenosphere. The horizontal motions of
the lithosphere plates then reflect a general slow thermal overturning of the asthenosphere material
downwards from the surface. The relative motion between the plates varies from place to place but
is about 3 cm per year. The oceanic ridge system is where contiguous plates are forced slowly apart
by the intrusion of basaltic magma from below (figure 4.17a). This molten region provides new
lithosphere material. In other regions lithosphere material is lost by one plate sliding below another,
a process known as subduction (figure 4.17b). Again, two plates may slide by each other without
collision, for instance, the two plates forming the San Andreas fault in California (figure 4.18). If
the two plates are colliding and have about the same density the result can be a buckling, forming a
large mountain ridge (figure 4.19). Examples of this process are the Himalayas (the collision
between the Indian plate and the Asian plate some 50 million years ago), the Alps (the collision
between the African plate and the Asian—European plate at about the same time) and the
Carpathian mountains. These structures are still gaining in height at the present time although the
changes are, of course, very slow by human standards.

The continental mass rests on the plate below it and causes an elastic depression as a load on the
plate. This can be detected by gravity measurements and by bathymetric (i.e. ocean depth)
measurements across the plate. One example is the data referring to the north—south line passing
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Figure 4.16. The major tectonic plates.
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Figure 4.17. (a) Plate formation due to upwelling material at a ridge. (b) Plate subduction.
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Figure 4.18. The detailed structure of the San Andreas Fault. The two plates slide one with respect to the other
(after Burford).

through the island of Oahu, Hawaii, shown in figure 4.20. The island bends the plate downwards to
form a trough. Simple modelling, presuming the plate to be homogeneous and using the normal
elastic constants, explains the observations reasonably well.

4.3.5. Heat flow through the surface

There is a flow of heat through the surface showing that the Earth is slowly cooling. The measured
near-surface temperature gradient is 30 Kkm™' and if this were maintained downwards, the
temperature would reach 1000 K at a depth of about 30km. At this temperature surface rocks
change their physical properties.

The total geothermal surface heat flux outward is estimated to be about 4.2 x 10"* W implying a
mean flux of about 8 x 107> Wm 2. Since the heat received by the surface from the Sun is nearly
700 Wm ™2, some four orders of magnitude greater, the equilibrium temperature of the surface is
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Figure 4.19. The collision of two plates of equal strength and density giving rise to mountains.
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Figure 4.20. Ocean depth and gravity anomaly along a north—south line through the Hawaiian island of Oahu.
The weight of the islands bends the plate in their immediate vicinity. The gravity anomaly is in mgal units where
Igal is 0.0l ms™2.

determined by solar radiation and not by the internal heat. Nevertheless, some heat is lost from inside
the Earth and this heat loss has determined the nature of the surface structure involving the plates,
discussed already. The mean heat loss from the interior is different for the oceanic and continental
regions as is seen in table 4.3. This difference reflects different heat components—the oceanic crust
involves a heat content brought up from below while the continental regions primarily involve
internal radioactive heating. The continental structures are much thicker than the oceanic structures
and continental material is richer in radioactive elements than the oceanic. These two circumstances
combine to provide substantial amounts of radioactive material in continental crust. The main
radioactive elements of geological interest are listed in table 4.4 together with their mean
concentrations in surface rocks. The elements of importance for radioactive heating are isotopes of
uranium, thorium and potassium. The particular isotopes involved and the rate at which they
produce heat is set out in table 4.5. The data for heat generation are for the present epoch and will
have been greater in the past by amounts that depend on the half life of the particular elements.

We have spoken of mean heat and energy flows so far but measurements vary greatly at different
locations for local reasons. The mid-ocean ridge vents are exuding hot material from below. This is
cooled through contact with ocean water giving material with a cool surface but hot interior. The

Table 4.3. The mean heat flow from the surface regions.

Region % total surface Mean heat flow Heat loss
area (1072Wm™?) (102 w)

Oceans and oceanic basins 61 9.9 3.04

Continents and continental shelf 39 5.7 1.16

Total 4.2
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Table 4.4. The first three entries are the principal radioactive elements in various rocks. The last four are of
importance in radioactive dating of rock samples.

Basalt Granitoid Shale Ultramafic
Element (ppm) (ppm) (ppm) (ppm)
Uranium (U) 0.5 4 4 0.02
Thorium (Th) 1 15 12 0.08
Potassium (K) 0.8 3.5 2.7 0.01
Neodymium (Nd) 40 44 50 2
Rubidium (Rb) 30 200 140 0.5
Samarium (Sm) 10 8 10 0.5
Strontium (Sr) 470 300 300 50

interior heat of the externally-cooled rock will move to the surface by conduction in a time depending
on the thermal conductivity of the rock. Intuitively one might expect the temperature of the oceanic
materials to decrease systematically from the mid-ocean vent reflecting its motion away from the
source. Such a profile is well established in practice although the measurements are not easy to
perform with accuracy, especially for the younger rock since the sea becomes turbulent when the
rock temperature is high making the measurements difficult. Empirical formulae have been devised
to describe this cooling process. For rock younger than 120 Ma the heat flow from the rock % (in
units of 10> Wm™?) is related to the age 7 (in units of 10° years) after solidification by

h= 473712, (4.1a)
For rocks considerably older than this the relationship becomes instead
h=33.5+67exp(—1/62.8) (4.1b)

showing a strongly decreasing heat flow with time.

Another important consequence of the cooling involves the material density. Cooler rock is
denser than hotter and will lie lower in the asthenosphere. Consequently, in general, the depth of
the ocean can be expected to be greater over old rock than younger rock, the ocean becoming
deeper with distance from the ridge. This is, indeed, found to be the case. Depths of beds measured
in the North Atlantic and the North Pacific increase with the age of the rock (and so with distance
from the mid-ocean ridge) and empirical formulae have been devised to describe this effect. For
rocks younger than 70 Ma, the observed bathymetric depth, d (km), is related to the age ¢ (Ma) by

d=25+035/1. (4.2a)

Table 4.5. The present rate of heat generation and half lives of the radioactive components in rocks.

Rate of heat generation

Isotope Half-life (10° years) (10> Wkg™h
By 4468 9.4

By 704 57

22Th 14010 2.7

g 1250 2.8
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Figure 4.21. The depth versus age relationship for the North Pacific Ocean.

For rock older than 120 Ma the best relation involves becomes
d=064—32exp(—1/62.8). (4.2b)

A plot of the mean depth with age for the North Pacific Ocean is shown in figure 4.21 with a gap in the
region between 70 Ma and 120 Ma.

4.3.6. Earthquakes

Earthquake activity is the localized release of the energy of stresses within the main body of the Earth.
The energy is dissipated throughout the volume and near the surface through a series of waves and the
energy release can be very dramatic in its effects at the surface.

Almost any location on the surface feels the effects of a small earthquake occasionally but the
substantial events are more confined to specific regions of the surface. The place within the Earth
where the earthquake actually takes place is called the focus. The point on the surface immediately
above the focus is called the epicentre. These are idealizations because the focus is generally not a
point but a region with a typical dimension of several kilometres. There may be one large release of
energy, lasting several seconds, or several short releases repeated during the period of an hour or
even over a period of days. This makes it very difficult to assess the energy released during the
whole disturbance. During the earthquake, the local surface shows both vertical and horizontal
motions, corresponding to the presence of longitudinal and transverse waves. The resulting surface
damage gives some indication of energy involved and varies from one earthquake to another. The
strongest in populated areas give widespread devastation, often involving a large loss of life, while
the smallest are hardly noticed at all.

The concept of the magnitude M of an earthquake was proposed by Richter (in 1935) on the basis
of earthquakes observed in Southern California. This logarithmic Richter scale is well known although
it is not the only scale. The magnitude is ultimately related to:

(1)  the maximum surface amplitude of the observed wave (measured in um),

(i1)) the period of oscillation of the wave (measured in seconds),

(iii) the focal depth of the earthquake, a factor describing the decrease of amplitude with distance
from the epicentre and

(iv) the actual distance between the observer and the epicentre.
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Figure 4.22. Distribution of earthquakes at depths up to 100 km.

The surface amplitude depends on the depth of the focus since the farther this is from the surface
the smaller the proportion of energy entering the surface waves. Most scales represent the very
strongest earthquakes of magnitude approaching 10 while the weakest have magnitudes about 1 or
2. The strongest earthquake recorded up to the end of the twentieth century was the 1933 Japanese
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Figure 4.23. Distribution of earthquakes at depths from 100 km to 700 km.
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Table 4.6. The number of earthquakes against depth, 1918—1946 (after Gutenberg and Richter).

Depth (km) Number of earthquakes Depth (km) Number of earthquakes
<100 800 275-325 8
75-125 139 325-375 11
125-175 56 375-425 12
175-225 38 425-725 41
225-275 15

earthquake with M = 8.9. Generally, a shallow earthquake (focus near to the surface) with M ~ 6 is
extremely destructive; one with M = 5 gives moderate damage while those with M < 3 are hardly
felt other than by instruments. An earthquake with M ~ 7 releases energy of about 5 x 10'°J—
rather more than the yield of a one megatonne nuclear weapon. The focus can be at any depth
down to about 700 km but the most common are less deep than 100 km. About three-quarters of
the total energy released in earthquakes comes from shallow events with depths below 100 km. The
global distribution of earthquakes is shown in figures 4.22 and 4.23 and it will be seen that the main
sites are associated with the Pacific plate.

The dependence of earthquake frequency on depth is shown in table 4.6, using data given by
Gutenberg and Richter (1954) and covering the period 1918—1946. It is seen that the vast majority
of all earthquakes have a focus less than 125km deep. From table 4.7, which contains data given by
Richter covering the period 1918—1955, it is also seen that the largest earthquakes have their source
near the surface.

Although, in terms of human existence, earthquakes are destructive they do have an important
scientific spin-off. Earthquake waves of various kinds travel through the interior of the Earth and by
measuring their intensities at seismic observatories all over the world we have been able to build up a
picture of the internal structure of the Earth. The model of the Earth that emerges is shown in figure
4.24 and basic structure of the different layers are now described. More detail about the layers together
with a description of seismology and the way it gives us this information is given in Topic R.

4.3.6.1. The crust

The crust consists of lower-density silicates, containing magnesium, aluminium, calcium, sodium and
potassium. Oceanic crust is basalt with a high magnesium content and this more-or-less covers the
whole Earth. In continental regions there is an overlay of lower-density silicates that tend to be
aluminium-rich, such as granite. The thickness of the crust varies from about 10km, or even less,
below some oceans to 40 km in some continental areas.

Table 4.7. Numbers of earthquakes of different magnitude and depth of focus.

Magnitude
Depth range 7.0-7.8 7.9-8.5 >8.6
Shallow: <70km 570 60 9
Intermediate: 70—300 km 214 8 1

Deep: >300 km 66 4 0
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Figure 4.24. The internal structure of the Earth as deduced from seismology.

4.3.6.2. The mantle

The boundary between the crust and the mantle is marked by a seismic discontinuity known as the
Mohorovicic discontinuity or, more popularly, as the Moho. This marks the top of the mantle which
stretches down to a depth of 2890 km, the mantle—core boundary.

The mantle consists of denser silicates rich in iron and magnesium, mostly olivine. The upper part
of the mantle is a rigid solid and, together with the crust, forms the lithosphere. Below a depth of some
tens of kilometres the viscosity of the material, still technically a solid, is low enough for it to flow and
this marks the upper bound of the asthenosphere, movements within which provide the dynamics of
plate tectonics.

4.3.6.3. The core

Because of its very high density it is certain that the core consists of the ferrous elements (iron, cobalt
and nickel—but mainly iron) since these are the only chemical elements with sufficient cosmic
abundance to provide such density. Early seismic evidence suggested that the core was totally fluid,
which is consistent with the very high temperature at the centre of the Earth, but later observations
could be better explained by the presence of a solid inner core. This may be a combined effect of the
very high pressures in this region plus some slight difference in chemical composition perhaps
involving oxygen and sulphur.

4.3.7. The Earth’s atmosphere

The structure of the Earth’s atmosphere is described in detail in Topic O. It is the only atmosphere in the
Solar System that can support advanced life in the form that we find it on Earth. There is the possibility
that life could exist in other forms using the resources of other kinds of environment. Observations
suggest that there may be salt-water oceans below the icy surface of Europa, one of Jupiter’s Galilean
satellites, and if so then some life form may be able to develop there. However, we know that changes
being made to the atmosphere by the activities of humankind are giving noticeable effects on a time
scale of a century and we also know that adaptive changes by evolutionary processes work on a much
longer time scale. It is to be hoped that what we know influences what we do.
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4.3.8. The Earth’s magnetic field

Chinese documents of the eleventh century speak of the Earth possessing a magnetic field at its surface;
there is no suggestion that this is a new discovery so magnetism must have been familiar before this. It
is detected at its crudest by suspending a small piece of lodestone on a string (an elementary compass)
and finding that it aligns itself very roughly along the geographical north—south line. The
geographical axis of the Earth and the magnetic axis are antiparallel; this arrangement is described
in section V.1.

An early application of terrestrial magnetism was in navigation, especially navigation at sea. The
age of western exploration, starting in the fifteenth century, required global magnetic measurements to
be made and by the seventeenth century quite reliable world magnetic maps had been made, some
overseen by Edmund Halley, showing the state of the magnetic field worldwide. Magnetic
measurements of increasing accuracy were also made at certain magnetic observatories on land
(especially at Kew outside London and at Potsdam near Berlin) so that accurate data for Europe
are available from the sixteenth century onwards. Detailed data for the southern hemisphere are
relatively recent. Developing technology has allowed the magnetic field at any location in the
northern or southern hemisphere to be measured with ever-increasing precision, with the result that
now very fine details of the field have been found which vary rapidly with time. The fine details,
which vary on a short time scale, are associated with currents generated in the ionosphere due to
Earth—Sun interactions while the gross features have their origin within the solid Earth. The
spectrum of times associated with the Earth’s field is shown in figure 4.25.

A full description of the Earth’s magnetic field, taken as a prototype for planetary magnetic fields
in general, is given in Topic V.
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Figure 4.25. The timescale spectrum of changes in the Earth’s magnetic field due to various causes.
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4.3.9.  Earth summary

The Earth’s surface is dynamic and is divided into plates. These move relative to one another carrying
the continents with them. The surface is recycled with a mean life of about 250 million years. This
involves subduction of oceanic plates while new material is brought to the surface at the mid-ocean
ridge system. The new material pushes back that already there to replace the existing oceanic
bottoms. It appears that the mid-ocean ridge/tectonic plate system is the main way of transferring
heat from the Earth’s interior. It is supposed that the interior supports some kind of convective regime.

The temperature of the interior of the Earth will have been higher in the past, partly because there
would have been more radioactivity and partly because more heat of formation of the Earth would still
have been present. Presumably the plate system would then have moved more violently than now. It
would follow that plate dynamics becomes weaker as cooling proceeds and ultimately will stop.
Plate tectonics indicates loss of heat by convection of hot material (advection) from inside while a
static surface gives heat loss by simple conduction. These conclusions are important in assessing the
conditions of other terrestrial planets.

The Earth has a magnetic field with a major dipole component and a weak secular field. Both
fields change with time, the dipole field changing more slowly. The direction of the axis of the
dipole field has suffered complete reversals throughout geological history although the reversals are
not periodic. The presence of the field acts as a constraint on theories of the interior.

4.4. MARS

Perhaps the greatest change of attitude towards any one planet has resulted from increased knowledge
of the planet Mars. Towards the end of the nineteenth century Schiaparelli claimed to have observed
a series of ‘canali’ on the surface. The Italian word means ‘channels’ but was widely interpreted by
English-speaking astronomers as ‘canals’—implying artificial construction. These, it was claimed,
changed appearance during the Martian seasons—the changes moving northwards from the
equator as the summer season progressed. One interpretation was that this could be the advance of
vegetation to higher latitudes with the summer warming. We now know that no vegetation exists
and that there is no liquid water on the planet since the atmosphere is too thin to support it.
However, water on the planet does pose interesting questions as will be seen later. Of all the planets
Mars is probably the one that could most easily be made hospitable to mankind.

Its equatorial radius is 3392.2 km giving a surface area about the same as the continental area on
Earth (~1.49 x 10'*m?). Its shape is a tri-axial ellipsoid with the radii in the ratios 1:0.9985:0.9934.
The mean density is 3930 kg m~’ giving an equatorial acceleration of gravity gy = 3.706 m s72. The
moment of inertia factor is o = 0.366.

4.4.1. The surface of Mars

The first direct contact with Mars was made early in the American space programme with a flyby by
Mariner 4 in 1964 and photographs were returned to Earth of a portion of the southern surface. The
pictures were not as expected. They showed a heavily cratered terrain reminiscent of the Moon. More
information followed from an American long life orbiter (Mariner 9) which encountered Mars in
November 1971. A Russian soft landing was made (by Mars 3) three weeks later. The American
soft lander Viking I sent photographs from the northern surface during July 1976 and there were
the first automatic searches (unsuccessful) for evidence of life.

The surface at the Viking lander site is shown in figure 4.26 and is very different from the cratered
terrain shown in the first photograph by Mariner 4. There are no craters and the surface is barren and
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Figure 4.26. The view of the Martian surface from Viking I. The bar in the centre is part of the structure of the
lander (NASA).

smooth. This was the first indication that the surface of Mars has hemispherical asymmetry. The south
is heavily cratered with an elevation of some 3 km above the mean radius (equivalent to sea level on
Earth). The northern hemisphere is smooth and generally flat with a mean elevation up to 1km
below the mean radius. Data have been transmitted from the surface and from orbiting craft so
considerable information has accumulated about the ‘red planet’” over many seasonal cycles. A
general altitude map of the surface is shown in plate 2 and illustrates the hemispherical asymmetry
of the planet.

An elementary chemical analysis of the soil of the Viking lander site was possible. It was found
that the ratio Ca/Si = 0-0.5 is broadly the same as for the Earth. On the other hand the ratio
Fe/Si= 0.7 is to be compared with the Earth value of about 0.3. The Martian ‘soil’ appears to
contain about three times the iron content of Earth soil in the form of the oxide FeO. The surface
of Mars is red due to the presence of rust! One might notice that the ratio Mg/Si = 0.2 is similar to
that for Earth basalts but the ratio Al/Si & 0.2 is lower than for Earth basalts which have the ratio
in the range 0.26—0.44. The Viking landing site seems deficient in aluminium in comparison with the
Earth. It must be stressed that the surface ‘soil’ is not soil as known on Earth but a regolith
(broken, older rocks) composed of micron spheres forming a dust. The polar caps are composed of
water and CO, ices and they change during the year as the temperature changes, advancing and
retreating with the seasons. The water component of each of the caps is more-or-less permanent but
the CO, component evaporates at one pole and condenses at the other with the changing seasons.
Mars shows essentially the same pattern of seasons as the Earth although they are extended in
keeping with the longer Martian ‘year’.

4.4.1.1. The highlands

These occupy all of the southern hemisphere and some of the northern. They are heavily cratered
regions with elevations between 1 and 4 km above the mean radius. The very high density of craters
suggests that the surface is very ancient, probably older than 3.8 x 10° years if lunar chronology is
a guide. The lunar surface suffered heavy bombardment before this time and very little afterwards
and the same may have been the case for Mars also.

The Martian highlands and craters have a somewhat different form from the lunar highland
craters. Four differences are especially to be noted:

(i) the Martian highlands are crossed by a number of valley complexes (see figure 4.27);

(i) the Martian highlands have large areas of smooth terrain between craters;

(iii) the Martian craters often have ejecta surrounding them in the form of thin sheets (see figure 4.28),
rather like a ‘splash’ in muddy water, while the lunar craters have coarse, well defined, ejecta
often associated with lines of small secondary craters.
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Figure 4.28. The Martian impact crater Yuty. The ejected material forms layers as might be expected from
muddy material that solidifies (NASA).
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Figure 4.29. The left-hand image shows sharply defined features of craters and also small craters near the Martian
equator. The right-hand image shows that farther from the equator more erosion has taken place (NASA).

(iv) the Martian craters away from the equator show a degree of degrading due to erosion while those
nearer the equator do not show this (see figure 4.29). By comparison, the lunar craters give no
evidence of degradation at all.

The form of the surrounding ejecta described in (iii) presents problems of interpretation. The
most obvious is hidden water below the surface but the craters are often on the side of an elevated
slope. Viewed in relation to (iv) it could be that there is considerable ice in the higher latitudes
which produces a more complex rheology than for the simple rock alone. In figure 4.30 is seen a
flow region (Protonilus Mensae, latitude 46° N) which could well be due to the presence of ice in the
surface material. Such ‘flows’ are not seen near the equator where the temperature is higher and ice
would not be expected. The solar heating will penetrate deeper into the crust in the equatorial
regions giving the tendency for water to evaporate or polymerize at the surface.

4.4.1.2. The plains

The northern hemisphere is dominated by wide rolling plains with very few craters. This suggests a
surface younger than 3.8 x 10° years and perhaps considerably younger. Certainly the intensity of
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Figure 4.30. A flow region on Mars (NASA).
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Figure 4.31. Flows around Alba Patera, a large shield volcano. Some flows have travelled 225 km, much
farther than any on Earth (NASA).

the cratering in the region Lunae Planum suggests that it probably achieved its present form about
3.5 x 10° years ago. On the other hand, the sparsely cratered plains in Tharsis may be no more than
500 millions years old. The plains in the regions of volcanoes are probably formed of lava and ash.
The flow along the very large shield volcano Alba Patera in the northern hemisphere is shown in
figure 4.31. It is some 225 km long, which is far greater than anything known on the Earth or the Moon.

Other craters have different forms and give witness to a complicated environment linking the
surface with the atmosphere.

4.4.1.3. Volcanic regions

Volcanic activity has been a central feature of the Martian surface over the great majority of its lifetime.
Heavily degraded centres, now extinct, are to be found together with more recent structures of immense
size. One of the ancient and now extinct volcanoes is Tyrrhena Patera in the southern highlands, shown
in figure 4.32. The central crater is about 45 km across, showing the presence of substantial volcanoes
early in the Martian development. The youngest volcanic features are in the Tharsis region on the
equator (105° W) and Elysium at latitude 25° N (210° W). The Tharsis region, shown in figure 4.33, is
a large bulge on the surface some 4000 km across and 10km high at the centre. On the north-west
boundary lie three large volcanoes, Arsia Mons, Pavonis Mons and Ascracus Mons. Beyond to the
north-west is Olympus Mons (see figure 4.34) the largest volcano in the Solar System. It rises 24 km
above the surrounding plain and is about 600 km across at the base. It is one of the few features that
were recognized on the surface by Earth-based telescopes before the space age, when it was called ‘the
snows of Olympus’ (Nix Olympus). It has the form of a shield volcano like Mauna Loa of Hawaii
(120 km base and 9 km above the ocean floor) so that it dwarfs the Earth structure as is seen in figure
4.35. Olympus Mons is not the only large structure: to the north of Tharsis lies Alba Patera which is
1500 km across although only a few kilometres high. Not all the volcanoes exuded lava. Tyrrhena
Patera, north-east of the impact basin Hellas, most probably erupted ash rather in the nature of
Mount St. Helens on Earth. The large size of Martian volcanoes is a characteristic feature of the
planet. They are generally between 10 and 100 times the scale of comparable structures on Earth and
give evidence for the presence in the past of large quantities of magma below the surface. Certainly
the Tharsis bulge is very ancient. All the lava flows show a direction consistent with having travelled
downhill from the present elevation.
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Figure 4.33. Volcanoes in the Tharsis region. The edge of the Valles Marineris canyon can be seen on the right-
hand side (NASA).
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Figure 4.34. Olympus Mons, the largest volcano in the Solar System (NASA).

4.4.14. Channels and canyons

To the east of the Tharsis Montes lies the Valles Marineris, a massive canyon complex extending
4000 km eastwards along the equator (figure 4.36). At the western end it starts with Noctis
Labyrinthus at the summit of the Tharsis rise. On the east it merges with a region of strange
topology known as chaotic terrain. The depth of the canyons varies from about 2km at the ends to
some 7km in the middle, where it is 600 km wide. The canyon appears to have formed as fault
scarps and shows many features common to such structures on Earth. There are, however, other
features including subsidence and fluvial processes.

Fluvial activity is clearly indicated at several places, such as Candor Chasma (figure 4.37) with a
dimension of some 200 km square. Here the geometry suggests seepage of groundwater at a past time.
The darker floor seems to contain sediment of some kind (there has been speculation that it could be
the floor of an ancient sea) and there is evidence of erosion on the walls of the canyon by water. Other
features show evidence of water on the surface. For instance, Chryse Planitia involves a large flood
plain scoured by water. The region has impact craters superimposed on it showing it is ancient,
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Figure 4.35. A comparison of Olympus Mons and volcanic features of Hawaii.
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Figure 4.36. The canyon, Valles Marineris. It runs along the equator for 4000 km (NASA).

probably several thousand million years old. The many channels, which it seems could only have been
made by the flow of water, are much more restricted than their counterparts on Earth. It would seem
that they carried relatively small quantities of water and that this came from underground rather than
from precipitation. The many channel forms remain isolated from each other showing that the channel
systems nowhere controlled a water table on the planet. It would seem (from crater counts) that they
were formed early in the planet’s history and the water flows lasted for rather short geological periods
of time. It may be that the chaotic terrain was formed by the movement of near-surface rock by water
which allowed the surface to collapse.

Figure 4.37. Candor Chasma containing dark deposits that may be volcanic ash or perhaps silt sediments on
the bed of an ancient ocean (NASA).
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4.4.2. Consequences of early water

It would seem an unavoidable conclusion that water existed on the surface of Mars for at least a short
period of time early in its history. This would imply a denser atmosphere than now and an increased
surface temperature to allow the water to remain in the liquid state. The question then is what has
happened to that atmosphere? There is evidence that there is considerable permafrost just under the
surface and several authors have estimated the amount. It would possibly be equivalent to a
uniform covering of a few hundred metres of water over the whole planet. There is also water
trapped at the poles, particularly at the north pole, but the quantity is not easy to estimate.

One consequence of water early on is the possibility of the appearance of living entities at that
time. There have been claims that a terrestrial meteorite sample that originated on Mars contains
evidence of a very elementary life form but this conclusion is uncertain (section 10.2.2). Mars has
provided many surprises so far and promises to give more in the future.

4.4.3. Later missions

Two American missions have provided more information about the surface conditions on Mars. The
first, Mars Pathfinder, landed on the surface on 4 July 1997. The second, Global Surveyor, moved into
orbit on September 1997. The first was designed to survey one location in detail while the other aims to
make an accurate survey of the whole surface.

The chosen region of study for the Mars Pathfinder was the flood plane Chryse Planitia. This is
an ancient flood plane containing rocks swept down from different initial locations upstream. The
general view near the landing site is seen in figure 4.38. Several boulders are present—the closest to
the Sojourner rover vehicle is nick-named Barnacle Bill, the chemical and mineral compositions of
which are given in tables 4.8 and 4.9. An analysis of the oxides in samples of soil and rock were
made using a-proton X-ray spectrometer methods. Some results are collected in table 4.8. The
similarities between the rocks and the soils are noticeable but there is a discrepancy with the data
from SNC meteorites that are believed to have originated on Mars on the basis of the atmospheric
gases contained in small cavities in the meteorites (section 10.2.2). On the other hand, the rock and
soil samples are each a mean over an area of a few centimetres and the material may not, in fact, be
homogeneous to this extent. The data in table 4.8 for Mars can be compared with those of table 1.3

Figure 4.38. The Sojourner vehicle from Mars Pathfinder close to the rock Barnacle Bill (NASA).
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Table 4.8. The proportions by percentage mass of eight oxides in two rocks and soil samples at three close
locations. The meteorites are believed to have come to Earth from Mars (NASA).

Oxide Rock Barnacle Bill Rock Yogi Soil (% mass) SNC meteorites
(% mass) (% mass) (three different locations) (% mass)

SiO, 55.0 50.9 46.1 433 438 38.2-52.7

Al O; 12.4 11.4 8.0 10.4 10.1 0.7-12.0

MgO 3.1 6.3 8.7 9.0 8.6 9.3-31.6

FeO 12.7 13.8 19.5 14.5 17.5 17.6-27.1

CaO 4.6 5.8 6.3 4.8 5.3 0.6-15.8

K,0 1.4 1.1 0.6 0.7 0.7 0.02-0.19

TiO, 0.7 0.8 1.1 1.1 0.7 0.1-1.8

MnO 0.9 0.5 0.5 0.5 0.6 0.4-0.6

for Venus and the Earth. The similarity between these three sets of data is striking although the larger
iron content of the Mars surface is noteworthy. The analysis in terms of elements is especially useful
since various ratios of abundance can be deduced from it and these can have a relatively higher
accuracy for comparisons than the initial data itself. The analysis for some elements is contained in
table 4.9 for the two rocks and for rock samples of table 4.8. The ratios Ca/Si and Fe/Si are shown
in figure 4.39, which contains data for rocks from Earth and Mars. The relative Fe enrichment of
the Martian rocks is clear. Ratios Mg/Si are plotted against the corresponding ratio Al/Si in figure
4.40. It seems that the Martian rocks have a lower Al content than Earth rocks. Nevertheless, the
Martian rocks studied so far appear very Earth-like. For instance, the rock Barnacle Bill is classed
geologically as an Andesite rock, similar to volcanic rocks on Earth which are named after the
rocks first classified in the Andes mountains of South America.

The second American mission is the Mars Global Surveyor, the aim of which is to photograph
the whole planet surface to an accuracy of a few metres. An especial interest is the accurate
determination of the figure of the planet.

Table 4.9. Element analysis of two rocks and soil at three locations on Mars (NASA).

Soil (mass %)

Rock Barnacle Bill Rock Yogi
Element (mass %) (mass %) Location A2 Location A4 Location A5
(0] 45.0 44.6 42.5 439 432
Si 25.7 23.8 21.6 20.2 20.5
Fe 9.9 10.7 15.2 11.2 13.6
Al 6.6 6.0 4.2 5.5 5.4
Ca 33 42 4.5 3.4 3.8
Na 3.1 1.9 3.2 3.8 2.6
Mg 1.9 3.8 5.3 5.5 5.2
K 1.2 0.9 0.5 0.6 0.6
P 0.9 0.9 — 1.5 1.0
S 0.9 1.7 1.7 2.5 22
Mn 0.7 0.4 0.4 0.4 0.5
Cl 0.5 0.6 — 0.6 0.6
Ti 0.4 0.5 0.6 0.7 0.4

Cr 0.1 0.0 0.2 0.3 0.3
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Figure 4.39. The Ca/Si ratio plotted against the Fe/Si ratio for terrestrial and Mars samples. Shergottites,
Nakhlites and Chassignites are the SNC meteorites that are presumed to have come from Mars.
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4.4.4. The atmosphere of Mars

In 1976—1977 a Viking spacecraft studied the surface and atmosphere of Mars over a two-year period
and most of our detailed knowledge of Mars’ atmosphere comes from those observations. It will be
seen in table 4.1 that in terms of the proportions of its components the composition of the
atmosphere of Mars is very similar to that of Venus; apart from the components shown in the
table, Mars also has a fraction 0.0007 of carbon monoxide, CO. However, there the similarity ends
because the surface pressure of Mars is only 0.006 bar. With an acceleration due to gravity about
one half of that on Earth, the column mass for Mars is just over 1% of the terrestrial value.
Because the atmosphere is so thin there is virtually no greenhouse effect and the global average
surface temperature of Mars, 223 K, is appropriate to its distance from the Sun. This temperature is
an average over very wide variations; at the equator at mid-day the temperature may be as high as
290K but at the same location at night it may plunge to 140 K. This is a consequence of the lack of
substantial cloud layer or atmosphere to reflect back radiation from the surface.

The temperature profile with altitude is shown in figure 4.41. There is a region of almost constant
temperature between heights of about 40 to 100km, which plays the role of a mesosphere or
stratosphere, and there is a layer of haze and dust at a height of about 32km. Although the
atmosphere is so thin there can be very high winds on Mars and this stirs up dust clouds that
sometimes obscure large parts of the Martian surface for several days or even weeks.

Even before spacecraft visited the planet it was known that there are polar caps which advance
and recede with the seasons. By analogy with the ice caps on Earth it was assumed that these were caps
of water ice but now it is clear that, although the permanent part of the caps are water ice, the advance
and retreat of the boundary is due to carbon dioxide. At the pole corresponding to the Martian winter
there are snowfalls of solid CO, (a material in commercial use and called dry ice) which will occur down
to the latitude at which solid CO, will form at a pressure of 6 mb. Then, as the summer returns the CO,
will sublimate and return to the atmosphere while, at the same time, solid CO, is being deposited
around the other pole.
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Figure 4.41. The temperature profile of the Martian atmosphere and its composition.
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It is possible that there is more water on Mars than is indicated by the small atmospheric
component. For one thing, at the low temperatures which prevail on Mars the vapour pressure of
water is low. A great deal of water, in the form of ice but possibly in liquid form, could exist below
the arid, dusty Martian surface. There is very clear evidence that a great deal of liquid water must
once have existed on Mars, as can be seen from the sinuous channels which occur in many regions
of the surface which resemble dried river beds. A possible scenario is that Mars once supported a
denser atmosphere that provided a sufficient greenhouse effect to enable water to exist in liquid
form in the equatorial regions. With an exosphere 400 km above the surface at a temperature of
2000 K, then the lifetime of a water vapour atmosphere would have been over 2 x 100 years.
Although Mars is more than twice as far from the Sun as Venus, the mechanism of dissociation of
water vapour leading to the loss of hydrogen and available oxygen would still be effective. A
paradox of Mars is that although it is less dense than the Earth or Venus it contains much more
iron in its surface rocks, much of it in the form of iron oxide which gives the planet its
characteristic red colour. Presumably in the process by which Mars was formed there was less
segregation of iron into the core than in the more massive terrestrial planets so that more free iron
was left on and near the surface. Since iron oxidizes very readily much of the oxygen produced by
water dissociation would have been taken up in this way.

At higher latitudes water would have been stored in the form of ice and the loss of water in the
equatorial region would have been slowly replenished from this source. Eventually too little ice
remained to maintain this system and, in addition, the composition of the atmosphere could have
changed by the loss of lighter components such as CO, O, and N,. The greenhouse effect would
have reduced in effectiveness until eventually the present situation was reached. This suggested
scenario explains how water ice is still locked in the polar regions.

4.4.5. Magnetism and Mars

No intrinsic magnetization has been found so far to the limit of accuracy of the measuring equipment,
either from surface measurements or from near-Mars observations of the solar wind. Any dipole
moment is less than 1.4 x 10> Tm® and any surface field must have a magnitude less than
4% 107%T at the equator. It is perhaps surprising that Mars does not apparently possess a
significant intrinsic field, whereas Mercury does. However, Mars is not without interest from the
magnetic point of view. The Mars Global Surveyor measured the magnetism of the surface of Mars
showing strip-like magnetization of alternating polarity, much as occurs on Earth (section V.7).

4.4.6. Mars summary

The surface of Mars has had a complicated history. The northern hemisphere is generally smooth while
the southern hemisphere is cratered and mountainous. The join between the two hemispheres has a
complicated form. It is almost as if two halves have been put together to form the single planet.

Volcanism is the major feature on the surface and this seems to have been the case from the
earliest times. The major volcanoes are extremely large and, if as old as they appear to be, would
require a substantial crust to have supported them over that length of time. It is possible, of course,
that forces due to internal convection now support, or in the past have supported, these loads.

The present Martian atmosphere is thin (with a surface pressure about six thousandths that of the
Earth). The mean surface temperature is about 210 K. Water could not exist on the surface in liquid
form at the present time. There is, however, evidence of the effects of free water on the surface
during the early history of the planet. This must have involved a thicker atmosphere than now,
suggesting that atmospheric gases have either been lost or trapped underground. This is a problem
to be solved later when manned exploration becomes possible. Certainly some crater regions appear
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to show a sludge surround that would support the view that water is now buried underground as a
permafrost.

There is no evidence of intrinsic magnetic properties for the planet within the present accuracy of
measurement. Any magnetic field will be small, certainly lower than one thousandth that of the Earth’s
field.

Problem 4

4.1 Calculate the synodic orbital period (sections 4.1 and 6.1), in years, for
(i)  Venus, with a sidereal orbital period of 0.6152 years
(i1)  Jupiter, with a sidereal orbital period of 11.862 years.



CHAPTER 5

THE MAJOR PLANETS AND PLUTO

5.1. JUPITER

Jupiter is by far the most massive of the planets, having about two-and-a-half times as much mass as all
the other planets combined. It has a density similar to that of the Sun, with about one-tenth of the
radius and one thousandth of the mass of the central body. Its visual albedo is 0.52, which makes it
one of the brightest objects seen from Earth, except for Venus and Mars when they are closest to
the Earth.

Views of Jupiter, as seen through telescopes from Earth, show a banded structure (figure 5.1).
The bands are designated as zomes if they are bright and belts if they are dark. They are seen to
move around the planet at different speeds but with a near-equatorial spin period, known as the
System I period, of 9h 50m 30s. However, this is not the characteristic period of spin of the whole
surface or of the planet as a whole. Regions more than 9° from the equator give a different period
of 9h 55m 41s, known as the System II period. A further spin period comes from the presence of
relativistic charged particles trapped in radiation belts by Jupiter’s intrinsic magnetic field (section
5.1.4) that generate radio waves with wavelengths of tens of metres (decimetric radiation) that can
be detected on Earth. The tilt of the planet’s magnetic axis with respect to the spin axis gives a
periodic variation in the observed strength of the radio waves and the period is taken to be that of
the bulk of Jupiter about the spin axis. This period is 9h 55m 30s and this rotation, linked with the
magnetic field, is known as the System I period.

5.1.1.  The internal structure of Jupiter

Because of its rapid spin, the most rapid of any Solar-System planet, and its gaseous nature, the
flattening of Jupiter is quite large (table 3.3) and is easily detected visually (figure 5.1). The large
distortion enables the values of both the gravitational coefficients J, and J; (Topic T) to be
measured and this gives very tight constraints on possible models. A plausible structure for Jupiter
is shown in figure 5.2. The central core is thought to have a mass in the range 10-20M,. It could
be like an enlarged version of a terrestrial planet with an iron central core, a surrounding shell of
silicates and then perhaps another shell consisting of higher-molecular-weight materials containing
hydrogen and carbon. The remainder is hydrogen and helium but at depths below the surface where
the pressure exceeds a few million bars the hydrogen will be in the form of metallic hydrogen. In this
state the hydrogen forms an ordered lattice, at least with local if not long-range order, and the
electrons move freely through the proton lattice as they do in a conducting metal.
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Figure 5.1. Jupiter’s Great Red Spot is lower centre. At the bottom, to the left, the satellite lo can be seen
below the disk of the planet (NASA).

The near-surface regions of the planet are gaseous and form an atmosphere, described in
section 5.1.3.
5.1.2. Heat generation in Jupiter

From the Bond albedo (Topic X) of Jupiter, 0.343, it is possible to estimate how much energy it absorbs
from the Sun and from an analysis of the spectrum of Jupiter it is possible to estimate its effective
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Figure 5.2. The internal structure of Jupiter.
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temperature as a radiator of energy. In fact the radiated energy does not have perfect black-body
characteristics but it is possible to ascribe temperatures to the surface, that vary from place to
place, in the range 115—150 K with an average of 125 K. Taking this average temperature it can be
shown that Jupiter emits about twice as much radiation as it receives from the Sun. The mechanism
that give rise to this excess radiated energy is not known but two main suggestions have been advanced.

Gravitational contraction of Jupiter

This mechanism assumes that Jupiter is still settling down from its initial formation and so is slowly
contracting. A contraction rate of the radius of less than 0.05m per century (Problem 5.1a) is
enough to release sufficient gravitational energy to explain the excess. Presumably the contraction
rate would be slowing down but this rate of collapse over the lifetime of the planet (4.5 x 10° years)
would have reduced its radius by only 3%, so the explanation is feasible.

Separation and settling of helium

If helium separates out from hydrogen and sinks towards the centre of the planet then this will release
gravitational energy. The required rate of separation to explain the excess heat is very tiny compared
with the total amount of helium in the planet and the change in the distribution of helium since the
planet formed would be negligible (Problem 5.1b).

5.1.3.  The atmosphere of Jupiter

The first problem to be considered in describing the atmosphere of a major planet is to define what
constitutes the atmosphere. The outermost region, which has similar densities to the atmospheres of
terrestrial planets, would certainly be considered as part of the atmosphere but as one goes deeper
into the planet the density eventually becomes more liquid-like than gas-like although, in fact, the
material is still a very dense gas. The choice of the lower boundary of the atmosphere is thus quite
arbitrary and the level where the pressure is 1 bar is often taken as the base of the atmosphere
although atmospheric data are sometimes available from below this level.

Prior to the space age the only available method for studying the atmospheres of planets was
spectroscopic analysis of the light from them. The different constituents of the atmospheres absorb
at particular wavelengths—e.g. CO, absorbs at 4.3 and 15pum and CHy at 3.3 and 7.7 um. Thus
analysis of the infrared spectra from distant planets enabled estimates of their compositions to be
made. The advent of space probes that could orbit planets and take data over long periods has
greatly improved what can be done.

Knowledge of the composition of Jupiter’s atmosphere was greatly advanced by remote sensing
from the Voyager 1 and 2 missions in 1979. The next important probe of the atmosphere was not of
human origin but was provided by the spectacular impacts on Jupiter by fragments of the comet
Shoemaker—Levy in July 1994. These fragments threw out material from deep within the
atmosphere and gave information about composition at considerable depths. A more controlled
probe was provided by the Galileo spacecraft in December 1995. This probe descended by
parachute for 57 minutes, chemically sampling its environment as it went and measuring wind
speeds. At its lowest point it was at a depth of 600 km where the pressure was about 24 bar. Some
previous estimates of the composition had to be revised. The main component of the atmosphere is
hydrogen, which was already well known, but there was 24.4% by mass of helium, which was much
more than previous estimates that were in the range 11-19%.

Despite the many different ways that have been available for measuring Jupiter’s atmosphere
there are still many uncertainties. For example, the Voyager mission measurements suggested water
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Figure 5.3. The temperature profile and structure of Jupiter’s atmosphere.

abundance at twice the level the Sun would have if all its oxygen were contained in water. Analysis of
the Shoemaker—Levy impact ejecta suggested a much higher abundance—perhaps up to ten times the
solar level. By contrast the Galileo probe, the most direct measurement, suggested that the water
abundance is at just about the solar level. It is quite possible that the components of Jupiter’s
atmosphere are not well mixed and that variations in the abundance estimates are indicative of
variations from one site to another.

The vertical structure of the atmosphere is illustrated in figure 5.3. The thermal profile is a simple
one corresponding to a troposphere with an adiabatic lapse rate and a thermosphere with a gradually
rising temperature which goes to more than 1000 K (Topic O). The troposphere extends well below the
arbitrary 1 bar level and has been explored down to just over 100 km below the 1 bar level, which
corresponds to a pressure of about 10 bar. There are clouds at various levels, consisting of
ammonia and probably of NH,;SH, ammonium hydrosulphide and water as shown figure 5.3.

Wind speeds measured by the Galileo probe varied from 150ms~' at 0.5 bar, increasing to
around 200ms ' at a pressure of a few bar and then remained constant. The variation of wind
speeds with latitude, as measured by the Voyager 1 spacecraft, is shown in figure 5.4. The speeds of
the zones and belts correlate with the wind-speeds quite well so that neighbouring bands are in
relative motion.

The atmosphere of Jupiter shows a great deal of structure (figure 5.1), the small features of
which change on time scales varying from days to years but the largest features of which have
remained more or less constant for 100 years or more. Ovals, swirls and wave-like features are
seen on the surface, all of which corresponds to cloud patterns on Earth associated with different
kinds of weather system. The most prominent feature in Jupiter’s atmosphere is the Great Red
Spot (GRS—actually more grey than red) which is about 35000 km in length and 15000 km in
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Figure 5.4. Wind speed as a function of latitude for Jupiter.

width. Three projections of the Earth would comfortably sit within the Red Spot. This has been seen
for about 350 years, varying in intensity but never disappearing. It has the appearance of a high-
pressure storm, an anticyclone, with the general motion within it counter-clockwise about the
centre with a six-day period.

5.1.4. Jupiter’s magnetic field

The dipole component of Jupiter’s magnetic field has a dipole axis inclined at 10° to the spin axis with
the centre of the field displaced from the centre of the planet by about one-tenth of Jupiter’s radius
(figure 5.5). The dipole moment, 1.5 x 10° Tm?, is about 19000 times that of the Earth and the
flux of the solar wind is only about 4% of that in the Earth’s vicinity. This gives a magnetosphere
much larger than that of the Earth and all other features connected with the interaction of the solar
wind with the planetary field are similarly on a larger scale—for example the magnetotail may
stretch to the orbit of Saturn.
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Figure 5.5. The magnetic field of Jupiter.

The closest of the Galilean satellites is Io (section 7.3.1) that has volcanoes and a tenuous
atmosphere and ionosphere and it is a rich source of ions of heavier elements such as O, S and Na.
The combination of a source of ions and a large magnetic field generates a current system that links
Jupiter to Io’s ionosphere.

The source of Jupiter’s magnetic field is not known with certainty but could possibly be driven by
electric currents in the metallic-hydrogen region. Currents within the metallic part of the core could
also be responsible for part of the field.

5.1.5. Jupiter summary

Jupiter is by far the most massive of the planets and also the one that rotates most rapidly. Its surface
shows a banded structure, with bands moving with slightly different angular speeds. Spots are also
present, both bright and dark, representing weather systems, mostly short-lived. The very large
GRS, an anticyclone system, has endured for more than 350 years.

The excess radiation emitted by Jupiter, over and above that it receives from the Sun, is probably
due to some rearrangement of its mass—either a contraction of the total body or the settling of helium
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within it. Jupiter’s large dipole moment, coupled with a lower flux of solar-wind particles, creates a
magnetosphere and other magnetically related structures on a much larger scale than in the vicinity
of the Earth.

5.2. SATURN

Saturn is smaller and farther from the Earth than Jupiter and so the main body of the planet shows less
detail from Earth-bound observation. The main characteristic to be seen from Earth is its spectacular
ring system, first seen in very low resolution by Galileo who thought it to be accompanying bodies of
some kind. In 1659 Christian Huyghens (1629—-1695) correctly interpreted it as a ring structure.

Spacecraft pictures show a banded structure, similar to that of Jupiter (plate 3), together with
bright and dark oval features representing storm systems—although nothing with the scale and
duration of the GRS is present. There is differential spin of the surface, as deduced from motions of
the bands, varying from 10h 15m at the equator to 10h 38 m closer to the poles. Radio emission
detected by the Voyager spacecraft gave a System III period of 10h 39.4m, taken as the intrinsic
period for the rotation of the planet as a whole.

5.2.1. The internal structure of Saturn

Although Saturn is the second most massive planet it has by far the lowest mean density, this being
about one-half that of Jupiter. Its lower total mass gives much less compression of interior material
than is the case for Jupiter. In particular there is a much smaller region where the conditions are
suitable for producing metallic hydrogen, a dense form of that element, as is seen in figure 5.6. The
diffuse nature of Saturn and its rapid spin give it the largest flattening of any body in the Solar
System (table 3.3) that is easily visible in telescope images taken from Earth. The moment-of-inertia
factor of the planet, 0.210, requires a silicate + metal core with mass about 5M,.
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Figure 5.6. The internal structure of Saturn.
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Figure 5.7. The temperature profile and structure of Saturn’s atmosphere.

5.2.2.  Heat generation in Saturn

From its temperature of 95K it is found that Saturn radiates about twice as much radiation as it
receives from the Sun so the heat generation within it is even greater per unit mass than is the case
for Jupiter. Since Saturn would have cooled more rapidly after its formation it is generally believed
that Saturn should by now have reached an equilibrium configuration and so should not be slowly
collapsing, as has been suggested for Jupiter. This suggests that the separation and settling of
helium could be the mechanism, a view supported by the depletion of helium in the atmosphere
relative to hydrogen, assuming solar composition for the planet as a whole (section 1.2). Models of
the planet, taking into account the values of J,, J4, and the flattening, are consistent with a
concentration of higher-density helium towards the interior of the planet.

5.2.3.  The atmosphere of Saturn

Like Jupiter, Saturn has an atmosphere dominated by hydrogen and helium although, as previously
mentioned, the helium content estimated from remote sensing is much less than that of Jupiter. The
vertical structure of the atmosphere is shown in figure 5.7 and like that of Jupiter is seen to be
simple consisting just of a troposphere and thermosphere. The pattern of wind speeds, illustrated in
figure 5.8, shows even higher speeds than found on Jupiter and this could be related to the internal
energy generation.

5.2.4. Saturn’s magnetic field

The magnetic dipole moment of Saturn, 4.2 x 10" Tm? is about 0.03 times that of Jupiter and, because
it is twice as far from the Sun, the solar wind flux in its vicinity is one quarter as great. This gives a
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Figure 5.8. Wind speed as a function of latitude for Saturn.

magnetosphere and magnetic structure around the planet on a much smaller scale than around Jupiter.
Just as for the Earth there are particle (van Allen) belts around Saturn and the accompanying aurorae
have been photographed by the Hubble Space Telescope (figure W.14).

The magnetic dipole axis is inclined at less than 1° to the spin axis and the offset of the axis is
about 0.04 of the planet’s radius from the centre (figure 5.9). The comparatively small dipole
moment suggest that the currents driving the magnetic field are much smaller than for Jupiter and
this is consistent with the deduction that the amount of conducting metallic hydrogen was both
smaller in volume and concentrated more towards the centre of the planet.

5.2.5. Saturn summary

In many ways Saturn appears to be a smaller version of Jupiter and shares many of its characteristics.
The banded structure of the surface, oval spots representing storm systems and high speed winds are
very similar, as are the internal generation of energy and the intrinsic dipole field. Such differences as



Uranus 77

Magnetic and
spin axis

Figure 5.9. The magnetic field of Saturn.

do exist in the physical characteristics, e.g. a lower magnetic dipole moment, can be ascribed to the
different masses of the two planets.

5.3. URANUS

Although Jupiter and Saturn are similar in many ways the much smaller body Uranus seems to be
quite different. Its greenish blue colour comes from preferential absorption of red light that
indicates the presence of methane in its atmosphere. The main atmospheric components are 83%
hydrogen, 15% helium and 2% methane with small amounts of other substances, such as
ammonia. Estimates of the spin period were very uncertain from Earth observation but Voyager 2
detected a periodically-varying magnetic field that gave a System III period of 17h 14m. The
atmosphere is dominated by haze but the clouds below the haze appear to have a banded structure.
Rather curiously, and in contrast to Jupiter and Saturn, the differential rotation of the bands gives
slower motion at the equator and faster motion at higher latitudes, with periods varying in the
range 17h to 15h.

A feature of Uranus that distinguishes it from all other planets is the extreme tilt of its spin axis. It
shares with Venus a retrograde spin but, unlike Venus, its spin axis is almost in its orbital plane. This
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Figure 5.10. The internal structure of Uranus.

gives the curious pattern that if at some time a pole points almost towards the Sun then, half an orbit
later, it points almost directly away from it.

5.3.1.  The internal structure of Uranus

From the motions of its inner satellites and one of its rings the value of J, has been determined and this,
together with either the flattening or the spin period, can provide an estimate for C, the moment of
inertia about the spin axis (section 3.4, table 3.3). Knowledge of the bulk composition of Uranus is
not available so various models can be constructed on the basis of different assumptions—although
they all involve H and He in solar abundance, various ices formed from H, N, C, O, plus silicates
and iron. One model, consistent with a density of 1.29 x 10’ kgm ™ and other known quantities, is
shown in figure 5.10 but it is only one of many consistent models that can be produced.

5.3.2.  Heat generation in Uranus

The most interesting feature of heat generation in Uranus is the fact that, if it exists at all, it is only at
the level of less than 20% of the oncoming solar radiation. This makes it an exception among the major
planets and it is to be wondered why this is so. No convincing explanation is available for this
difference.

5.3.3.  The atmosphere of Uranus

The structure of the atmosphere of Uranus is not well constrained by observations but a possible
structure is shown in figure 5.11. It shows a simple troposphere—thermosphere structure. Assuming
that a solar abundance of the elements should be present on Uranus then there seems to be far less
nitrogen than expected, given that it should appear in the form of ammonia. The inferred ratio of
C/N is 100 times greater than in the Sun.
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Figure 5.11. The temperature profile and structure of the atmosphere of Uranus.

The Voyager spacecraft measured winds in the upper atmosphere of Uranus at speeds up to
200ms .

5.3.4. The magnetic field of Uranus

The magnetic dipole moment of Uranus is 3.8 x 10'” Tm?® or about 0.0026 times that of Jupiter. The
dipole axis is inclined at 59° to the spin axis, in sharp contrast to the small angles of inclination for the
Earth, Jupiter and Saturn. In addition the dipole centre is offset from the centre of the planet by a
distance 0.3 times the radius of Uranus along the spin axis (figure 5.12). Whatever electric currents
are flowing in Uranus to give the magnetic field they must be very asymmetrically arranged
relative to the equatorial plane. All the normal features are present in the magnetic environment of
the planet, including van Allen belts with accompanying aurorae that have been detected.
However, due to the tilt of the dipole axis the magnetic flux lines in the vicinity of the planet are
somewhat distorted.

5.3.5. Uranus summary

Despite the Voyager flypast and associated measurements far less is known about Uranus than
about the two largest major planets. In particular information about its interior structure is
uncertain and there is no convincing explanation for why it differs from the other major planets in
terms of its lack of excess radiation. Other observations for which no explanations are available
are the large tilt of the magnetic dipole axis to the spin axis and the paucity of nitrogen observed
in its atmosphere.
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Figure 5.12. The magnetic field of Uranus.

5.4. NEPTUNE

Neptune is often regarded as a twin of Uranus since its mass is comparable, although somewhat
greater, and they are similar in size. As seen from Earth they are just rather bland featureless disks
but when the Voyager spacecraft examined them both closely then important differences came to
light. The most evident difference is that Neptune is much the more active body. It contains a
feature, the Great Dark Spot (GDS; plate 4) that is a vast storm system similar to the GRS on
Jupiter. Also seen in the figure are various white clouds, believed to be of condensed methane,
which are driven along by high speed winds. The very rapid and variable easterly winds on Neptune
causing large relative changes of position of atmospheric features. Thus the slightly darker spot seen
in the lower right-hand part of the image in plate 4 is a feature that went around Neptune so fast
that it overtook Neptune every six days.

Various ground-based measurements estimated Neptune’s spin period as 17h 47 +4m but
Voyager detected periodically varying radio emission from which a System III period of 16.11 h was
found.

5.4.1. The internal structure of Neptune

The mass of Neptune is 18% greater than that of Uranus but its equatorial radius is about 3% less so
its density is 1.638 x 10° kgm >, substantially greater than that of Uranus, 1.270 x 10> kgm . It
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seems that compression effects cannot explain the difference so it is likely that the composition of the
two bodies is different. In view of the uncertainty about the internal structure of Uranus, figure 5.10
will also serve as a tentative model for Neptune, with minor changes to make it consistent with the
mass and overall density. A more massive silicate—iron core in Neptune may explain both the larger
mass and the smaller radius.

5.4.2. Heat generation in Neptune

Taking into account its Bond albedo of 0.290 the equilibrium temperature of Neptune, with no energy
production in that body, is 46.6 K. The actual black body temperature estimated from the radiation it
emits is 59 K, indicating that it is emitting 2.6 times as much energy as it receives (Topic X). This
contrasts with Uranus, which produces little if any heat of internal origin. Although the difference
is unexplained the fact that Neptune produces this energy explains its much more active atmosphere.

5.4.3. The atmosphere of Neptune

The composition of the atmosphere of Neptune is very similar to that of Uranus although it seems to
have a greater proportion of helium (19% against 15%). The vertical structure of the atmosphere is not
well determined but a probable general structure is shown in figure 5.13. This is, of course, influenced
by the excess radiation that it emits, giving extra heating from below.

5.4.4. Neptune’s magnetic field

Neptune has a magnetic field with a dominant dipole characteristic with strength 2.2 x 10'” Tm?,
about one-half that of Uranus. As for Uranus there is a large tilt, 47°, of the axis of the dipole to
the spin axis. There is also a very large displacement of the centre of the dipole from the centre of
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Figure 5.13. The temperature profile and structure of Neptune’s atmosphere.
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Figure 5.14. The magnetic field of Neptune.

the planet, by a distance 0.55 of the radius of Neptune in a direction making a small angle (~20°) with
the equatorial plane (figure 5.14). The internal electric currents giving rise to this arrangement must be
of a very complex and asymmetric form.

5.4.5. Neptune summary

Although in terms of mass and radius Neptune is somewhat similar to Uranus there are significant
differences. The higher density is partly explained by greater compression effects but also suggests
that either it has a larger silicate—iron core or a larger proportion of some other dense component,
perhaps ices. The internal generation of heat suggests that internal processes are taking place that
are not occurring in Uranus and the high asymmetry of the dipole field may reflect matching
asymmetry of internal motions.

The differences in the properties of the two planets could be due to some difference in their origins
or evolutionary processes—or perhaps even both. The unusual relationship of the spin axis of Uranus
to its orbital plane may reflect some event in its early history that affected its subsequent development.

5.5. PLUTO

Pluto is not a member of the major-planet family and we are considering it here just on the grounds of
its location. Its highly eccentric orbit (e = 0.249) brings it just within the orbit of Neptune at perihelion
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Figure 5.15. The discovery of Charon, seen as a bump on the surface of the image of Pluto (US Naval Observatory).

so that between 1979 and 1999 it was Neptune that was the outermost planet. It also has the highest
inclination of any planet—17°. It may be linked with another family of bodies, forming the Kuiper-belt
system (section 9.4) that exists in the region outside the orbit of Neptune.

5.5.1.  Physical characteristics of Pluto

As described in section 3.3, the discovery of Pluto was based on a supposed unexplained residual of the
orbit of Neptune and its mass was predicted to be six times that of the Earth. After its eventual
discovery this estimate was gradually reduced and by about 1954 it was generally believed to have
had about one-tenth of the mass of the Earth. The increased sensitivity of telescopes through the
introduction of CCD (charged couple device) detectors led in 1978 to the discovery of a bump on
the side of a telescope image of Pluto (figure 5.15) that turned out to be a satellite, Charon. Far
higher resolution pictures from the Hubble Space Telescope (plate 5) have given a good estimate of
the radius of Charon’s orbit, 1.96 x 10*km, and this together with the orbital period, 6.39d, gives
an estimate for the combined mass Pluto + Charon. Detecting the position of the centre of mass
then enables the individual masses of Pluto and Charon to be estimated. The mass of Pluto,
1.25 x 10* kg or just under one-fifth that of the Moon, certainly suggests that it is not a true planet
but more akin to the planetary satellites in nature.

The estimated radius of Pluto, 1.195 x 10° km, gives a density 2.1 x 10° kg m " that suggests that
itis an icy body. A proposed structure for Pluto consists of a rocky core plus an ice mantle covered with
a thin crust of methane ice, since methane and nitrogen are the main materials detected by
spectroscopic investigation. The highlight in the image of Pluto in plate 5 indicates that it probably
has a sr6nooth reflective surface. The model also adds a tenuous atmosphere with surface pressure
3 x 107" bar.

5.5.2. Relationship with Charon

The radius of Charon, 593 km, and its mass, 1.9 x 10°! kg, make it much the largest satellite relative to
its primary. It moves in a circular orbit and the two bodies are tidally locked so that they always present
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the same aspect to each other. This means that the spin periods of Pluto and Charon are both equal to
the orbital period.

Problem 5

5.1

(a) Assume that the gravitational self-potential energy of Jupiter is

GM3}
R

where My is the mass and R is the radius of the planet. What rate of decrease of Jupiter’s radius,
in metres per century, would release gravitational energy at the rate that solar energy is received
(8 x 107 Wy?

(b) If Saturn contains 15% by mass of helium then what is the mass of helium it contains? How
much helium would need to be transported from the surface region to 10000 km from the centre
to release gravitational energy equal to all that received by Saturn from the Sun in its lifetime
(2.4 x 10** J)? What fraction of the total helium is this?

(For the purpose of this calculation assume that all the mass of Saturn is effectively concentrated
at its centre.)

N=-




CHAPTER 6

THE MOON

Any discussion of the Moon is very often linked with that of the terrestrial planets. It is a rocky body in
the terrestrial region and its general appearance is not very different from that of Mercury. It has been
studied from the Earth with telescopes for about 400 years and it is the only body outside the Earth that
has been visited by man. For this reason our knowledge of it is better than that of any other Solar-
System body, except the Earth.

In this chapter we shall concentrate on observations and measurements and what has been
learned about the Moon from them. Theories of the origin of the Moon and its relationship with
the Earth will be deferred to chapter 12.

6.1. THE PHYSICAL CHARACTERISTICS OF THE MOON

By comparison with other satellites (except the tiny Charon) the Moon is large in relation to its primary
body. The lunar radius, 1738 km, is more than a quarter of the radius of the Earth and its mass,
7.35 x 10% kg, is approximately 1/81 of that of the Earth. By virtue of its proximity and
comparatively large mass the Moon exerts an important influence on the Earth so that precisely
determining its physical characteristics is of some interest.

6.1.1. The distance, size and orbit of the Moon

Because the Moon is so close its distance can be estimated by using the phenomenon of parallax. If the
Moon is observed at the same time from two different points on the Earth’s surface then it will appear
in different places against the background of the fixed stars. This principle was known to the ancients
and was used by Ptolemy to obtain a reasonable estimate of the Moon’s distance. With modern
telescopes and communications, which ensures accurate measurements made at precise times, the
distance can be estimated with high precision.

During the Second World War, when radar was developed for detecting approaching aircraft, it
was noted that ghost echoes were appearing on the cathode-ray-tube screens corresponding to the time
it would take a radar pulse, moving at the speed of light, to travel to the Moon and back. This was later
developed into a technique for measuring the lunar distance although, because of the width of the radar
pulses that were necessary, the distance estimates were no better than could be made by previous
methods. For example, if the time of a return pulse can be measured to, say, 10™*s then this
corresponds to a possible error of 15km in the estimate of distance. This may seem small compared
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Path of centre
of mass
Figure 6.1. The motion of the Moon and the Earth as the Earth orbits the Sun and the Moon orbits the Earth.
The centre of mass of the Earth—Moon system moves on an elliptical path around the Sun.

with an average Earth—Moon distance of 384 000 km but it is much larger than can be achieved by
conventional surveying techniques.

In 1969 the Apollo 11 mission to the Moon left behind retro-reflectors, devices that reflect light
back along its approach path, and further ones were left at the Apollo 14 and 15 landing sites. These
enable laser-ranging experiments to be carried out, whereby a beam of light from a laser is timed on its
journey to the Moon and back. Light from a laser source is not strictly parallel because of diffraction
spread so that if, for example, the laser light, of wavelength A\, emerges from a circular aperture of
diameter d then the central diffraction region is within a cone of semi-angle

a=122)\/d. (6.1)

Although this angle is small it spreads the light into a large patch on the Moon. Since a telescope is a
device in which the image has a larger angular size than the object, by firing the laser pulse backwards
through a telescope the angular divergence may be much reduced. Laser pulses, of less than 1ns
duration containing several Joules of energy, can be used to measure distances to the retro-
reflectors with an accuracy of a centimetre or so.

Once the distance of the Moon is determined accurately then its diameter can be found from the
angular size. Variation in the angular size then gives its orbital characteristics—the semi-major axis,
384403 km, and orbital eccentricity, 0.056—and the plane of the orbit, just over 5° from the
ecliptic, can also be found. The Earth and Moon are both in orbit around the centre of mass of
the Earth—Moon system and it is this centre of mass that is in elliptical orbit around the Sun
(figure 6.1). At one time the parallax effect associated with the Earth’s rocking motion about the
elliptical orbit was used to estimate the ratio of the mass of the Moon to that of the Earth. With
the advent of the space age and artificial satellites around the Moon it is possible to obtain more
direct measurements. The Moon’s mass can be found from

an’a’

m — Wa (62)

where the satellite orbit has semi-major axis a and period P.

The Moon always presents one face towards the Earth, which means that its spin period equals its
orbital period. However, since its axial spin is at a steady rate while its orbital angular speed varies with
its distance from the Earth, as seen from the Earth it appears to have a rocking motion, called /ibration,
in going from one full Moon to the next (figure 6.2). Starting with the Moon at perigee, position 1, the
shaded hemisphere, delineated in projection by AB, is seen from Earth. After one quarter of an orbital
period, at position 2, the Moon’s spin has rotated AB by ©/2 but, because it is close to perigee, the
Moon has gone more than n/2 around its orbit. The shaded surface that is now seen includes a



The physical characteristics of the Moon 87

4
A B
Earth
1 ® 3
B A

Figure 6.2. Lunar libration, the apparent rocking motion due to the Moon’s elliptical orbit around the Earth.

wedge on the right-hand side that could not be seen at position 1. Similarly, at position 4 there is a
wedge at the left hand side that comes into view. The effect of libration is that some 59% of the
Moon’s surface can be seen from Earth although the edges are seen in very oblique view.

There are two possible ways of defining the period of the Moon’s orbit around the Earth. The
lunar sidereal period is the time taken for the Earth—Moon direction to go through an angle 2n
relative to the fixed stars (27.32 days) and the other, the lunar synodic period, is the time taken to go
from one full Moon to the next (29.53 days). In figure 6.3 the Sun—Earth—Moon configurations are
shown at the beginning and end of a sidereal period, f4q. Since the Earth has moved around the
Sun an angle 6 it is clear that

0
lia = 51y (6.3)
where 7, is a period of one year. The synodic period is longer than the sidereal period and

2n
Lsyn = mlsid- (6.4)
From (6.3) and (6.4) the following relationship is found
o1 65)
tsyn Lsid Zy

which may be confirmed numerically, given ¢, = 365.256 days.
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Figure 6.3. The Sun, Earth and Moon at the beginning and end of a sidereal month.

6.2. EARTH-MOON INTERACTIONS

Because of their closeness the Earth and Moon exert considerable gravitational effects on each other.
Some of these are short term in nature, such as the production of diurnal tides on Earth, but others are
much more long term, such as the precession of the spin axis of the Earth (section 3.4; Topic U).
Another long-term effect, which has now stabilized, is that due to tidal force which constrains the
Moon always to present the same face to the Earth. A theory of tidal action is given in Topic Y.
Here we give general descriptions of the physical principles involved.

6.2.1. The diurnal tides

It is well known, particularly by those living close to open seas, that there are two tides per day and that
these are due to the action of the Moon. The popular view is that the water is ‘pulled up’ towards the
Moon but this simple description does not explain why there are high tides simultaneously in that part
of the Earth facing the Moon and on the opposite side of the Earth. A more complete description is
that the gravitational attraction (force per unit mass) exerted by the Moon on the nearside water is
greater than that at the centre of the Earth and so the water experiences a force pulling it away
from the Earth. Equally the attraction at the centre of the Earth is greater than that on the farside
water so that the latter again experiences a force pulling it away from the Earth. This is illustrated
in figure 6.4a.

Together with stretching forces along the Earth—Moon direction there are compression forces on
the Earth, as seen in figure 6.4b. Expressed as force per unit mass, in the diametric plane perpendicular
to the Earth—Moon line these have half the magnitude of the maximum stretching force.

It is shown in Topic Y that the tidal acceleration varies as the inverse cube of the distance. Since
the eccentricity of the Moon’s orbit is 0.056 the ratio of the maximum to minimum tidal acceleration is
{(1+e¢)/(1 —e)}’ = 1.40. Another factor influencing the strength of tides is the Sun that, on average,
gives about 46% of the Moon’s effect. When the Moon and the Sun give reinforcing effects, which
happens either at the time of the full Moon or new Moon (figure Y.5a) then spring tides occur. On
the other hand when the Moon is in quadrature, which means that just one half of the hemisphere
facing the Earth is illuminated, the solar-induced tide partially cancels out that due to the Moon
giving neap tides (figure Y.5b).

In the theory above it was assumed that the Earth was not spinning. What rotation does is to pull
out material, in particular the oceans and especially in the equatorial regions, thus giving the surface of
the Earth the shape of an oblate spheroid. This distortion will be added to that of the tides but, since
this effect is unchanging with time, there is no contribution to tides due to the Earth’s spin.

In the open sea the difference between high and low tide is about 1 m or so but in an enclosed
volume of water, for example, large lakes or inland seas, it will be much less and hardly detectable.
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Figure 6.4. (a) The relative forces per unit mass at points within a tidally affected body. (b) The distribution
of force per unit mass, relative to the centre, at various points of the Earth’s surface.

Local coastal topography is also important in controlling the height and form of the tides. In some
areas bordering the English Channel, tides of 12m or more occur and backwash effects caused by
the Isle of Wight give the port of Southampton four high tides per day instead of the usual two.

Because of the tilt of the Earth’s spin axis to the plane of the Moon’s orbit the tides on opposite
sides of the Earth may have very different magnitudes. This also means that two consecutive tides at a
particular location can also differ very much in height. In figure Y.4 the position of the Moon and of
the Earth’s spin axis are shown from which it is clear that after approximately 12 hours a particular
spot on the Earth would go from position A to position A’. This diurnal inequality in the tides can
be so large that there may be only one appreciable high tide per day.

6.2.2. The effects of tides on the Earth—Moon system

Because the day is shorter than the month the Earth’s spin tends to drag the tides so that the high tide
direction is ahead of the direction of the Moon (figure Y.6). The consequent form of the non-spherical
symmetry of the Earth’s mass exerts a non-radial force on the Moon that gives a net force in its
direction of motion thus increasing the intrinsic angular momentum of its orbit. Similarly the
Moon exerts a torque on the tidal bulges tending to reduce the angular momentum in the Earth’s
spin. Without the influence of the Sun the angular momentum of the Earth—Moon system would
remain constant with the Earth spinning more slowly and the Moon gradually retreating from the
Earth. Eventually a position would be reached in which the day and the month were equal in
length (approximately 50 days) so that the Earth always presented one face to the Moon.
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Following that stage there would be no drag on the tides and no advance of the tide ahead of the
direction of the Moon.

Although these changes, which are going on today, conserve angular momentum they do imply a
loss of energy. The Moon actually gains orbital energy as its orbital radius increases but this is more
than offset by the loss of energy of the Earth in its spin. This is due to friction between the spinning
Earth and the tidally raised material and has been likened to the dragging of brake pads on a
spinning wheel. The loss of energy in the spin of the Earth is at the rate ~ 2 x 10'> W which causes
the day to lengthen by about 1.6 ms per century. Although this is a small effect it can be detected by
apparent time discrepancies in eclipses reported by ancient civilizations (section Y.3).

Another effect of the Earth—Moon interaction is to cause a precession of the spin axis of the
Earth (Topic U; section 3.4). Since precession gradually changes the First point of Aires, or the
Vernal equinox, this means that the seasons gradually drift with respect to the year. In the northern
hemisphere the Vernal equinox (the beginning of spring in the northern hemisphere) will fall in the
third week of September in the year 15000 aD!

6.3. LUNAR AND SOLAR ECLIPSES

A curious coincidence concerning the Earth—Moon—Sun system is that at the present time the angular
diameters of the Moon and the Sun as seen from the Earth are so similar. Because of the eccentricities
in the Earth’s orbit around the Sun and the Moon’s orbit around the Earth the angular diameter of the
Sun varies between about 31.5" and 32.5’ and that of the Moon between 29.5" and 32.5'. The
combination of this angular—size similarity and the relationship between the orbital plane of the
Moon about the Earth and the ecliptic give the observed eclipses of the Sun and the Moon.

6.3.1. Solar eclipses

A solar eclipse occurs whenever the Moon is between the Earth and the Sun and blots out all or part of
the Sun’s disk from view. If the plane of the Moon’s orbit was coincident with the ecliptic then this
would happen every new Moon but in practice there are about six solar eclipses per decade which
can be seen either as total (figure 6.5) or annular somewhere or other on the Earth’s surface.
During a total eclipse the outer regions of the solar atmosphere, the light from which is usually
swamped by total sunlight, can be seen and studied. Because of their scientific interest, expeditions
are mounted to observe total eclipses, even when they occur in remote and hostile environments.
Many other eclipses occur which are partial, where only a part of the Sun’s disk is obscured, but
they are of no particular scientific interest and, indeed, many would hardly be noticed by those on
Earth if it was not brought to their attention.

The orbit of the Moon is inclined at 5° to the ecliptic and so crosses the ecliptic twice each month.
There is a precession of the Moon’s orbit because the Sun’s pull on the Moon gives components of
force on it not directed towards the Earth, so constituting a torque. Thus the two points at which
the Moon crosses the ecliptic each month slowly change. The combination of this effect with the
Earth’s motion around the Sun creates a periodic pattern of eclipses with a period of just over 18
years, known as the Saros.

6.3.2.  Eclipses of the Moon

An eclipse of the Moon takes place when the Earth is directly between the Sun and the Moon so that
the Moon is obscured. In fact there is always some light refracted by the Earth’s atmosphere that falls
on the Moon and this usually shows the Moon in a faint coppery glow.
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Figure 6.5. A total eclipse of the Sun.

If the Moon’s orbit was not inclined to the ecliptic then there would be a lunar eclipse at every full
Moon. Because the Earth is larger than the Moon, lunar eclipses are far more common than solar
eclipses and have a much greater duration—typically longer than one hour while the Earth’s
shadow passes over the Moon. Lunar eclipses are seen simultaneously everywhere on Earth from
which the Moon can be seen but they are of not of great scientific interest.

6.4. THE LUNAR SURFACE

Since the time of Galileo the Moon has been studied in detail by Earth-based telescopes. In general the
Moon shows a melange of bright areas which are mountainous, and dark areas which are flat plains
(figure 6.6). The latter are termed maria (seas) although most regions of the Moon contain no
water, not even bound into minerals. It was long thought that the Moon contained no water at all
but in March 1998 it was reported that water ice deposits had been discovered near both lunar
poles by neutron spectrometers mounted on the orbiter Lunar Prospector. It is believed that this
water was deposited by comets falling into deep craters near the poles. Since the Sun’s rays cannot
penetrate into these craters the water is protected from evaporation. Craters, which are seen all over
the Moon but most densely in the highland regions, are caused by the impact of large projectiles.
Other surface features are rays, which are splashes of brighter material thrown out of some of the
newer craters, and rills, which are straight, curved or sinuous cracks or channels. Although the
Moon appears bright at night it is actually a dark object with an average visual albedo of 0.07.
Most detailed knowledge of the Moon is now derived from space exploration and, in particular,
from lunar material returned to Earth. One of the very early space missions to the Moon, the Luna 3
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Figure 6.6. The near face of the Moon showing the landing sites of the numbered Apollo missions.

mission by the USSR in 1959, produced rather poor pictures of the far side of the Moon but they were
good enough to show that the two hemispheres were substantially different. Whereas the side seen from
Earth is dominated by maria the far side has few maria and those relatively small. The hemispherical
asymmetry of the Moon is clearly a consequence of some important aspect of its origin and/or
evolution.

The bulk of lunar material available for scientific examination on Earth has come from the
American Apollo programme although some material was also returned by unmanned Soviet
missions. The American missions and their sources of material are given in table 6.1 and their
locations marked on figure 6.6.

6.4.1. The maria

Maria material is basalt with a composition similar to that from terrestrial volcanic eruptions. As is
true in the terrestrial case, it can be assumed that the material is a sample of the interior
composition at that location. The eruptions producing the mare deposits were spasmodic over a
long period of time. Individual flow fronts can be seen in the Imbrium basin emanating from the
vicinity of the crater Euler and a layered maria was reported by the Apollo 15 astronauts at Hadley
Rille which had cut through the maria flow to reveal the layers forming it. The general appearance
of the layers, plus the extreme flatness of the maria, suggests that the lava flows were much more
fluid than on Earth and so spread farther and more evenly.

The time of eruption of maria material has been dated between 3.16 and 3.96 x 10° years ago
which shows that volcanism occurred on the Moon at least during that period. Since older material
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Table 6.1. The Apollo landing sites and the types of returned material.

Mission Landing site Material

Apollo 11 Mare Tranquillitatis Simple maria

Apollo 12 Oceanus Procellarum Simple maria

Apollo 14 Fra Mauro Ejecta from Imbrium basin
Apollo 15 Hadley Rille Eastern edge, Imbrium basin
Apollo 16 Descartes Lunar highlands

Apollo 17 Taurus-Littrow region Edge, Mare Serenetatis

tends to be covered up there may well have been volcanism even earlier, perhaps back to the origin of
the Moon some 4.6 x 10° years ago.

The most common minerals in lunar maria are clinopyroxene and plagioclase which is usually in
the range 80-90% anorthite (Topic A). Up to 20% olivine is present in some basalts although it is
almost absent in most of them. Table 6.2 shows the compositions of basalts from the various
Apollo missions plus one sample from the Soviet Luna returns. Although only about one hundred
minerals have been identified on the Moon, compared with more than two thousand on Earth,
three previously unknown minerals were discovered on the Moon. These were pyroxferroite, an
iron-enriched pyroxene, armalcolite (subsequently discovered on Earth), an Fe-Ti-Mg silicate
similar to ilmenite, and tranquillityite, an Fe-Ti silicate enriched with zirconium, yttrium and uranium.

A consequence of the deficiency of oxygen on the Moon, as compared to the Earth, is the
presence of particulate iron in maria material and also iron only in the ferrous form, FeO, whereas
the ferric form, Fe,O5 also occurs on Earth. Another difference is that the Moon is depleted in
volatile elements compared with the Earth as illustrated in figure 6.7. As an example, lunar rocks
contain about one-tenth the abundance of sodium and potassium compared with the Earth. If it is
assumed that the basic raw material of which the two bodies formed was the same then it may be
inferred that the more volatile elements were ‘boiled off” the Moon at some stage, perhaps at the
time of its formation. If so this would imply a temperature of at least 1700 K everywhere.

6.4.2. The highlands

Highland rocks are all igneous and the appearance of mineral crystals suggests that, unlike the maria,
they cooled slowly. They are similar to maria material in containing particulate iron, in the absence of

Table 6.2. Percentage compositions of basalts from Apollo missions.

11A 11B 12A 12B 14 15A 15B 16 17
Olivine 0-5 0-5 10-20 — — 6-10 — — <5
Clinopyroxene 45-55 40-50 35-60 45-50 50 59-63 64—68 50 45-55
Plagioclase 20-40 30-40 10-25 30-35 40 21-27 24-32 40 25-30
Opaque 10-15 10-15 5-15 5-10 3 4-7 2-4 7 15-25
Silica 1-5 1-5 0-2 3-7 2 1-2 2-6 — —

11A = Apollo 11, high K basalt; 11B= Apollo 11, low K basalt; 12A = Apollo 12, olivine basalt; 12B = Apollo 12, quartz basalt;
14 = Apollo 14, aluminous basalt; 15A = Apollo 15, olivine basalt; 15B= Apollo 15, quartz basalt; 16 =Luna 16, aluminous
basalt; 17 = Apollo 17, high Ti basalt.

Opaque: minerals rich in ilmenite (FeTiO3).

Silica: tridymite and cristobalite, high-temperature forms of silica.
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Figure 6.7. The relative abundance of elements on the Moon and Earth related to the elemental condensation
temperatures.

water and in a deficiency of volatiles, but their chemistry and mineral compositions are quite different.
Whereas lava is rich in iron, magnesium and titanium, the highland rocks are lighter in colour and are
rich in aluminium and calcium; plagioclase, which accounts for over 50% of highland material, occurs
with varying amounts of pyroxene, olivine and spinel (Topic A).

Highland rocks are similar to terrestrial rocks and so the terminology to describe them is similar.
Most highland rocks are gabbro (table A.3) but some contain 90% or more of plagioclase and is called
anorthosite. A few rock specimens are pure anorthosite. Unlike on the Earth there are only igneous
rocks on the Moon, implying that the lunar surface was once completely molten and has never
known oceanic conditions.

The measured ages of the highland rocks, that is from the time they became closed systems, are
generally in the range 4.0—4.2 x 10° years. However, there is one sample from Apollo 17 which gives an
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age of 4.6 x 10’ years, similar to that found for meteorites, and which is the generally assumed age of
the Moon. There seems to be a 500 million year period following the formation of the Moon where
either condensation of rocks did not take place over most of its surface or, alternatively, at the end
of which previously condensed rocks were destroyed in some way. This is a problem that has not
been resolved.

6.4.3. Breccias

Breccias are rocks formed from fragments of other rocks that have been broken up and then mixed
together. On the Moon they are evidence of violent events and the individual fragments within them
vary from a few millimetres to several metres in extent. They are found everywhere on the Moon
but are most evident in the highlands. Some breccias from the Apollo 16 mission are an impact
melt where many smaller rocks have been shock-welded together by the energy of the impact that
formed some of the larger craters.

Breccias provide a unique probe for studying impact events. Apollo 14 breccias indicate that they
were deposited at temperatures of at least 500 K and in the presence of a gas. The study of breccias
leads to a better understanding of the thermal history of the Moon but the analysis involved is
extremely difficult and complex.

6.4.4. Regolith: lunar soil

The Apollo missions found no solid bedrock on the Moon but everywhere loose pulverized material
several metres thick known as regolith. It is also referred to as lunar soil although it has no
relationship to terrestrial soil that is characterized by hydrous and organic components. A small
glass spherule from the lunar soil is shown in figure 6.8.

Figure 6.8. A glass sphere (<0.2mm in diameter) in lunar soil, showing damage features on its surface.
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Regolith has the composition of the surface on which it rests and is formed by bombardment of
the surface by meteorites (some 1-2% of regolith consists of meteorite material) and by high-energy
radiation from the Sun. It is slowly ‘stirred’ by incoming particles, a process called lunar gardening,
which rearranges material near the surface. The timescale for this has been deduced from cores of
lunar material brought back in the Apollo programme. The core returned by Apollo 15 from
Hadley Rille was 2.42m long and deposited as a result of a single impact 500 million years ago.
Calculations suggest that the top 0.5mm of the soil is turned over every 10000 years and the top
centimetre every 10 million years.

The measured radioactive age of the regolith is very uniform, in the range 4.4-4.6 x 10’ years,
which means that it seems to be older than the rocks from which it was formed! This paradox has
not been completely resolved although a number of suggestions have been made which could
disturb the relationship between radiogenic *’Rb and its daughter product ¥’Sr from which age
estimates are made. One suggestion involves the presence of a component of the lunar soil called
KREEP, on account of its high component of potassium (K), rare-carth elements (REE) and
potassium (P). It is principally plagioclase and pyroxene and apart from the KREEP components it
also contains more rubidium, thorium and uranium than is found in other lunar rocks. It forms a
few percent of the lunar soil but cannot be that common within the Moon since its radioactive
component would then make its presence known by melting of the lunar interior. The majority of
KREEP material is found in the vicinity of Mare Imbrium and it could have originated at a depth
of 25-50km below the Mare Imbrium site and been brought to the surface by the collision which
produced the mare basin. However, to explain the larger measured age of the rock requires a
relative increase in the strontium component and another suggestion is that the heat generated by
impacts may have preferentially removed rubidium which is more volatile than strontium.

6.5. THE INTERIOR OF THE MOON

Knowledge of the lunar interior may be gained from many different kinds of measurement. The most
obvious type is that from seismometers left on the surface of the Moon by the Apollo 11, 12, 14, 15 and
16 missions. Other information comes from external measurements of both the gravity and magnetic
fields in the vicinity of the Moon and measurements of heat flow at the surface. We shall now review
these measurements and indicate what is learned from them.

6.5.1. Gravity measurements

We have already seen (section 3.4) that it is possible to estimate the moment of inertia factor of Solar-
System bodies from a combination of measurements—for example the value of J, plus the rate of
precession of the spin axis. In the case of the Moon the latter quantity cannot easily be measured
but what is used instead are the lunar physical librations. In section 6.1.1 it was shown that the
elliptical motion of the Moon around the Earth combined with the uniform spin of the Moon gives
an apparent rocking motion, or libration. Another effect of the elliptical motion is that the tidal
bulge on the Moon is not always precisely directed towards the Earth so that a torque, variable in
strength and direction, is exerted on the Moon. This gives rise to a physical libration which is
manifested as a very small periodic variation in the spin rate of the Moon. This can be measured
and, combined with J,, gives the estimate of 0.392 for the moment of inertia factor. This shows
some central condensation of the Moon and is consistent with an iron core with radius up to 382 km.

When spacecraft move in orbit around the Moon they are found to experience accelerations and
decelerations indicating gravitational anomalies. Negative anomalies are found where there are
unfilled craters and are simply due to missing material. On the other hand larger craters and maria,
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Figure 6.9. Idealized representations of the principle of isostacy. (a) A crater filled with dense basalt such that
the pressure is uniform at the compensation level. (b) A mountain of low density with a ‘root’ such that the
pressure is uniform at the compensation level.

with diameters more than about 200 km, have positive anomalies indicating concentrations of mass
called mascons. It might be thought that this is due to the presence of dense basalt filling the mare
basin, since basalt is much denser than the crust material. However, the material welling up through
cracks to fill the basin would only rise to such a height that the pressure would be uniform at some
lower compensation level (figure 6.9a). This is the principle of isostacy in geophysics that operates in
a number of different ways. Thus in figure 6.9b the extra height of the mountain, which consists of
low-density rock, is accompanied by a root of low-density rock so that the pressure at the
compensation level is uniform. Ignoring the small variation of the acceleration due to gravity over
the depth of the basin, if the isostatic principle was operating then the mass of infilling basalt would
be the same as that of the removed crustal material so that no positive gravitational anomaly
should be present. In fact it could be argued that since the dense material is lower, and hence
farther from the measuring spacecraft, if there was a gravitational anomaly then it should be in the
opposite sense. The anomaly is due to overfilling of the basins and craters and has been explained
by Dormand and Woolfson (1989). When the Moon was young the cooling crust was shrinking and
applying pressure on the material below. At the same time radioactive elements, particularly **U,
22Th and “°K, were more abundant than now and were heating up the interior, thus increasing the
internal pressure even more. The net effect was that the magma was extruded under supra-
hydrostatic pressure, rather like toothpaste being squeezed out of a tube. Each eruption would
overfill the basin and subsequently slump due to the excess pressure but, as the surface regions
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cooled, the process would become more and more sluggish and the final outcome would have been a
slightly overfilled basin, or a mascon.

6.5.2.  Lunar seismicity

Results from the seismic stations on the Moon have enabled deductions to be made concerning the
lunar interior. Since, in seismic terms, the Moon is a much quieter body than the Earth it is possible
to run the seismometers at maximum sensitivity, and vibrational amplitudes of the lunar surface as
small as 10~*m can be measured. Disturbances that have been recorded have been due to internal
displacements of lunar material (moonquakes), the impacts of meteorites and also the impacts of
parts of booster rockets and other spaceware deliberately made to collide with the Moon.

There are fewer than 3000 moonquakes per year and they all have strength less than 2 on the
Richter scale. They are influenced by the Earth and are triggered close to apogee and perigee where
tidal effects are changing from increasing to decreasing or vice versa. The total energy released by
these events is 2 x 10°J per year or between 107" and 107! of that released by earthquakes. The
moonquake energy is equivalent to less than 50 g of TNT per year; by contrast the collision of a
Saturn third-stage booster rocket that crashed on to the Moon’s surface was the equivalent of
about 1 tonne of TNT. There are also impacts of meteorites greater than 1kg mass at the rate of
one per month within 200 km of each seismic station.

An earthquake disturbance on Earth decays in less than two minutes, due mainly to dissipation
of energy in the fluid core and plastic regions of the Earth’s interior. By contrast a moonquake may
take up to an hour to decay, showing clearly that the bulk of the body is behaving like a near-
perfect elastic solid. When the Saturn third-stage booster from the ill-fated Apollo 13 mission
landed on the Moon, the Apollo 11 seismometer recorded the resulting disturbance for three hours
and twenty minutes.

6.5.3.  The interior structure of the Moon

The essential structure of the Moon, as deduced from the seismic evidence, is shown in figure 6.10. The
crust on the far side, with thickness 74 km, is thicker than that on the near side (48 km) and this
provides an explanation for the difference of appearance of the two sides. Although the far side is
deficient in maria it does have large impact basins, but these have not been filled by molten material
from the interior. It seems that the molten material could not rise to the surface through the thicker
crust. The asthenosphere is the region where material has greater plasticity and S-waves are
attenuated there. The sources of most moonquakes are fairly close to the asthenosphere—lithosphere
boundary.

The variation of P-wave and S-wave speeds in the Moon are not known with great precision and
are approximately given in figure 6.11. There are some fine-scale variations close to the surface due to
deposits of various materials but these are dependent on the location.

6.5.4. Heat flow and temperature measurements

Surface heat flow measurements were made by the Apollo 15 and 17 missions. There was variation of
measurements made at different places but the average surface heat flow is about 2 x 107> W m~?2 with
a near-surface temperature gradient of 1.8 Km™'. The total surface heat flux, 1.9 x 10'° W, is some
three orders of magnitude less than that of the Earth.

The surface temperature gradient, if maintained to greater depths, would imply an enormous
internal temperature but clearly this is not so. One way of estimating internal temperatures is first
to assess as well as possible the variation of electrical conductivity of the interior of the Moon, or
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Figure 6.10. A schematic cross-section of the Moon showing the difference of crust thickness on the two sides
(exaggerated).

any other Solar-System solid body. Silicate rocks are semiconductors, which is to say that their
electrical conductivity increases with increasing temperature and, with assumptions about the type
of rock present, conductivity can be translated into temperature. One way of inferring the interior
conductivity is to record the electromagnetic response of the Moon to magnetic disturbances by
means of magnetometers, some on the surface and others carried by orbiting spacecraft. The
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Figure 6.11. Speeds of P and S waves at various depths in the Moon.
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magnetic disturbances are provided by variations of the solar wind that is coupled to the solar magnetic
field. Analysis of such magnetic measurements indicates a temperature profile, similar to that shown as

curve (e) in figure 6.14. The interior temperatures, if valid, would indicate partial melting of material in
the core.

6.6. LUNAR MAGNETISM

In section 6.4.1 it was mentioned that particulate iron is present in the maria basalts and also elsewhere
on the Moon. Iron is a ferromagnetic material, which means that it becomes permanently magnetized if
placed in a magnetic field but it ceases to be ferromagnetic above a temperature known as the Curie
temperature, which is 1043 K for iron. This may be simply interpreted as the temperature at which
the elementary atomic magnets, of which the ferromagnetic material is formed, have so much
thermal energy that they cannot remain aligned. When the mare basalt deposits were first formed
they would be well above the Curie temperature for iron but they would quickly fall to below that
temperature. The iron particles would become magnetized and would remain magnetized at the
same strength even if the ambient magnetic field was subsequently reduced or even removed
completely. The so-called natural remnant magnetism (NRM) enables an estimate to be made of
the strength of the prevailing magnetic field when the magma solidified. This is done by subjecting
returned samples of moon-rock to magnetic fields in the laboratory and then measuring the
intensity of magnetization of the sample. Since the intensity of magnetization of any particular
sample is approximately proportional to the magnetizing field this enables the original lunar
magnetizing field to be estimated. From a measurement of the age of the magma, the variation of
magnetic field strength with time may then be deduced.

Magnetometers orbiting the Moon measured a very small magnetic field and magnetometers on
the lunar surface give measurements up to 38y (1y = 107° T) in mare regions and up to 313+ in the
highlands. However, the big surprise was the measurement of the NRM of samples returned to
Earth. These indicated that the early Moon possessed a surface field greater than 10~* T that then
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Figure 6.12. The variation of the surface field with time on the Moon as deduced by NRM measurements.
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declined with time as shown in figure 6.12. To appreciate what this means the maximum terrestrial
magnetic field, at the poles, is about 6 x 107> T.

The origin of the early magnetic field of the Moon has been the subject of much speculation. One
obvious interpretation is that it was of internal dynamo origin so that the reduction of the field with
time is then due to the weakening dynamo effect as the Moon became cooler. The problem with this
is that the size of the Moon’s core, as indicated by the moment-of-inertia factor, seems far too small
to generate fields of the necessary strength.

Another explanation is that the Moon was magnetized by an external source but this raises the
problem of finding an external source, transient in nature, which would have been able to give such
large fields at the lunar surface.

6.7. SOME INDICATIONS OF LUNAR HISTORY

The radioactive dating of maria basalt indicates that soon after the formation of the Moon there was
molten material just below the surface. On the near side the molten material was close enough to the
surface to permeate through cracks produced by the collisions of the large projectiles which produced
the mare basins although it must have gradually retreated away from the surface with time. On the far
side the extra 20—30 km thickness of the crust was sufficient to reduce greatly the escape of magma so
that few mare basins are evident there, and those that are present are small ones. A scenario which
explains this pattern is that the Moon was formed by the very rapid accretion of inwardly falling
material. In figure 6.13 the core of a forming Moon, with density p and radius x, is indicated with
material raining in upon it. If the kinetic energy of the impacting material, assumed to be at free-
fall speed, is completely transformed to thermal energy then the temperature of the deposited
material, 8, will be given by

4nGpx® = c(0 - ), (6.6)

(Topic AE) where c is the thermal heat capacity and 6, the initial temperature of the material. This
would give a temperature profile for the completely formed Moon similar to that shown as curve
(a) in figure 6.14 which includes the effects of cooling at the surface, the transmission of energy
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Figure 6.13. A schematic view of the Moon forming by fast accretion.
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Figure 6.14. Sequence of thermal profiles in the Moon: (a) at its formation; (b) after 10° years; (¢) after
2 x 10° years; (d) after 3 x 10° years; and () at present ( Mullis 1993).
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Figure 6.15. Overlaps of an earlier crater (full line) and later crater (dotted line). In case (b) the later crater
obliterates the earlier one. In the other three cases it is possible to detect both craters and to tell which is the
earlier one.
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The recent increase is of unknown origin.

inwards by shock waves and the latent heat of fusion when the material melts. Calculations show that,
due to interior conduction and convection and surface cooling, the thermal profile would evolve in the
way shown in the figure.

The highland regions of the Moon are saturated with craters but the number of them per unit
area is much less in the maria as early craters have been erased by volcanism. Craters can be
approximately time-ordered by their states of degradation, as they become less clear when covered
by the dust of later collisions. Time sequences are also indicated when craters overlap. Some
overlap situations are illustrated in figure 6.15. It is found that, whenever overlapping craters can be
identified, in about 90% of the cases the later crater is smaller than the earlier one.

From the dating of mare basalt and the study of craters some idea of the variation of the rate of
bombardment of the surface with time can be deduced. This is shown in figure 6.16. The situation
farther back than 3.9 x 10° years ago is uncertain, but there does seem to have been a surge some
500 million years ago which probably indicates some major catastrophic event in the Solar System
at about that time. From the relative sizes of overlapping craters and the dating of mare basins it
also appears that the initial projectiles contained larger bodies but that the sizes of the bombarding
bodies tended to reduce with time.

6.8. MOON SUMMARY

The Moon is a large body compared with its primary body, the Earth. It always presents the same face
towards the Earth although, due to libration, more than one hemisphere can be seen. Tidal effects give
diurnal tides on Earth and also cause the Moon’s orbit to slowly recede, the extra angular momentum
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required being provided by a slowing down of the Earth’s spin. The present distance of the Moon can
give total eclipses of the Sun, important events for the study of the Sun’s outer regions. The forces of
the Moon on the equatorial bulges caused by the spin of the Earth lead to a precession of the Earth’s
spin axis with a period of 26 000 years.

The surface of the Moon consists of highlands and mare basins. Other major features are craters,
rays and rills. Highlands consist of igneous low-density rocks while mare material is higher-density
magma produced by volcanism from the Moon’s interior.

Seismic measurements and the electromagnetic response of the Moon to magnetic disturbances
have enabled deductions to be made about the lunar interior. The crust is thinner on the near side than
the far side, which explains the concentration of maria on the near side and the hemispherical
asymmetry. Deduced interior temperatures suggest partial melting towards the centre. Although the
Moon has little if any intrinsic magnetism, an examination of lunar rocks indicates that surface
fields up to 10~* T occurred early in its existence.

The bombardment history, as judged by the distribution of craters coupled with dating of lunar
rocks, suggests an early bombardment by large numbers of large projectiles. Subsequently the intensity
and size of the projectiles decreased although an upsurge in bombardment may have taken place 500
million years ago.

Problems 6

6.1 What is the orbital period of a spacecraft in orbit at a height of 50 km above the Moon’s surface?

6.2 A laser of diameter 0.02m fires a beam of light of energy 1J and wavelength 560 nm on to the
Moon. If all the energy falls in the central diffraction region then what is the average number
of photons per m” in that region?



CHAPTER 7

SATELLITES AND RINGS

7.1. TYPES OF SATELLITES

The main satellites of the Solar System are listed in tables 7.1 to 7.5 and an examination of their
orbital characteristics shows that they fall into two main types. One type is exemplified by the
satellites of Jupiter out to Callisto. All these satellites have direct orbits very close to circular and
almost in the planet’s equatorial plane. Such satellites are often referred to as regular satellites; the
satellites of Saturn out to Titan and all the satellites of Uranus given names in table 7.4 fall into
this category, although Miranda’s orbit is inclined by 3.4° to the equator. It is a common
assumption that regular satellites are somehow connected with the formation of the parent planet.
The general idea here is that the spin axis of the planet and the rotation axis of the satellites’ orbits
are both aligned with the net angular momentum vector of the original body of material that
formed both the planet and its satellites. Although this assumption is probably true it must be
treated with some caution. The three planets with regular satellites all spin rapidly and are therefore
quite oblate. If the regular satellites were somehow placed in orbit around the planet not too long
after its formation then the combination of the gravitational pull of the equatorial bulge plus
energy dissipation due to a residual resisting medium, would pull the satellite orbit towards the
equatorial plane.

The irregular satellites have as their largest and outstanding member the Moon, considered in
some detail in chapter 6. There is no convincing theory for the coeval formation of the Earth and
the Moon so it is generally believed that the Moon was acquired by the Earth by some process after
the Earth had formed. The other large irregular satellite is Triton that has a circular but retrograde
orbit well inclined to Neptune’s equatorial plane. There must certainly be some unusual scenario
associated with its relationship to Neptune.

We shall now describe the individual satellites of interest, moving outwards from the Sun, and
comment on their probable structures and give ideas about their origin where appropriate. Table
7.1 gives the characteristics of planetary spins and of satellites for the terrestrial planets plus Pluto.
Tables 7.2 to 7.5 give the same information for the individual major planets.

7.2. THE SATELLITES OF MARS

Mars has two small satellites, Phobos and Deimos, shown in figure 7.1. They are both small irregularly-
shaped bodies, similar to typical asteroids in both appearance and size (cf. figure 8.4).

105
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Table 7.1. Spins and satellites of the terrestrial planets and Pluto.

Planet or  Spin Orbital radius  Orbital Mass Mean diameter Mean density
satellite period Inclination”  (10° km) eccentricity (102 kg) (km) (10*kgm™?)
Mercury 58.65d 28°
Venus 243d 177° (R)
Earth 24h 23° 27
Moon 23.4° 385 0.056 7.35 3476 3.34
Mars 24h 37m 23° 59
Phobos 9.4 0.021 9.5x 1077 22 ~2
Deimos 23.5 0.003 1.9x 1077 13 ~2
Pluto 6.39d 122° (R)
Charon 0? ~0.12 ~1200 ~1.2

T For planets, inclinations are of spin axes with respect to the orbital plane. For satellites, inclinations are of orbits with respect to
the planetary equator. (R) indicates retrograde spin.

Phobos, the larger and inner of the two satellites, has an orbital period of about 7h 39.5 m that is
less than the spin period of Mars so, seen from the surface of the planet, it would appear to rise in the
west and set in the east. Phobos is roughly ellipsoidal in shape with axes 20 x 23 x 28 km. It is covered
with craters of a wide range of sizes, the largest being Stickney with a diameter of 10 km. The impact
that produced Stickney must have come close to completely disrupting the satellite. Another
characteristic of the surface is a series of parallel striations that are thought to be due to constant
alternating tidal stresses on the satellite.

Deimos has dimensions 10 x 12 x 16 km and an orbital period of 30 h 24 m. The largest crater on
Deimos is about 3km in diameter. Both satellites have a thin dust layer covering the surface,

(@) (®)

Figure 7.1. The Martian satellites. (a) Phobos. (b) Deimos (NASA).
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representing fine material that happened to be retained when material was excavated to form the
craters. Since the escape speed is low, most of the fine material would have escaped. However, from
the somewhat smoother appearance of the surface of Deimos it is deduced that the layer of dust on
it is thicker than on Phobos. This is surprising as it might be thought that the lower escape speed
from Deimos would result in a thinner dust layer.

The visual albedoes of both satellites are low, between 0.05 and 0.07 and, combined with their low
densities and their reflection spectra, suggest that they resemble C-type asteroids that are similar in
composition to carbonaceous chondrites (section 10.2.1). An asteroid origin is likely and some
scenario involving a collision between two asteroids close to Mars might explain their origin. Either
the two asteroids could have been captured—if their speeds after the collision were both less than
the escape speed—or, alternatively, only one asteroid could have been retained but in a disrupted
form to give both the satellites.

7.3. THE SATELLITES OF JUPITER

The four large satellites of Jupiter, first observed by Galileo in 1610 and now known as the Galilean
satellites, were the first satellites, other than the Moon, to be seen by man but they were only seen
as orbiting points of light. The era of space exploration has now enabled these bodies to be seen in
great detail and they are found to be all very different and all with interesting and intriguing features.

73.1. Io

Just before the Voyager 1 spacecraft made a rendezvous with Io in 1979 a paper by S J Peale, P Cassen
and R T Reynolds appeared in the journal Science predicting that the satellite would show volcanic
activity. To the astonishment of many this prediction was verified and figure 7.2 shows the plume

Figure 7.2. Plume from the lo volcano, Pele (NASA).
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Table 7.2. Satellite data for Jupiter.

Inclination of

orbit to planetary  Orbital radius  Orbital Mass Mean diameter ~ Mean density
Satellite equator (°) (10° km) eccentricity  (10°' kg) (km) (10°kgm™)
Metis* ~0 128 ~0 9x107° ~20
Adrastea” ~0 129 ~0 2x107° ~18
Amalthea 0.5 181 0.003 7.2 %1073 190 ~2
Thebe” ~0 222 ~0 8x 1074 ~100
Io 0.03 422 0.000 89.2 3630 3.55
Europa 0.47 671 0.000 48.8 3126 3.04
Ganymede 0.18 1070 0.001 149.7 5276 1.93
Callisto 0.25 1880 0.007 106.8 4820 1.82
Group of four®  25-29 11110-11740 0.12-0.21 6 x 107% to ~15to ~185

9% 1072

Group of four 147-164 20700-23700 0.17-0.38 4% 107° to ~30 to ~50

retrograde 2x 107

Jupiter’s spin period is 9h 55m and its spin axis is inclined at 3° 5’ to the ecliptic.
Satellites marked * and one satellite of the marked group were discovered from spacecraft.

from the volcano Pele that was first seen. Subsequently ten other volcanoes were discovered and there
may be even more.

The basis of the prediction was that the satellites Io and Europa had commensurate periods in
the ratio 1:2. Because of this Europa and Io are always at inferior conjunction, i.e. closest together,
at the same point of Io’s orbit. The perturbations to Io’s orbit by Europa are thus enhanced by a
resonance effect and the orbit becomes slightly eccentric. This eccentricity is very small and to three
significant decimal figures is zero (table 7.2). However, given Jupiter’s large mass and its proximity
to lo, it is enough to give a periodic tidal flexing of Io that generates some 10" W of internal
heating (Topic AB).

The general appearance of the surface of Io is seen in plate 6—it has been likened to a pizza!
The general coloration is orange and white, due to sulphur and sulphur compounds in the ejected
volcanic material. The white areas are covered with a layer of solid sulphur dioxide, and sulphur in
the form of gaseous S, has been detected in the plume of the volcano Pele. The volcanoes on Io are
more violent than those on Earth with material ejected with speeds up to 1kms™' compared to a
normal 100ms~! or so on Earth. The higher ejection speed combined with the lower gravity gives
volcanic plumes up to 300km in height, equivalent to one-sixth of the satellite’s radius. At least
some of the erupted material, at temperatures in the range 1500—1900 K, is silicate highly enriched
with sulphur, sulphur compounds and other volatile materials. The volcanoes on Io are neither
cone-shaped nor like the more laterally-extensive gently sloping types known as shield volcanoes.
The sources of volcanic eruption are at a low level and flows from them spread for hundreds of
kilometres around. More recent flows can be recognized from the higher local surface
temperature—300 K or more, rather than the 130K that is characteristic of the majority of the
surface. Because of the active volcanism no craters are seen on the surface, as any that do form are
covered in a geologically short time. The general age of the surface of Io is of the order of a few
hundred thousand years.

The satellite possesses a very tenuous atmosphere with a pressure about 107'° bar. This
atmosphere is ionized and the resultant plasma interacts with the Jovian magnetic field. Jupiter
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possesses an equatorial plasma torus, co-rotating with the planet, within which Io is embedded. The
plasma is rich in sodium that can be detected by the characteristic yellow glow that it emits, but the
main components are sulphur and oxygen, derived from the volcanic emissions.

7.3.2.  FEuropa

The general appearance of the surface of Europa is shown in figure 7.3. The surface is icy and the ice is
cracked in a fairly complicated way. One interpretation of the appearance is that what is being seen is
sea ice so that under the surface is liquid water. The cracking is caused by stresses on the ice due to tides
induced by Jupiter. The validity of this interpretation cannot be checked at present but what is quite
certain from the overall density of Europa is that the layer of water, be it in solid or liquid form, must
be quite thin, probably considerably less than 100 km in thickness. If there is water below the frozen
surface then what maintains it in that state is clearly of interest. Because of the R~° dependence of
the energy input due to tidal effects [equation (AB.6)] the tidal heating of Europa would only be
about 6% that of Io. On the other hand the other parameters that appear in equation (AB.6) might
be more favourable for heating than they are for lo, so tidal heating remains a plausible source of
energy. The possibility of another body in the Solar System, other than the Earth, that might have
large quantities of liquid water has suggested to some biologists that some form of life could have
developed there.

There are only three observed craters on the surface of Europa, and they have diameters between
18 and 25km. Since the scars of the early bombardment that affected the whole of the early Solar
System are absent, this indicates that the surface was at one time slushy or watery and has frozen to

Figure 7.3. The cracked icy surface of Europa (NASA).
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cover traces of early damage. If the eccentricity of Europa’s orbit had once been much larger than at
present then tidal heating could have been considerable and liquid, or near liquid, water a distinct
possibility.

7.3.3. Ganymede

Ganymede has the distinction of being the largest and most massive satellite in the Solar System and its
diameter is actually 10% greater than that of the planet Mercury. However, because of its low density,
1930 kgm ™, its mass is only 45% that of Mercury. From its density and ice-covered surface it may be
deduced that its bulk composition is approximately one-half ice and one-half silicates. It could have a
small iron core which might then be the source of its magnetosphere, detected by the Galileo
spacecraft.

The surface of Ganymede is very variable in appearance from one region to another. Some parts
are heavily cratered (figure 7.4a) and have probably been undisturbed since the early heavy
bombardment in the Solar System some 4000 million years ago. The background surface on which
the craters are superimposed is dark and more recent craters show up as bright features with rays
radiating from them. By contrast about one half of the surface looks as though it has been
fashioned by tectonic forces of some kind. Complicated intersecting systems of almost parallel
ridges can be seen where the ridges are tens of kilometres in lateral extent, hundreds of metres high
and many thousands of kilometres long (figure 7.4b). In some places there are lateral displacements

(a) (b)

Figure 7.4. The satellite Ganymede. (a) Heavily cratered surface. (b) Intersecting parallel ridges (NASA).
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of grooves along fault lines, similar to the slippage between tectonic plates on Earth. It is clear that
there has been reformation and movement of Ganymede’s surface in these grooved regions but the
exact processes that have been involved are not known.

7.3.4. Callisto

Callisto is the second largest of the Galilean satellites and is only slightly less than Mercury in size.
Its density indicates that, like Ganymede, it must consist of about one-half ice and one-half
silicates.

The surface of Callisto must be extremely old since it is very heavily cratered. It must be
understood that although its surface is mainly water ice, generally considered to be a frangible and
rather fragile material, at the low temperature of Callisto (about 100 K) ice will behave like a strong
rock. There are several multi-ringed basins on Callisto, similar to the Caloris basin on Mercury and
the ‘bullseye’ feature, Mare Orientale, on the Moon. The largest of these multi-ringed basins is
Valhalla (figure 7.5) the central basin of which is about 600 km in diameter. When the projectile
that caused this feature struck Callisto the ice liquefied in its vicinity and concentric waves swept
across the surface like circular ripples in a pond when a stone is tossed into it. These waves would
have been created even in the solid surface far from the collision. The waves were gigantic in scale
but in the extreme cold they quickly froze leaving the wavy profile permanently sculptured on the
surface. There are at least ten frozen ripples although, depending on how surface features are
interpreted, it is sometimes claimed that the number of ripples exceeds thirty. Valhalla must have
formed after the early period of bombardment in the Solar System since there are comparatively
few craters in the central region.

Figure 7.5. The cratered surface of Callisto showing the multi-ringed basin, Valhalla (NASA).
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7.3.5. Commensurabilities of the Galilean satellites

The periods of Io, Europa and Ganymede are close to being in the ratios 1:2:4. Although these ratios
are not precise what is precise is the relationship

1’11737’124’27[3:0 (71)

where n indicates the mean motion, or average angular speed in the orbit, and suffices 1, 2 and 3
correspond to lo, Callisto and Ganymede respectively. In addition the three satellites can never line
up on the same side of Jupiter; the allowed conjunctions and oppositions are shown in figure 7.6.

A general mechanism for establishing the approximate 1 : 2 : 4 resonance system was suggested
by C F Yoder in 1979. The effect of Jupiter on its satellites is similar to that of the Earth on the Moon,
as described in Topic Y and illustrated in figure Y.6. For example, lo raises a tide on Jupiter but the
planet’s rapid spin drags the tidal bulge forward. The gravitational effect of this is to pull Io in a
forward direction so increasing its angular momentum and moving it outward. The effect is
strongest at perijove, the closest point on the orbit to Jupiter. If the effect only occurred on perijove
then it is easily seen that the new orbit would have the same perijove distance but that the semi-
major axis would increase—i.e. the eccentricity, e, would increase. However, it is clear from
equation (AB.6) that the greater is the eccentricity the greater is the dissipation of energy within Io

t=7.04 days
t=3.52days ..._
t=0 L

Figure 7.6. Allowed alignments of the three inner Galilean satellites. The orbits and Jupiter are drawn to scale
but angles are exaggerated.



The satellites of Jupiter 113

itself. A stable equilibrium is established where the eccentricity due to Jupiter and the other
satellites gives a loss of energy that just balances the input of energy by Jupiter. If the period of Io,
P;,, was below %PEumpa then Jupiter’s tidal influence, acting most strongly on Io, would have
pushed it outwards until its period was just below %PEumpa. The effect of Europa would then be to
increase Io’s eccentricity until the resultant loss of energy prevented any expansion of Io’s orbit
relative to Europa. At this stage the tide on Europa would drive out the coupled satellites, lo and
Europa until Pgyop, was just less than Pgynymede- In principle the three coupled satellites could be
driven out to link up with Callisto but in practice the Solar System will not last long enough for
this to happen.

We shall see that several of Saturn’s satellites have commensurable orbits and these can
be explained in terms of the general principles described here for the Jupiter triplet of connected
satellites.

7.3.6. The smaller satellites of Jupiter

Of the three small satellites within the orbit of To the largest is Amalthea, with the distinction of being
the last satellite to be discovered by telescopic observation (in 1892 by Barnard). It is ellipsoidal in
shape with its major axis pointing towards Jupiter. Its temperature indicates that it may have some
form of heating other than by radiation from the Sun and Jupiter. This could be by internal
currents induced by moving in Jupiter’s non-uniform magnetic field or some form of tidal heating
due to a slight eccentricity of its orbit. Its surface is reddish in colour, that could be due to a
sulphur layer derived from Io.

The two innermost and very small satellites, Metis and Adrastea, were discovered by the Voyager
flypast in 1979. They are possibly of asteroid origin and their main interest is that they probably act as
shepherd satellites to stabilize Jupiter’s ring system (section 7.8.3).

Fragments of B
—>

= Path of body A

Fragments of A

Jupiter
W Path of body B

<4—

Figure 7.7. A schematic representation of a collision of two bodies near Jupiter giving rise to the two outer
Sfamilies of satellites.
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From table 7.2 it will be seen that there are two groups of small satellites, each with four members,
at much greater distances from Jupiter than the others. The innermost group, orbiting at distances
between 11 and 12 million km, has quite eccentric orbits that have inclinations between 25 and 29°
with Jupiter’s equatorial plane. The outermost group, orbiting between 20 and 24 million km from
Jupiter, has retrograde orbits that are even more eccentric. These orbits are substantially perturbed by
the Sun, although they are well inside the sphere of influence of Jupiter (section AA.4) so that the
satellites are securely retained. They are almost certainly the result of some capture process, and
various speculations have been made from time to time about the mechanism for their capture. It
may be significant that the apojove distance, 14.18 million km, of Elara, a member of the inner
group, is just greater than the perijove distance, 13.75 million km, of Pasphaé, a member of the outer
group. A collision between two large asteroids in the vicinity of Jupiter could have led to fragments
left behind in the two sets of orbits now observed (figure 7.7).

7.4. THE SATELLITES OF SATURN

The known satellites of Saturn are listed in table 7.3. All those larger than Hyperion, plus Pheobe, were
known from telescope observations prior to the space era; the remainder were discovered by spacecraft
observations. They will be discussed in groups within which individual satellites have some relationship
linking them.

7.4.1. Titan and Hyperion

As a satellite Titan (figure 7.8) is second only to Ganymede in both diameter and mass and is the only
other satellite actually larger than Mercury. However, on account of its much smaller density,
1900 kgm >, it has only just over 40% of the mass of that planet. The density suggests that it must
have a roughly equal mix of silicate and ice.

Table 7.3. Satellite data for Saturn.

Inclination of

orbit to planetary  Orbital radius  Orbital Mass Mean diameter ~ Mean density
Satellite equator (°) (10> km) eccentricity  (10*'kg)  (km) (10°kgm™?)
Group of six* <0.3 133-151 <0.007 ~20 to ~200
Mimas 1.5 186 0.02 0.045 390 1.4
Enceladus 0.0 238 0.005 0.074 510 1.2
Tethys 1.1 295 0.000 0.626 1050 1.2
Telesto™ 295 ~30
Calypso” 295 ~26
Dione 0.0 378 0.002 1.05 1120 1.4
Dione B* 378
Rhea 0.3 527 0.001 2.28 1530 1.3
Titan 0.3 1222 0.029 136 5150 1.9
Hyperion 0.6 1483 0.104 0.017 280
Iapetus 14.7 3560 0.028 1.88 1460 1.2
Phoebe 150 (R) 12950 0.163 ~200

Saturn’s spin period is 10 h 39 m and its spin axis is inclined at 26° 45’ to the ecliptic.
The satellites marked *, including all the group of six, were discovered from spacecraft.
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Figure 7.8. The satellite Titan. Its thick atmosphere conceals its surface (NASA).

Titan is exceptional in having a very dense atmosphere, comparable with those found for the
terrestrial planets. The atmosphere consists of nitrogen with about 1% methane, some argon and
traces of other gases, many of them hydrocarbons. The surface pressure is about 1.6 bar which,
together with a surface acceleration due to gravity of 1.4ms 2, gives a column mass (section O.1) of
1.1 x 10° kgm 2, more than 10 times the Earth value. Although it is a smaller body than the Earth
it has a greater total mass of atmosphere. The application of equation (O.18b) to Titan with an
exosphere radius of 2800 km and temperature 200 K, which is on the high side, gives the lifetime of
a nitrogen atmosphere to be effectively infinite.

Because of its extensive atmosphere Titan’s surface cannot be seen. It has been suggested that it
might be covered by shallow oceans of liquid nitrogen and liquid hydrocarbons, corresponding to its
atmospheric content.

Hyperion is an irregularly shaped object with roughly the appearance of a very flat oblate
spheroid. Its large eccentricity suggests that it is not a regular satellite but, on the other hand, its
closeness to Titan must have a substantial effect on its orbit. This is also suggested by its close-to
4:3 orbital resonance with Titan.

7.4.2. Mimas, Enceladus, Tethys, Dione and co-orbiting satellites

As their densities indicate, all the satellites of this group are icy. At the low prevailing temperatures
water ice is as hard as rocks on Earth and the surfaces of these bodies all show the results of
bombardment in the past. In particular, Mimas shows an impact feature that is huge in relation to
its size (figure 7.9); the event that produced this feature must have gone close to completely
disrupting the satellite.

Enceladus (figure 7.10) shows some smooth regions that suggest surface activity subsequent to an
early heavy bombardment. It is interesting that the non-adjacent pairs of satellites Mimas—Tethys and
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Figure 7.9. The surface of Mimas showing a huge impact feature (NASA).

Figure 7.10. The surface of Enceladus showing cracks and flow features (NASA).
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Figure 7.11. (a) The well-cratered surface of Rhea, the second largest satellite of Saturn (NASA). (b) The
edge of the dark hemisphere of lapetus is at the lower left (NASA).

Enceladus—Dione have a close-to 2 : 1 orbital resonance and the orbital eccentricities of Mimas
and Enceladus are appreciably different from zero. When equation (AB.6) is applied to Mimas
and Enceladus it is found that the energy generation by tidal flexing within them is now of order
10® to 10° W. Given that each of them has less than 0.001 of the mass of Io, it is possible that tidal
heating could have been important in the past.

One member of the inner group of six satellites given in table 7.3 may be co-orbital with Mimas
although in view of its small estimated diameter, 10 km, its existence is not certain. However Tethys
certainly does have two co-orbiting satellites, one 60° ahead of it and the other 60° behind, as is
found for the relationship of the Trojan asteroids to Jupiter (section 8.2; Topic AD). Dione B co-
orbits with Dione in much the same way.

7.4.3. Rhea and lapetus

These are both relatively big satellites with Rhea showing the characteristics of a regular satellite but
with lapetus almost certainly irregular on account of its large inclination.

Rhea seems to have an ancient surface that is covered by a large number of small craters (figure
7.11a). The hemisphere facing the direction of motion around Saturn is much lighter in colour than the
trailing hemisphere although the reason for this is unknown. The same phenomenon is found for
lapetus (figure 7.11b) where the albedoes of the leading and trailing hemispheres have been
estimated as 0.5 (bright) and 0.05 (dark).

7.4.4. Phoebe

The main interest in this satellite, which is small and almost certainly a captured body, is its retrograde
orbit. It was not closely observed by the Voyager spacecraft so little is known of it, other than that it is
approximately spherical in shape.
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Path of S1

Path of S3

Figure 7.12. The interchanging orbits of the satellites 1980 S1 and 1980 S3.

7.4.5. Other small satellites

Some of the smaller satellites that have been discovered play an important role in stabilizing Saturn’s
rings and their action will be described in section 7.8.1. Two satellites, 1980 S1 and 1980 S3 orbiting
within the ring system, have an interesting dynamical relationship illustrated in figure 7.12. The
orbits are almost identical with a difference of radii not very different from the sum of average radii
of the satellites. The mean diameter of 1980 S1 is about 100 km and about 70 km for 1980 S3 so
that they exert only small gravitational effects. However, whichever of them is the inner satellite at
any particular time slowly catches up the other and when they approach closely their mutual
gravitational interaction causes the inner one to be swung into an outer orbit and the outer one to
swing into an inner orbit. This behaviour then repeats itself and seems to be stable over long time
periods.

7.5. THE SATELLITES OF URANUS

The five largest satellites of Uranus—Miranda, Ariel, Umbriel, Titania and Oberon—were known
from telescope observations and all fall into the category of regular satellites. The Voyager 2
spacecraft, that visited the planet in 1986, revealed the presence of 10 smaller satellites, all within
the orbit of Miranda, and also took detailed photographs of the surfaces of the larger ones. The
densities of the larger satellites suggest that they consist of mixtures of silicate and ice. The surface
of Miranda (figure 7.13a) shows signs of considerable disturbance with large-scale features
consisting of regions of parallel ridges and troughs. It may possibly have been disturbed by tidal
action from Uranus. The surface of Ariel (figure 7.13b) shows evidence of bombardment and also
extended valley systems that may indicate tension in the crust at some stage in its development.

Table 7.4. Satellite data for Uranus.

Inclination of

orbit to planetary  Orbital radius  Orbital Mass Mean diameter Mean density
Satellite equator (°) (10* km) eccentricity  (10*'kg)  (km) (10°kgm™?)
Group of nine” 50-75 40-80
Puck” 86 170
Miranda 3.4 130 0.017 0.075 484 1.3
Ariel 0.0 191 0.003 1.4 1160 1.7
Umbriel 0.0 266 0.004 1.3 1190 1.4
Titania 0.0 436 0.002 3.5 1610 1.6
Oberon 0.0 583 0.007 29 1550 1.5

The spin period of Uranus is 17 h 14m and its spin axis is inclined at 97° 52’ to the ecliptic. The satellites marked * were discovered
from spacecraft.
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Figure 7.13. (a) The surface of Miranda showing parallel ridges and troughs. (b) The bombarded surface of
Ariel showing fault scarps (NASA).

7.6. THE SATELLITES OF NEPTUNE

Only two satellites were known for Neptune prior to the flypast of Voyager 2 in 1989, but these were
both remarkable and certainly not regular. The smaller satellite, Nereid, is distinguished by having the
greatest orbital eccentricity of any satellite, 0.749. Its large average distance from Neptune, 5.56 million
km, made it readily visible by telescope observation although a larger satellite, 1989N1 discovered by
Voyager 2, orbiting much closer to Neptune (table 7.5) was previously unobserved.

Before the visit of Voyager 2 it was suspected that Triton might be the most massive satellite in
the Solar System, or at least closely rival Ganymede in that respect. Actually it turns out to be the
seventh most massive satellite with about one-seventh of the mass of Ganymede. It is in a close
orbit of small eccentricity but with an inclination of 160° that means that the orbit is retrograde

Table 7.5. Satellite data for Neptune.

Inclination of

orbit to planetary  Orbital radius  Orbital Mass Average diameter  Density
Satellite equator (°) (10* km) eccentricity  (10*'kg)  (km) (10°kgm™)
Group of five” 48-74 55-190
1989N1" 118 400
Triton 159.9 retrograde 355 0.000 21.4 2760 ~2
Nereid 27.7 5560 0.749 0.021 340 ~1

Neptune’s spin period is 16 h 7m and its spin axis is inclined at 29° 34’ to the ecliptic. The satellites marked * were discovered from
spacecraft.
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and substantially inclined to the planet’s equatorial plane. Its relationship with Neptune is usually
taken to imply that it is a captured body.

A very tenuous atmosphere of nitrogen with traces of methane has been detected with a surface
pressure of 107> bar. The surface of Triton has few distinct features, suggesting that it is a
comparatively young surface. There is some evidence of flow features and volcanic activity based on
volatile materials such as nitrogen, methane and possibly water.

7.7. PLUTO’S SATELLITE

Charon was previously discussed in relation to Pluto in section 5.5. Ideas about the origins of Pluto and
Charon and a possible relationship with Neptune and Triton are described in section 12.11.2.

7.8. RING SYSTEMS

The ring system associated with Saturn was detected by telescopes and has been studied for four
hundred years. A ring system for Uranus was inferred from stellar occultation but its exact form
was not known at the time of its discovery. Observations from the Voyager 1 and Voyager 2
spacecraft have shown these ring systems in more detail and also revealed that the other two major
planets, Jupiter and Neptune, also possess rings. Thus a ring system accompanies each of the major
planets and it is tempting to believe that there is something conducive to ring formation for large
planets well removed from the Sun.

7.8.1. The rings of Saturn

When Galileo turned his telescope on to Saturn, the outermost planet known at that time, he recorded
the presence of two lumps on either side of the planet looking like a pair of ‘accompanying globes’. He
was also surprised to find that this feature disappeared after a few years. We now know that what he
saw with his crude instrument were Saturn’s rings and that they disappeared because Saturn had
moved in its orbit to a position where the rings were seen edge-on from Earth.

As seen with good modern telescopes Saturn’s rings are quite beautiful and detailed in structure.
There are two bright rings, an outer ring A and an inner ring B separated by the Cassini division. Closer
in there is a fainter ring C much harder to see and usually referred to as the Crepe ring. It was shown by
Clerk Maxwell in 1857, as an Adams Prize Essay, that the rings could only be stable if they consisted of
small solid bodies in independent orbit around Saturn. Modern infrared data show that they are either
icy bodies or perhaps ice-covered silicate bodies. Radar observations indicate that the size of the bodies
varies from being small grains up to having diameters of several metres. The Cassini division has as its
cause the same kind of perturbation that produces the Kirkwood gaps in the periods of asteroids
(section 8.3). It turns out to correspond to one half the period of Mimas, one third that of
Enceladus, a quarter that of Tethys and one-sixth that of Dione. Other fine divisions were located
by careful observation and these are found to be commensurate either with the periods of Mimas or
Enceladus (figure 7.14).

When photographs of the ring system were returned by Voyager 1 they were found to consist of
hundreds of separate rings of varying thickness and brightness separated by gaps of different widths
(plate 7). Outside the outer boundary of ring A there are three more faint rings, F, G and E, that
cannot be seen from Earth. Within the C ring there is a D ring rather indeterminate in its inner
edge. The precise nature of the mechanics that maintains the pattern of Saturn’s rings is not
completely understood although some aspects are known. For example, two of the innermost small
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Figure 7.14. A representation of the major divisions in Saturn’s rings showing their commensurabilities with
the periods of Mimas and Enceladus.

satellites, Pandora and Prometheus, are called shepherd satellites and they straddle the F ring and
prevent it from spreading either inwards or outwards. The action of the shepherd satellites is rather
subtle but can be explained fairly simply. In figure 7.15 there is shown the motion of a particle in an
orbit inside that of Pandora, the outer of the shepherds. The particle has a higher angular speed
and during the part of the orbit when it is behind the particle, but catching up, it will gain energy
from the satellite. At the same time it is deflected slightly towards Pandora. After the particle passes
the satellite it now loses energy and to a first approximation the gain and loss of energy cancel each
other. However, in the energy-losing part of the motion the particle is slightly nearer Pandora so
that the energy lost is slightly larger than that gained. The loss of energy corresponds to an orbit
farther in so the effect of Pandora is to repel the particle away from itself. By a similar argument it
can be shown that if the particle’s orbit is outside that of Prometheus then it is repelled by
Prometheus so constraining it to have an orbit farther out. The net effect of the shepherds is that
particles orbiting between them feel a pinch effect that prevents them from diffusing inwards or
outwards.

The complete pattern of rings and gaps cannot be explained by a small number of shepherd
satellites and there is still much to be understood about this complicated feature of the Solar System.

There is also uncertainty about the origin of the ring system. The rings are all within the Roche
limit (Topic AA) and it has been suggested that the orbit of a small satellite of Saturn decayed until it
strayed within the Roche limit and was then torn apart. This would not have happened if the satellite
had been too small; a rocky or even a rock + ice satellite would have sufficient mechanical strength to
resist tidal disruption if it had a diameter less than about 100 km. Even if the satellite had been large
enough to be disrupted it would probably have broken up into bodies a few tens of kilometres in

Pandora

~ Motion of particle

T e e relative to Pandora
Receding

Approaching

Figure 7.15. The motion of a ring particle relative to Prometheus and within its orbit. On approach the particle
gains energy and on receding it loses energy. The loss slightly exceeds the gain because it is a little closer.
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diameter that could have survived. Subsequent collisions between these might then have produced the
finer material to form the rings. Another idea is that two bodies, originally in heliocentric orbits,
collided close to Saturn and directly produced the small size bodies that now constitute the rings. A
further possibility is that the ring particles are simply material that was not incorporated into the
planet when it formed and that it was just left behind in orbit.

7.8.2.  The rings of Uranus

In 1977 the occultation of a star by Uranus was being observed. The observers were surprised that
some time before the occultation was due to appear the star was obscured five times by objects
close to the planet. After the main occultation by Uranus there was a symmetrical set of smaller
occultations on the other side of the planet indicating that they were due to a ring system.
Additional occultation measurements increased the number of inferred rings from five to nine.
Later, when Uranus was visited by Voyager 2 the number of rings observed was 11 with the
possibility that other very faint rings may be present but unobserved. All the rings are between
42000 and 51000 km in radius and seem to consist of metre-sized chunks of ice that are very dark
in colour. The outermost ring is stabilized by two shepherd satellites, members of the inner group of
nine (table 7.4).

7.8.3.  The rings of Jupiter

In 1979, after the rings of Uranus had been detected, the Voyager 1 spacecraft discovered that Jupiter
too had a ring system, albeit much less substantial than that of Saturn. The rings are so thin that when
viewed from most directions they are transparent and almost invisible. However, at a high angle of
incidence they can be seen in scattered light. From the infrared spectrum of the scattered light and
the form of the scattering it is deduced that the particles forming the ring system are small (~3 um
in diameter) silicate grains.

A picture of Jupiter’s rings is shown in figure 7.16. There is some structure in the rings but this is
not so sharply defined as for Saturn. As mentioned in section 7.3.6 the small satellites Metis and
Andrastea may serve as shepherd satellites to stabilize these rings.

Figure 7.16. An enhanced image of Jupiter’s rings (NASA).
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7.8.4.  The rings of Neptune

With the three inner giant planets known to have ring systems there was considerable interest in what
Voyager 2 would find when it reached Neptune in 1989. In the event the last of the giant planets also
had a set of rings, five in number. Two of the rings are sharply defined while the others are rather faint
and tenuous, like the Crepe ring of Saturn. The outer distinct ring is quite lumpy in character with three
concentrations of density strung out around it like wide beads on a string.

7.9. GENERAL OBSERVATIONS

Spacecraft observations have shown that all the giant planets have substantial families of satellites. As
a general rule the largest satellites are for the planets closest to the Sun; Triton, that might seem to be an
exception to this rule, is also clearly irregular and is probably a captured body.

Because of their large masses each of the giant planets exerts considerable tidal effects in its own
vicinity and so a Roche-limit origin for ring systems may be feasible. However, these large bodies, well
away from the Sun, also have large spheres of influence. The debris from bodies in energy-absorbing
collisions in the vicinity of one of these planets is likely to be captured and may then form a ring system.
Indeed the very small satellites that are close in and have been detected by Voyagers 1 and 2 for each of
the planets might constitute the larger debris from collisions. They also indicate that small bodies can
remain intact within the Roche limit, as indicated by section AA.3.

Problem 7

7.1 Find the ratio of the total masses of satellites to the mass of the parent planet for Jupiter, Saturn,
Uranus and Neptune. Comment on the results.



CHAPTER 8

ASTEROIDS

8.1. GENERAL CHARACTERISTICS

By the end of the eighteenth century, especially after the discovery of Uranus, it was strongly believed
that Bode’s Law was fundamental in nature and that the gap between Mars and Jupiter should
be occupied. Astronomers searched for the missing body and on 1 January 1801 such a body was
found by Giussepe Piazzi (1746—1826) who called it Ceres, after the guardian god of his native
Sicily. Although the body was obviously rather small to be considered as a planet, it filled the gap in
Bode’s law in a very satisfactory way. The discovery of other similar, if even smaller, bodies over
the next few years was the prelude of many other discoveries of asteroids which continues to the
present day. These bodies have a variety of characteristics in terms of orbit, shape, size and
composition and these will now be discussed together with ideas that have been proposed concerning
their origin.

Table 8.1 shows the characteristics of a number of asteroids, chosen because they span the period
from the first discovery to comparatively recent times and also because they illustrate a wide range of
characteristics. The orbits of most of them are shown in projection in figure 8.1 without regard to the
relative directions of their perihelia. Gravitational forces in large bodies tend to force them into a shape
of minimum energy, which is a sphere, but the mechanical strength of the material of small bodies can

Table 8.1. Characteristics of some important asteroids. The ones given are: a, the semi-major axis, e, the
eccentricity, i, the inclination and D, the diameter (u=unknown).

Name Year of discovery a (AU) e i(°) D (km)
Ceres 1801 2.75 0.079 10.6 1003
Pallas 1802 2.77 0.237 349 608
Juno 1804 2.67 0.257 13.0 250
Vesta 1807 2.58 0.089 7.1 538
Hygeia 1849 3.15 0.100 3.8 450
Undina 1867 3.20 0.072 9.9 250
Eros 1898 1.46 0.223 10.8 ~25
Hildago 1920 5.81 0.657 42.5 15
Apollo 1932 1.47 0.566 6.4 u
Icarus 1949 1.08 0.827 22.9 ~2
Chiron 1977 13.50 0.378 6.9 u
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Figure 8.1. (a) The orbits of the planets Earth, Mars and Jupiter (full lines), of Ceres, Pallas, Juno and Vesta
(dashed lines) and the positions of the Trojan asteroids relative to Jupiter. (b) The orbits of the Earth and
Mars (full lines) and of Icarus, Eros and Apollo (dashed lines). (¢) The orbits of Jupiter, Saturn and
Uranus (full lines) and of Chiron and Hildago (dashed lines).

enable them to retain a non-spherical form. It can be shown that the largest asteroids, those with
diameters more than about 300 km, are spherical or nearly so because the strength of their material
is insufficient to support much departure from spherical symmetry (section P.7.1).

The usual way of finding asteroids is by photography of the night sky where the camera is rotated
so that the stars remain stationary in the field of view. If the plate is exposed for a long period the stars
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Figure 8.2. The image of an asteroid seen as a streak against the fixed stars.

will appear as points but any object moving within the Solar System will appear as a streak in the
photograph, as shown in figure 8.2. The information this gives is the direction of the transverse
component of motion and its angular velocity with respect to the Earth. The problem of
determining the orbit of an asteroid from such observations is a difficult one and it is necessary to
observe it at well separated points in its orbit. Unless there is some way of determining its distance
the only information that is gained from an instantaneous observation is its direction. This
problem, which is also the problem of finding planectary orbits, was first solved by Pierre Laplace
(1749—1827) but a better form of solution was given later by Johann Gauss (1777—-1855). From
observations of three directions of an asteroid it is possible by some fairly complex calculations to
work out its orbital elements. The orbit so determined will not be very precise but can be
subsequently refined by further observations and the application of Newtonian mechanics. Only
when an orbit has been determined is an asteroid given a name and there are many thousands that
have been seen but not yet named.

The sizes of asteroids are difficult to determine in general. One of the most accurate ways to
measure a dimension of an asteroid is if by chance it passes in front of a star. By measuring the
duration of the occultation and knowing the orbit of the asteroid, it is possible to obtain quite a
precise estimate of the distance across the asteroid along the line of the star’s relative motion.

8.2. TYPES OF ASTEROID ORBITS

The great majority of asteroid orbits lie in the region between Mars and Jupiter—the ‘gap’ that
eighteenth century astronomers were so keen to fill to complete the Bode-law progression. All
known asteroid orbits are prograde, which is to say that they orbit the Sun in the same sense as do
the planets, and most orbits have eccentricities less than 0.3 and inclinations less than 25°. There
are some notable exceptions to these general rules, some of which are shown in table 8.1. For
example, Hildago has an inclination of 42.5° but a few asteroids have even larger inclinations up to
64°. The eccentricity of Icarus, the largest for any known asteroid, combined with its small semi-
major axis, gives a perihelion distance of 0.19 au, the closest that any asteroid approaches the Sun.
It is one of a number of asteroids that have Earth-crossing orbits—another is Apollo that was the
first observed to have this characteristic. In the year of its discovery, 1932, Apollo came to within 3
million kilometres of the Earth—just seven to eight times the distance of the moon. Since the
discovery of Apollo a few tens of other small asteroids, with diameters not more than a few
kilometres, have been discovered with Earth-crossing orbits and these are known collectively as the
Apollo asteroids. Another class of asteroids closely associated with the Earth are the so-called Aten
group with orbits which lie mostly within that of the Earth. Very few of these bodies are known,
and they are small, but the known ones could be representatives of a much larger population which
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stays well within the Earth’s orbit. Some Aten and Apollo asteroids have a theoretical possibility of
striking the Earth and it is possible that in its long history the Earth has undergone collisions from
asteroids from time to time. It is generally believed that it was the consequences of an asteroid
collision about 65 million years ago that led to the demise of the dinosaurs, which became extinct
within a short period, having been the dominant living species on Earth for hundreds of millions of
years.

There are a number of asteroids which have Mars-crossing orbits but with perihelia outside the
Earth’s orbit. The first such to be discovered was Eros, in 1898, but several more are now known. In a
favourable conjunction Eros can approach the Earth to within 23 million km and in such an approach
in 1975 it was studied by radar and found to have a rough surface. In common with many other small
asteroids it is of irregular shape and it is somewhat elongated with a maximum dimension about 25 km.

Two other interesting groups of asteroids are the Trojans that move more-or-less in Jupiter’s
orbit, one group following Jupiter and 60° behind it and the other group leading Jupiter and 60°
ahead of it. In general it is only possible to obtain an analytical solution for the motion of two
bodies under mutual gravitational attraction. However, there are some special three-body problems
that give a solution where there are two bodies of finite mass plus one body of negligible mass. One
such problem is that of the Trojan asteroids and in Topic AD we demonstrate that the three bodies
can be in equilibrium in circular orbits about the centre of mass of the system. The positions of the
Trojan asteroids relative to Jupiter are shown in figure 8.1a.

The original belief about asteroids, once it was realized that there were many of them, was that
they were all confined to the region between Mars and Jupiter. The discovery of the Apollo and Aten
asteroid groups made it clear that this belief was not true. The 1977 discovery of Chiron, which moves
mainly in the region between Saturn and Uranus, raised the question of whether there might be
unknown families of asteroids well beyond Jupiter and perhaps too small to be observed from
Earth. The diameter of Chiron is unknown but it must be at least 100 km for it to be observable
and it may be much larger. At perihelion it crosses Saturn’s orbit and in the seventeenth century it
came within 16 million km of that planet—not far beyond the orbit of Phoebe, Saturn’s outer
retrograde satellite with an orbital radius of just under 13 million kilometres.

Even beyond the Chiron region many other bodies have been detected, with estimated diameters
in the range 150 to 360 km, which are close to, or farther out than, the orbit of Neptune. These are
known as Kuiper-belt objects and since they are usually considered as linked to comets rather than
asteroids they will be dealt with in chapter 9. There is some uncertainty about the relationship
between asteroids and comets—whether they are two manifestations of some common source of
material or represent two different types of material with completely different origins. All the
objects we describe as asteroids are in direct orbits and mostly have moderate inclinations and
eccentricities. By contrast, as we shall see in chapter 9, comets are frequently in retrograde orbits,
have a wide range of inclinations and eccentricities and also manifest a considerable content of
volatile material. Most of them are associated with regions well outside that occupied by the
planets. Ideas about the origin of various types of object in the Solar System are heavily linked with
ideas of the origin of the system itself and the possible origins of asteroids and comets will form
part of the discussion in chapter 12.

8.3. THE DISTRIBUTION OF ASTEROID ORBITS—KIRKWOOD GAPS

A diagram giving the frequency of asteroid periods, such as figure 8.3, indicates that the distribution
has prominent gaps. These were first explained by the American astronomer Daniel Kirkwood in 1866.
He pointed out that there are two very prominent gaps corresponding to one-third and one-half the
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Figure 8.3. The frequency distribution of asteroid orbit semi-major axes showing Kirkwood gaps.

period of Jupiter, and that these gaps were a manifestation of some resonance phenomenon. For
example, an asteroid with one-half the period of Jupiter will make two complete orbits while Jupiter
is making one. Thus the two bodies will always be in conjunction in the same region of the
asteroid’s orbit so that the perturbation by Jupiter at closest approach will always be modifying the
asteroid orbit in the same way. The asteroid’s period will steadily change in one direction until
the asteroid and Jupiter are sufficiently out of resonance for the nearest approaches, and hence
maximum perturbations, to occur all around the asteroid’s orbit with much diminished effect. The
reader should be able to confirm that for the one-third resonance the asteroid is perturbed at two
points on opposite sides of its orbit. With the determination of increasing numbers of asteroid
orbits other Kirkwood gaps became more clearly seen and gaps at two-fifths and three-sevenths of
Jupiter’s period are also shown. To illustrate the complexity of this process we should note the
small concentration of asteroid orbits that correspond to two-thirds of Jupiter’s period. It is evident
that the Kirkwood gap phenomenon is related to the formation of the gaps in Saturn’s rings due to
perturbation by the inner satellites Mimas and Enceladus.

8.4. THE COMPOSITIONS AND POSSIBLE ORIGINS OF ASTEROIDS

Recent observations of asteroids have greatly increased our knowledge about them in terms of their
appearance and composition. A near passage of the asteroid Gaspra by the Galileo spacecraft gave
the very detailed photograph shown in figure 8.4. This ellipsoidal object has dimensions
11 x 12 x 10km, shows craters due to collisions with objects much smaller than itself and appears
to be covered with a layer of rocky dust. In common with many other asteroids it is in a tumbling
motion with a period of about four hours. It much resembles in appearance the Martian satellites,
Phobos and Deimos (figure 7.1), which have long been thought to be captured asteroids. The pock-
marked appearance of Gaspra, and of the Martian satellites, suggests that collisions involving
asteroids take place and such collisions are almost certainly the source of most of the material
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Figure 8.4. The asteroid Gaspra (NASA).

which reaches the Earth in the form of meteorites. Meteorites are very important in aiding our
understanding of the evolution and perhaps also the origin of the Solar System and will be
discussed in greater detail in chapter 10. It suffices to say here that the main types of meteorite are
stones, consisting mainly of various types of silicate, irons which are mostly iron with some nickel
and stony-irons containing intimate mixtures of stone and iron regions. Within the stony
classification is an important subclass, the carbonaceous chondrites that are very dark in appearance
and contain volatile materials.

The main information about asteroid composition has come from visible and near infrared
spectroscopy. Reflectance spectra have been measured for many hundreds of asteroids in visible
light and in the infrared range up to 1.07 um and it has been possible to match these spectra with
those measured for meteorites in the laboratory. Figure 8.5 shows the match between spectra from
four asteroids and four meteorites that indicate clearly the relationship between the two classes of
object. On the basis of their spectral characteristics asteroids have been divided into six types. The
two most common types, which together account for 80% of the spectrally observed asteroids, are
designated as C, associated with carbonaceous chondrite material and S, mostly associated with
stony irons. These asteroid types occur at all distances within the main belt of asteroids between
Mars and Jupiter but there is a distinct tendency for the C type asteroids to have larger orbital
radii—which is illustrated in figure 8.6.

There seems little doubt on the basis of the observational evidence that the study of meteorites is
also tantamount to the study of asteroids. The question that then becomes of importance is the way in
which asteroids are related to planets for, if they are intimately related, then the information from
laboratory meteorite studies could be directly applied to the problem of the origin and evolution of
the planets. However, there is no clear consensus on the form of this relationship. Some time ago it
was thought that asteroids were the debris from a broken planet but this raised two difficulties. The
first concerned the source of energy which could break up a planet and the second was that of
disposing of the planctary material since the total mass of known asteroids is much less than a
lunar mass. A second theory, which assumes planetary formation by an accumulation of asteroid-
sized objects, asserts that the presence of Jupiter would exert considerable perturbations on objects
in the asteroid-belt region and so prevent their accumulation by a continual stirring process. If there
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Figure 8.5. Reflection spectra of asteroids, shown as points with error bars, and meteorites (full lines).

Distribution of S and C-type asteroids
0.8 : | | |
S-type ——
C-type ——

0.7

0.6 -

0.5

0.4 |-

0.2

Fraction of population

0.2 -

0.1+

v I P L L

1.5 2 25 3 3.5 P
Distance from Sun {&AU}

Figure 8.6. The distributions of distances from the Sun for S- and C-type asteroids.



Problem 8 131

was originally enough material in the asteroid region to produce a planet then this again raises the
question of disposal. Certainly all observed solid bodies in the Solar System show signs of damage
by large projectiles so many former asteroids can be accounted for in this way. Others may have
been swept up by the major planets without leaving any visible evidence of their former existence.

If the relationship between asteroids and meteorites is accepted then studies of meteorites throw
up many interesting problems. The first is that there is unequivocal evidence that some meteorite
material has come from bodies that were molten and in which segregation of material by density
had taken place. If an asteroid a few hundred kilometres in radius had formed by the accumulation
of smaller bodies then there would not be enough gravitational energy available to melt silicates or
metals (Topic AE).

For asteroids formed by accumulation to have melted, some other source of heating must have
been available. There is evidence in meteorites for the one-time presence of a radioactive isotope of
aluminium, *°Al, which has a half-life of 720000 years. If something like 2 parts in 10> of the
aluminium of the minerals in asteroids had been “°Al then this would have been enough to melt
asteroids of diameter 10km or so (see Problem 8.1). This has introduced the question of the
isotopic composition of early Solar-System material, a matter that will be discussed in relation to
meteorites in the chapter 10.

Problem 8§

8.1 346 newly-formed asteroid contains 1% by mass of aluminium of which a proportion 5 x 107 is
Al

(i) How many atoms of °Al are there per kilogram of asteroid?

(i) If each disintegration of an *°Al atom yields 10 MeV of energy then what is the total energy
produced in the asteroid in units J kg™ '?

(iii) If the specific heat capacity of the asteroid material is 1000 Jkg ™' K~' then what is the rise
of temperature of the asteroid due to **Al disintegration? You should ignore heat losses and
any latent heat effects.



CHAPTER 9

COMETS

The general appearance of a comet is well known—a luminous ball with a long tail often, but mistakenly,
thought of as trailing in the wake of its motion (figure 9.1). Some comets are the most spectacular
astronomical objects that can be seen with the naked eye and so they have long held a fascination for
mankind. In bygone days, when knowledge of astronomy was limited and superstition abounded,
they were held to be the harbingers of an impending disaster. The apparition of what we now know
as Halley’s comet in 1066 was interpreted as an evil omen foretelling King Harold’s defeat and death
at the battle of Hastings—although William of Normandy would have given a more favourable
interpretation. Such feelings about comets survived for a long time. When Shakespeare wrote Julius
Caesar he had Calphurnia, Caesar’s wife, say ‘When beggars die, there are no comets seen; the heavens
themselves blaze forth the death of princes.” The play was set in Roman times but the superstition
belonged to the Elizabethan age.

Figure 9.1. A typical comet—Halley taken in 1986 (NASA).

9.1. TYPES OF COMET ORBIT

It was Edmund Halley who first recognized that comets were bodies in orbits around the Sun and
should therefore repeat their appearances in a periodic way. He postulated that the comet seen in
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1682 was identical with comets in 1607, 1531 and possibly 1456 that had similar orbits, and he
predicted the return of the comet in 1758. He did not live to see his prediction confirmed but this is
the comet still seen in modern times and which bears his name. Halley had the benefit of Newton’s
analysis of planetary orbits, which applied also to comets, and he was thus able to deduce that the
semi-major axis had to be of order 18 Au. That value, combined with the comet’s close approach to
the Sun, implied a high eccentricity, and this was the first deduction that bodies were moving
around the Sun in very eccentric orbits. Measurements of the periods of comet orbits show a very
wide variation and it is customary to divide comets into two categories—short-period for those with
periods less than 200 years and long-period otherwise. It is well to note that this is a fairly arbitrary
division but it roughly distinguishes those that move mainly within the region occupied by the
planets and those that move well outside that region. There have been about 100 short-period
comets observed. Those with periods of more than about 20 years have inclinations which are
more-or-less random—for example Halley’s comet, with a period of 76 years, is retrograde in its
motion around the Sun and has an inclination of 162°. Comets are significantly perturbed by
planets, especially by the major planets, and the period of Halley’s comet can vary between 74 and
78 years due to this cause.

There are about 70 short-period comets with orbital periods, mostly between three and ten years,
which have direct orbits and have fairly small inclinations, less than about 30°, and eccentricities mostly
in the range 0.5 to 0.7. The orbital characteristics of a selection of such comets, together with those of
Halley, are shown in table 9.1. These form the Jupiter family of comets and they are presumed to
have originally been long-period comets which interacted with Jupiter either in a series of small
perturbations on their occasional incursions into the inner Solar System or, possibly, in one massive
perturbation (but see section 9.4). This is much more likely to happen for comets with small
inclinations and also for those that are in direct orbits, for then their speeds relative to Jupiter during
the interaction will be smaller and there will be more time to generate a strong perturbation. Another
factor that would reinforce the interaction is if the comet is close to perihelion when it approaches
Jupiter as then the motions of the two bodies are nearly parallel. Figure 9.2 illustrates an interaction
with Jupiter that will remove energy from the comet’s orbit and so make smaller its semi-major axis.

Table 9.1. The characteristics of some members of the Jupiter family of comets and of Halley. The perihelion
distance is q and the aphelion distance Q. gy is the estimated original value of Q before perturbation by

Jupiter.

Comet ) 0 (av) Ginic (AV) e i)
Grigg—Skjellerup 1.00 4.94 5.40 0.66 21.1
Tempel 2 1.36 4.68 5.83 0.55 12.5
Tempel 1 1.50 4.73 5.82 0.52 10.5
Wirtanen 1.26 5.16 5.35 0.61 12.3
Di Vico—Swift 1.62 5.21 547 0.52 3.6
Neujmin 2 1.34 4.84 5.67 0.57 10.6
Tuttle—Giacobini—Kresak 1.15 5.13 5.36 0.63 13.6
Tempel-Swift 1.15 5.22 5.23 0.64 5.4
Pons—Winnecke 1.25 5.61 4.99 0.64 22.3
D’Arrest 1.17 5.61 4.93 0.66 16.7
Forbes 1.53 5.36 5.33 0.56 4.6
Koppf 1.57 5.34 5.36 0.55 4.7
Giacobini—Zinner 0.99 5.98 4.51 0.71 31.7

Halley 0.59 35.0 0.99 0.967 162.3
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Jupiter

Figure 9.2. The passage of a comet past Jupiter. The dashed lines join the comet and Jupiter at different times
and it can be seen that when the effect of Jupiter is greatest it removes energy from the comet.

When a comet has a close interaction with a planet with which its orbit is coplanar, or nearly so,
then the values of @ and e before and after the interaction are linked by the Tisserand criterion. This is

1 a(l —eH)'/?
2a+{(a3)} = Tpe (9.1)
P

where Tpc is a constant, a and e are the orbital elements of the comet before or after the interaction and
ap is the radius of the planet’s orbit, assumed circular. The value of Tpc can be calculated for the
Jupiter family of comets from their present orbital elements, assuming that they have not changed
since the original Jupiter perturbation—although in practice they must have changed a little
through subsequent planetary perturbations. If it is assumed that the original orbit of the comet
was one with a very large value of a, so that the first term in equation (9.1) is negligible, and had an
eccentricity close to unity, then it is possible to calculate the perihelion of the original orbit. This
comes from
2 3

_ f et % T2ed. 9.2)
The values of g, calculated for the members of Jupiter family of comets in table 9.1 are between 4.51
and 5.83 Au compared with the mean Jupiter orbital radius of 5.20 Au. For the very closest approaches
a single interaction might have been sufficient to bring about the present orbit from one with a large
original semi-major axis but for the others several interactions were probably necessary.

An outstanding recent example of the influence of Jupiter on a comet is the case of comet
Shoemaker—Levy. This comet had passed very close to Jupiter and was torn apart by tidal forces to
form a string of cometary fragments all moving close to the original orbit. Further perturbation by
Jupiter led to a direct collision of the cometary fragments with that planet in July 1994 (section 5.1.3).

Since perturbations by Jupiter, or any other major planet, can add energy to a passing comet as
well as remove it then the Jupiter family must represent the few comets, of very many which have
interacted with Jupiter and which happened to have been suitably perturbed.

Another extreme class of comet orbits is where the periods extend from tens of thousands to
millions of years. These comets have very large major axes and since comets can only be observed
when they have small perihelia, usually less than 3 Au, then this implies that the orbital eccentricity
must be close to unity. It is extremely difficult to measure the orbital characteristics of such comets
accurately enough to confidently distinguish an extreme elliptical orbit from a parabolic or even
marginally hyperbolic one. The characteristic of interest is that of the orbit before it approached the
inner Solar System making it necessary to correct for planetary perturbation, which gives another

Gorig = a(l - 6’)
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possible source of error. A planet approaching the inner Solar System with an apparent near-parabolic
but marginally hyperbolic orbit would need to have had almost zero velocity relative to the Sun at a
large distance. This is extremely improbable and, taking the possible errors of measurement into
account, it is safe to assume that all such comets approached the inner Solar System in extreme
elliptical orbits. Comets with such orbits are called new comets. The category implies that the comet
has never been so close to the Sun on a previous occasion and will never again be on an orbit with
similar characteristics. Why this is so will be explained in section 9.3.

9.2. THE PHYSICAL STRUCTURE OF COMETS

Comets at more than about 5 Au from the Sun are difficult to see. At that distance a typical comet is a
solid inert object, usually with low visual albedo and a diameter of a few kilometres. As it approaches
the Sun its appearance changes dramatically. Vaporized material escapes, sometimes in jets from
limited regions of the solid nucleus, and forms an approximately spherical gaseous coma that can be
of large extent, from 10° to 10 km in radius. In the process of outgassing, some dust is also ejected
and forms part of the coma. The coma becomes visible due to the action of sunlight on its
constituents. Outside the coma, with ten times its dimension, there is a large cloud of hydrogen that
emits no visible light but can be detected by its ultraviolet emission. Finally the comet develops a
tail, or often two tails, which are acted on by the stream of particles from the Sun, the solar wind,
so that the tails point approximately in an anti-solar direction. These features are shown in a
schematic form in figure 9.3. This brief description of a comet and its behaviour as it approaches
the Sun is the background for discussing its composition.

Current belief about the structure of the nucleus is that it is, as Fred Whipple once described it, a
‘dirty snowball’. The best model is of an intimate mixture of silicate rocks and ices—perhaps similar to
the composition of frozen swampy ground on the Earth although in the comet nucleus the ices would
not all be water ice. The outer material of a comet that had made several perihelion passages would be
relatively deficient in volatile components and would probably be in the form of a frangible rocky
crust. As the nucleus approaches the Sun so it will absorb solar radiation and heat energy will
eventually penetrate into the interior, causing sublimation of the volatile material—that is to say
transforming it directly from the solid to the vapour state. The pressures so produced will
eventually fracture the crust in weaker regions and jets of vapour will escape to form the coma. The
molecules in the coma will fluoresce, that is they will be excited by ultraviolet radiation from the
Sun and then emit visible radiation when they return to the ground state, and it is from this visible
radiation that the composition of the coma can be found. The full range of atoms, molecules and
free radicals detected in the nucleus is listed in table 9.2. Free radicals are fragments of molecules,
produced by the disruptive effects of ultraviolet radiation, which readily react with other material to
form stable molecules. In the coma the density is very low and free radicals will survive for a
relatively long time before they come in contact with other material with which to react. It is for
this reason that their presence can be detected spectroscopically. In figure 9.4 there is seen a
spectrum for comet Bradfield taken with spectrometers on the ITUE (International Ultraviolet
Explorer) satellite covering the ultraviolet region. The composition of the halo is just what would be
expected from a mixture of common Solar-System volatile materials—H,0O, CO,, NH; and CH,4
plus traces of some less common volatile material and also silicate dust. Dissociation of the
hydrogen-containing volatile substances will lead to the production of free hydrogen atoms. By
virtue of their small mass they will be very mobile and move out to large distances, so producing
the hydrogen cloud that can be detected from satellite or rocket-borne telescopes by a strong
ultraviolet Lyman-series emission at 121.6 nm.
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Figure 9.3. The structure of a comet in the near perihelion part of its orbit.

The largest feature of a comet is the tail or, more precisely, its tails. Molecules in the coma not
only dissociate into atoms and free radicals but they and their by-products are also ionized to form a
plasma, a mixture of positive and negative charged particles with no net overall charge. The plasma tail
is swept along by the solar wind, itself a flux of charged particles that interact with the Sun’s magnetic
field. Since the solar wind moves radially outwards from the Sun so does the plasma tail, or very nearly
so. The types of ions detected in the plasma tail are listed in table 9.3. The plasma tail has a blue colour
due to strong emission from CO™ at 420 nm. It may be about 1Au in length; in the apparition of
Halley’s comet in 1910 the Earth passed through its tail and there were many who predicted dire
consequences from this since the poisonous gas cyanogen was known to occur in the tail. However,
in the event, the density of the tail was so low that there were no effects that could be detected.

Table 9.2. The atoms, molecules and free-radicals detected in the coma of a comet.

C C, G, Ca CH CH;CN CN Co Cco CO,
Cr CS Cu Fe H H,O0 HCO K Mn Na
NCN NH NH, NH; Ni o) OH S S, \%
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Figure 9.4. A spectrum for the comet Bradfield (IUE).

The dust tail consists of very fine silicate grains and is usually yellow in colour since most of the
light from it is just reflected sunlight. Study of the polarization of the reflected light suggests that the
silicate grains are typically of 1 um dimension. The forces on the dust particles are, first, that due to
the gravitational attraction of the Sun, which will tend to send it into Keplerian orbits, and second,
the action of the solar wind, which will tend to move it radially outwards from the Sun. The solar
wind gives the stronger forces so the net effect is a tail that is almost anti-solar in direction but
usually distinct from the plasma tail. However, dust tails are generally much shorter than plasma
tails and rarely exceed 0.1 AU in length. The two tails show up particularly well in figure 9.5, a
photograph of comet Mrkos taken in 1957.

The Halley comet apparition of 1986 was a rather poor one from the point of view of Earth-
bound observers since the perihelion passage was on the opposite side of the Sun from the Earth.
However, it was the first to occur in the space age and there were several missions to observe it. The
European Space Agency sent the spacecraft Giotto that passed within 600 km of the nucleus.
Photographs were taken of the nucleus (figure 9.6) which showed that it had a peanut shape with a
maximum dimension of about 15km and the surface showed features that could be described as
valleys and mountains. In addition to the photographs, measurements were made of the charged-
particle density, magnetic fields and the compositions of the dust particles. Many of the particles
were clearly silicates, similar in composition to a class of meteorites called carbonaceous chondrites
(section 10.2.1), but others were rich in H, C, N and O and were presumed to be grains containing
organic material. The rate of loss of dust was estimated at 3 tonness™' but there was a much larger
mass loss from large fragments of the nucleus being prised free and ejected through the impulse
imparted by the escaping volatile material. The rate of loss of icy material is of the order of
50tonness ' during the perihelion passage and such a rate implies that the lifetime of Halley, and
of other comets, as vapour-emitting bodies must be limited. The expected lifetime of comets is
estimated to be in the range of hundreds to thousands of orbits, after which they will be small,

Table 9.3. Ions detected in the plasma tails of comets.

ct Ca* CH* CN* co* Coy cs* CSy Fet
H,O0" H;0" Ny Na* o* OH* S* Sy
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Figure 9.5. The comet Mkros photographed in 1957 showing the long plasma tail and the shorter but thicker
dust tail ( Palomar Observatory|Caltech).

dark, inert objects very difficult to detect. The fact that short-period comets have such a short life
compared with the age of the Solar System indicates that there must be a reservoir of comets
somewhere that constantly replenishes their number.

Observations were made of Halley from other spacecraft although from much greater distances.
Vega I and Vega II, launched by the USSR, had previously surveyed the planet Venus and then were

Figure 9.6. A view of Halley from Giotto. The dark outline of the nucleus can be seen together with the emis-
sion of material at the left edge (ESA).
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Figure 9.7. The magnetic and charged-particle environment around a comet due to the solar wind.

redirected towards Halley. They passed within 10 000 km and provided the first pictures of the nucleus.
There were also two Japanese spacecraft, Sakigake and Suisei, which made measurements of the
comet’s environment at even greater distances. Sakigake made observations of the tail, at a distance
of about 7 x 10° km, and found that there were considerable variations in the flow of gas and dust
which depended on the orientation of active regions of the nucleus with respect to the Sun. Suisei,
which went to within 1.5 x 10° km of the nucleus, recorded the bow shock due to the interaction of
the stream of particles from the comet with the solar magnetic field. The data from the five probes
has given the best information yet of the structure of a comet and its immediate environment.
Giotto actually had more measurements to make after its Halley fly-past. The rather turbulent
environment, close to the nucleus, through which Giotto passed damaged its cameras, which could
no longer be used, but the other instrumentation was still functioning. The spacecraft was diverted
after the Halley interaction to rendezvous with Giacobini—Zinner (table 9.1) and important charged
particle and magnetic field measurements were made which complemented those from Halley. The
local magnetic and charged-particle environment of a comet somewhat resembles that of the Earth
and other planets (Topic V). The magnetic field is concentrated locally by the stream of charged
particles forming the plasma tail. The bow shock is where the solar wind particles meet this
concentrated field. On the side of the comet away from the Sun the arrangement of the magnetic
field traps a thin layer of charged particles forming a current sheet, another feature of the terrestrial
environment (figure 9.7).

Future plans for the exploration of comets include a mission to Wirtanen (table 9.1) in which
there will be an orbiter and at least one lander that will have provision for taking samples from
below the surface of the nucleus. If this mission is successful then it should provide answers to
many unanswered questions about the structure of comets. However, comets would still pose
interesting problems for the planetary scientist, as we shall see in the following section.

9.3. THE OORT CLOUD

In section 9.1 the existence of new comets was mentioned and we shall now explore the significance of
these in more detail. Before we do so we shall consider how a comet’s orbit may be described in terms of
its intrinsic energy. Since intrinsic energy is proportional to the inverse of the semi-major axis,
cometary scientists find it convenient to express it in units of 1/a or in au~'. Thus a comet with
intrinsic energy 0.001 Au™' has a semi-major axis of 1000AU and, since it must have a small
perihelion if it has been observed, then its aphelion distance will be approximately 2a, or 2000 Auv.
In figure 9.8 there is reproduced a histogram of values of 1/a given by Marsden, Sekanina and
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Figure 9.8. Numbers of comets with values of 1/a of small magnitude. Positive values correspond to bound
(elliptical) orbits. The small number indicated as having hyperbolic orbits (negative values of 1/a) are
probably also in elliptical orbits (after Marsden, Sekanina and Everhart, 1978).

Everhart (1978) for the pre-planctary-perturbed orbits of new comets which had been estimated up to
that time. It will be seen that there is a concentration with very small negative energies corresponding to
elliptical orbits with very large aphelia. There are also some comets with positive energies but, because
of reasons given in section 9.1 it is certain that most of these, if not all, actually have elliptical, but near-
parabolic orbits.

The concentration of orbits with 0 < 1/a < 5 x 107° au! had previously been noted by Jan Oort
in 1948. The significance of the term new comets arises from their very small and negative intrinsic
energies. Such a comet moving in the region of the giant planets gains or loses intrinsic total energy
by planetary perturbations and the expected magnitude of the gain or loss, ~107>au™", is much
greater than the initial magnitude of E, ~107> au™', when it is approaching. If it gains energy then
the new E will almost certainly be positive so that the comet will leave the Solar System on a
hyperbolic orbit and will never be seen again. On the other hand, if it loses energy then it will be
more negative and it will move to an orbit with a much smaller value of a so that it moves out of
the class of new comets.

Oort concluded that there exists a cloud of about 10" comets in highly eccentric elliptical orbits,
mostly at distances of several times 10* au. The estimate of the total number of comets was based on
the assumption that, at very large distances from the Sun, the comets would have been perturbed by
stars to such an extent that all directions of motion and all speeds up to the escape speed from the
Solar System are equally likely. Oort then calculated the proportion of comets with such motions
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that would pass within 3 Au of the Sun and so be seen in a year. From the observed frequency of new
comets, somewhat less than one per year, he was thus able to make his estimate of the total number of
comets in what we now call the Oort cloud. While Oort’s assumptions that gave the number may not be
completely certain, the existence of a cloud with a substantial number of comets cannot be denied. The
inclinations of new comets are more-or-less random with direct and retrograde orbits equally likely.
Detailed analysis of the orbits shows a slight tendency for clustering where groups of comets
coming from some directions are found to have similar orbital elements.

The existence of the Oort cloud raises several interesting problems, the first being “how did it get
there?”. It seems very unlikely that new comets could have come from a source outside the Solar
System. A body approaching the Solar System from a great distance with finite velocity will make a
hyperbolic orbit around the Sun and will never be a bound member of the system. While it may be
possible to invent scenarios where planetary perturbations could give capture, each individual
capture event would be so unlikely that it would not be feasible to capture a vast number of bodies
in this way—as is required for the Oort cloud. For this reason most planetary scientists prefer to
have a scenario where the comets arose as part of the general process that led to the formation of
the Solar System. We shall return to this topic when theories of the origin of the Solar System are
discussed in chapter 12.

Another interesting problem about the Oort cloud is ‘how does it stay there?’ since the individual
comets are exposed to many perturbing influences. These are treated fully in Topic AF but here we just
indicate the general nature of the sources of perturbation.

Perturbations by stars

The farthest members of the Oort cloud stretch out almost half way to the nearest stars and during the
course of its lifetime much closer passages of stars to the Solar System must have occurred. Closely
passing stars will perturb cometary orbits significantly. The perturbation of the comet comes from
the difference between the gravitational force exerted by the star on the Sun and that which it exerts
on the comet.

Perturbation by Giant Molecular Clouds

Another possible type of perturber is the Giant Molecular Cloud (GMC). A typical GMC has a mass
of 10°M, o and a diameter of order 20 pc (1 pc~ 206000 au). They are rather clumpy in structure and
contain concentrations of mass distributed throughout their volume. Clube and Napier (1984) have
suggested that during its lifetime the Solar System would have passed through four or five GMCs
and that during these passages near interactions with massive clumps would have completely swept
away the Oort cloud. They then propose that GMCs are themselves a source of new comet material
and at the same time as the pre-exiting comets are removed so replacement comets are provided by
the GMC. This seems an unlikely model; more convincing is a suggestion by Bailey (1983) that
there exists an inner reservoir of comets, at distances of a few thousand Au, that are perturbed
outwards to replenish the Oort cloud when the more loosely bound comets are removed.

Perturbation by the galactic tidal field

The Solar System lies within the disk of the Milky Way galaxy. To a first approximation the disk can be
regarded as a slab of material of uniform density. A body in the mean plane of the disk experiences no
force because it is pulled equally in two opposite directions normal to the disk. However, a body
moving away from the mean plane, but still within the disk, experiences a force towards the mean
plane proportional to its distance from that plane. Thus, in addition to their orbital motion about
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the centre of the galaxy, the Sun and other disk stars oscillate with approximate simple harmonic
motion about the mean plane.

If the vector connecting the Sun to the comet has a component perpendicular to the disk then the
forces on the Sun and the comet will be different. It is this differential force that constitutes the
perturbation.

Perturbers within the Oort cloud

It has been suggested that there may be planetary-mass objects within the Oort cloud that perturb
individual comets from time to time. Such perturbations would involve fairly close interactions and
there would be a tendency for the aphelion of the perturbed comet to be at the distance of the
perturbing object, as is the case for the Jupiter family. This would explain the slight tendency for
the clustering of observed cometary orbits where the members of the cluster have similar orbital
parameters.

9.4. THE KUIPER BELT

In 1951 Gerard Kuiper suggested that outside the orbit of Neptune there exists a region in which
comet-style bodies orbited close to the mean plane of the Solar System. His main argument was
that it seemed unlikely that the material in the Solar System abruptly ends beyond the orbits of
Neptune and Pluto. He proposed that in the outer reaches of the Solar System there could be
material in the form of small bodies that is too widely separated ever to have aggregated into a
larger body.

Kuiper’s idea did not receive much attention for the next 20 years but then received reinforcement
from another direction. In section 9.1 a mechanism was suggested for the origin of the Jupiter family of
short-period comets through the perturbation of long-period comets by Jupiter. It is certainly true that
such a mechanism can occur but what was being challenged in the 1970s was whether it was an efficient
enough process to explain the large number of observed short-period comets. With approximately 100
short-period comets, each with a lifetime of, say, 10000 years, one short-period comet per 100 years
would need to be formed to maintain the population. With the availability of suitable computing
power, calculations showed first that the mechanism of perturbing long-period comets by Jupiter
was very inefficient. Second, they showed that, despite the qualitative arguments given in section
9.1, such short-term comets that were produced would have almost random inclinations rather than
being close to the ecliptic as is actually observed. From these calculations it was suggested that the
source of short-period comets contained bodies moving close to the ecliptic and, since Oort cloud
inclinations are randomized by stellar perturbations, such bodies had to be from a region much
closer to the Sun. This renewed interest in Kuiper’s idea and a search began for bodies beyond
Neptune in what became known as the Kuiper belt.

In 1992 the first such body was found, 1992 QB,, with an estimated diameter of 200 km at about
40 AU from the Sun. Since that time there has been a steady stream of discoveries and there are now
several hundred known Kuiper belt objects (KBOs); there were 125 discovered in 1999 alone. All the
bodies have orbits close to the ecliptic and have semi-major axes larger than that of Neptune,
although the eccentricities of some bring them within Neptune’s orbit. In figure 9.9 the values of a
and e for 32 of these objects, plus Pluto, are shown; it is clear that in this subset of KBOs there is a
family of 12 KBOs which share Pluto’s 3 : 2 orbital resonance with Neptune (section 3.3).

It has been suggested that the Kuiper belt could contain more than 70 000 bodies with a diameter
greater than 100 km, and this would suggest a very much larger population of smaller bodies to form
potential short-period comets of the usual size. Perturbations in the Kuiper-belt region are sufficiently
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Figure 9.9. The a and e values for the first 32 discovered Kuiper-belt objects.

small to enable most objects there to have survived for the lifetime of the Solar System but the effect of
Neptune is sufficient to cause a small inwards transfer of bodies. Once they have penetrated the inner
Solar System they can be perturbed either to become short-period comets or to be thrown outwards to
regions well beyond the Kuiper belt.

Problems 9

9.1 A comet is observed with perihelion 2.5 au and aphelion 10.5 Au. What is its Tisserand constant
with respect to (i) Jupiter and (ii) Saturn? If it had been an Oort cloud comet perturbed by one or
other of these planets, then what would the original perihelion have been in each case?

9.2 A comet from the Oort cloud, with perihelion 6 Au, is perturbed by Saturn into an orbit with peri-
helion 4 Au. What is the semi-major axis and eccentricity of the new orbit?



CHAPTER 10

METEORITES

10.1. INTRODUCTION

It has been known for thousands of years that solid objects fall from the skies and early falls were
recorded in China in 644 Bc, in Greece in 466 Bc and by the Romans. Meteoritic iron objects have
been found in Egyptian pyramids and the hieroglyphic symbol used to describe them translates as
heavenly iron. They were sometimes regarded as of religious significance and the holy black stone
enshrined in the Caaba of the Islamic faith in Mecca is possibly of meteoritic origin. To the Eskimo
people of the Arctic, meteoritic iron was an important material and was used in the making of tools
and hunting weapons although it is somewhat soft for such a purpose.

The oldest collected meteorite is one that fell outside the town of Ensisheim in Alsace on
7 November 1492 and is kept in the local town hall. A woodcut illustrating the event describes the
falling object as a ‘donnerstein’ or ‘thunderstone’ and that is how they were commonly described.
The noises accompanying a fall at Hatford, near Oxford, on 9 April 1628 were described as like
thunder or the noise of cannon. The fall consisted of a shower of objects; one recovered near
Hatford was described as ‘In colour outwardly blackish, somewhat like iron: crusted over with that
blacknesse about the thicknesse of a shilling.” During a period of 14 years, beginning in 1789, nine
well-recorded falls occurred, including one at Wold Cottage in Yorkshire which caused a
considerable stir in the British scientific community. Even with all this observational evidence there
was some reluctance to accept that these falls were truly of objects from space. Several alternative
theories were put forward including that they were terrestrial stones thrown up by lightning strikes
and then falling back to Earth or perhaps accumulations of volcanic dust, somehow concentrated in
the atmosphere.

In addition to the witnessed falls there were many finds of objects which clearly were out of place
where they were found—uvery large lumps of iron in South America, South Africa and Siberia, for
example. In view of the size and solidity of these objects the alternative theories of meteorite
production seemed increasingly far-fetched and by the very early years of the nineteenth century all
doubts seem to have been resolved and the fact that meteorites were indeed objects from space
became firmly established.

The amount of meteoritic material striking the Earth amounts to between 100 and 1000 tonnes
per day. Although this may seem a large amount it would account for only one part in 10" of the
Earth’s mass over the lifetime of the Solar System. Although this would cover the Earth uniformly
with a 20 cm thick layer of material, in view of constant tectonic activity it has left no visible trace.
The material that falls covers the size range from fine dust to objects of kilometre size. Bodies must
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Figure 10.1. A4 35 tonne iron meteorite from Cape York (Greenland) on display at the American Museum of
Natural History, New York (McCall, 1973).

enter the atmosphere at more than 11 kms™! (the escape speed from the Earth). Larger objects are
decelerated by the atmosphere but still strike the ground at high speed. Their passage through the
atmosphere heats them, causing surface material to melt and a fusion crust to form. They are also
subjected to very large forces by atmospheric resistance which may cause them to fragment and
form a shower of smaller objects. Rather curiously very tiny objects may survive the passage to
Earth almost intact. Because of their large surface-to-volume ratio they radiate heat very efficiently
and they are quickly braked by the atmosphere and then gently drift down to Earth.

The largest meteorites known have masses up to about 70 tonnes, most of them being of iron
(figure 10.1). The largest stone meteorite found is one that fell in Jilin, China, in 1976 and has a
mass of 1.77 tonnes. There is evidence that much larger objects must have fallen on Earth from
time to time. Observation of surface features of the Moon indicate that early in the history of the
Solar System objects fell on it that were able to form the major mare basins, and these must have
been asteroids from tens to perhaps more than 100 km in diameter. While both the frequency and
size of colliding bodies seem to reduce with time there is a continuous bombardment pattern up to
the present. There is no reason to suppose that what happened on the Moon did not also happen
on Earth but features produced on Earth in the 10° or so years after its formation would have long
been expunged by tectonic activity. There is some evidence that a very large object may have fallen
to Earth at the end of the Cretaceous period, some 65 million years ago. Marine clays deposited at
that time have a high iridium content and iridium is a much more common element in meteorites
than it is on Earth.

More direct evidence for the fall of larger bodies can be seen in the craters that exist in various
parts of the Earth. The largest of these is the Barringer crater in Arizona (figure 10.2) which is more
than 1200 m in diameter and 170 m deep. Small amounts of meteoritic iron have been found in the
vicinity and it is estimated that the crater was formed by the fall of an iron meteorite of mass
approximately 50000 tonnes—that is with a diameter about 25m if it was a sphere. The time at
which the crater formed has been estimated as 35 4 15 thousand years ago. Attempts to discover
the main body of the meteorite have been unsuccessful and it has been concluded that the material
would have become widely dispersed by the explosion which produced the crater.
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Figure 10.2. The Barringer crater.

In 1908 there was a huge explosion in the Tunguska River region of central Siberia. The noise was
heard more than 1000 km away and some observers saw a fireball, brighter than the Sun, crossing the
sky. The event was recorded on seismometers all over the world. However, no attempt was made to
locate the source of the explosion until 1921 and it was not until 1927 that an expedition discovered
a region of about 2000 km? of uprooted trees with their directions of fall radiating away from the
centre of the region. However, no crater was found nor were any fragments discovered that could
be identified as of meteoritic origin. In the 1950s fine fragments of meteoritic dust were found
embedded in local soils and the current belief is that the event was caused by the impact of a small
comet with the explosion centre 10 km above the Earth’s surface.

Figure 10.3. Mr Pettifor examining the stony meteorite that landed in his garden ( Natural History Museum,
London).
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Table 10.1. Numbers of falls and finds up to the end of 1975.

Falls Finds Totals
Stones 791 593 1384
Irons 46 610 656
Stony-irons 11 67 78

As already indicated, meteorites which are recovered may be classed as either falls or finds. The
former category indicates those where the object is seen to fall and is recovered shortly afterwards. A
notable example of such a fall is that of a fist-sized stony meteorite which struck a tree in the garden of
Mr Arthur Pettifor near Cambridge in May 1991 and finished up close to his feet (figure 10.3). This
small meteorite is now in the British Museum.

Meteorites fall into three major general types—stones, irons and stony-irons—and table 10.1
shows the proportions of falls and finds for the different types. It will be seen that the proportions
of the different kinds of meteorites differ for falls and finds, a notable feature being the much larger
proportion of irons in the finds. We may take the proportion of falls as representing the relative
numbers of the different types of meteorites that fall to Earth. This is just saying that the chance of
spotting a falling meteorite of a particular type is simply proportional to the number of that type
that fall on Earth. On the other hand a ‘find’ depends on recognizing that the object, which may
have fallen tens or hundreds of thousands of years previously, is actually a meteorite. A stone
meteorite which lands in Europe, say, will be exposed to weathering which will erode its surface and
soon make it indistinguishable from rocks of terrestrial origin. If Mr Pettifor’s meteorite had landed
in the middle of a stony field it would not have looked too unusual to the untrained eye even before
weathering processes. On the other hand we are not accustomed to finding large lumps of iron on
Earth and if we found a very dense object of blackish appearance then we might suspect that it was
indeed a meteorite. Again an iron object would not weather in the same way as one of stone and
would maintain its integrity for a much longer period.

Factors which assist in the recognition of stony meteorites are, first, that it should as far as
possible maintain its original appearance and, second, that it should stand out in its environment.
One type of environment where these conditions prevail is in deserts where, because they are arid,
weathering processes are greatly diminished and where large rocks may stand out in places where
rocks are rare. In 1969 Japanese meteoriticists began a series of expeditions to Antarctica that have
since yielded thousands of meteorites (figure 10.4); these are not included in table 10.1. Meteorites

Figure 10.4. A meteorite just underneath Antarctic ice (Smithsonian Astrophysical Laboratory).
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landing in Antarctica are more-or-less preserved in cold storage and move around in great sheets of ice.
Sometimes they arrive in regions where the ice is eroded by winds and they may end up either on or
close to the surface. Since the Earth’s rocky surface in these regions is buried a great distance, 3 km
or so below the surface of the ice, the meteorites are readily recognized for what they are.

Meteorites are an abundant source of extra-terrestrial material and the ways in which they are
similar to terrestrial materials and the ways in which they differ have much to tell us about the
origin of the Earth and of the Solar System.

10.2. STONY METEORITES

Stony meteorites are of two general types, chondrites and achondrites, which differ chemically from
each other. Most, but not all, chondrites contain chondrules from which they get their name. These
are small glassy millimetre-size spheroids which are embedded in the fine-grain matrix which
constitutes the main body of the meteorite. A section of a typical chondrite, within which is a clear
chondrule, is shown in figure 10.5. The other type of stony meteorite, achondrites, contain no
chondrules and virtually no metal or metallic sulphides. In some ways they are similar to terrestrial
and lunar surface rocks. These various types of stony meteorite will now be described in greater detail.

10.2.1.  The systematics of chondritic meteorites

Before embarking on a description of chondritic meteorites it is necessary to mention some of the
important minerals which they contain because these minerals are important in defining the various
sub-types of chondrites that occur. A fuller description of most of these minerals is given in Topic
A. The most abundant mineral is olivine which accounts for ~45% by mass of the commonest type
of chondrite. The second most abundant mineral is pyroxene, about 25% by mass of the
commonest chondrites, and this too is a magnesium—iron silicate. Another fairly common mineral,
at the 10% level, is plagioclase, sometimes referred to as plagioclase feldspar. Native metal in the
form of iron with some nickel is also present together with the mineral troilite, FeS. The metal
occurs in the form of two iron—nickel compounds—taenite which is nickel-rich with 13% nickel
and kamacite, a nickel-poor compound with 5-6.5% nickel. Where nickel occurs in iron at levels
between 6.5 and 13% then plates of kamacite form, surrounded by a taenite matrix.

Figure 10.5. A well-formed chondrule (about 1 mm in diameter).
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Table 10.2. The table gives the percentage by mass of total iron and of iron occurring in the form of metal for
the three divisions of the ordinary chondrites.

H L LL
Total iron (%) 27 23 20
Metallic iron (%) 12-20 5-10 2

Within the chondrite classification there are three designated sub-types, ordinary, enstatite and
carbonaceous. The ordinary chondrites are so named because they are the commonest type and
these are further subdivided into three further divisions—H (high iron), L (low iron) and LL (low
iron—low metal)—distinguished by their content of iron and the form in which it occurs, as
summarized in table 10.2.

The different total and metallic iron contents are also linked to differences in oxygen content
where the amount of oxygen present increases from H to LL. About 30% of the non-metallic iron
in the H group occurs as the sulphide, troilite, whereas only 15% of non-metallic iron in the LL
group is troilite.

Within each ordinary chondrite group based on iron composition a further distinction can be
made on the basis of texture and mineral content—the so-called petrological classification. This
also applies to the enstatite and carbonaceous chondrites so table 10.3, which describes the
petrological classification refers to these types of chondrite as well.

The petrographic type 3 ordinary chondrites show signs of having been very rapidly cooled from
about 1700K to 1100 K or less. Pyroxene crystals formed very quickly and in a poorly ordered form
while olivine occurs in a form which is also indicative of very rapid cooling. Its iron content varies
from 0 to 40% and the assemblages of minerals are non-equilibrated, which means they were
quenched and atoms were trapped and made immobile before they could move to form mineral
assemblages closer to thermodynamic equilibrium. Another sign of rapid cooling is that the
chondrules are clear and glassy; with slower cooling, crystals would have formed in the chondrules
making them more opaque. It is evident that the quick quenching to temperatures of 1000 K or less
was never followed by heating to above that temperature.

Table 10.3. Chondrite classification according to appearance and mineralogy.

Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7
Chondrules Absent Sparse Many and distinct Visible Indistinct Absent
Chondrule glass — Clear and isotropic Opaque No glass present
Matrix Fine and Opaque Transparent Granular Granular

opaque micro-crystals coarse-grained
Silicate uniformity — >5% variation Variation No variation

0-5%

Carbon (% mass) 3-5 0