In astronomical terms, the Solar System is our own backyard. Set against the vast
numbers of stars in our Galaxy, the vast number of other galaxies in the observable
universe and the incredible distances involved, our Solar System is an almost
unimaginably tiny part of the Universe. However, this is where we live. It is where
life on Earth developed, and it gives us our only vantage point from which to view
the rest of the Universe.

Unlike other planetary systems, the objects in our Solar System are close enough to
allow us to see ‘close up’ the splendour and diversity of the planets. We are close
enough to study in detail the planets and other objects, and try and understand ‘what
makes the Solar System tick’. By doing this, we not only attempt to understand the
system in which life evolved, but also gain an insight into how other planetary
systems must evolve all over the Universe.

One of the more fundamental questions often asked is, “Why is the Solar System the
way it is?” In answering this question, we have to address more detailed questions
such as, how were the planets made? What were the planets made of? Were all the
planets made from the same material? Why do they look so different? Do the planets
have the same internal structure? Does their surface appearance change with time?
The answers to these questions lie in the physical and chemical processes that act on
the bodies within the Solar System. Understanding these processes allows us to
appreciate how the planets and the other Solar System bodies have formed and have
been changed over time, and hence why they look the way they do today. In this
book, you will be looking at these processes in detail.






CHAPTER1
ATOUR OF THE SOLAR SYSTEM

A great way to start your study of the Solar System is to get an overview of what
our planetary system looks like by taking a tour of the planets. In this introductory
chapter, you will see the incredible diversity that the Solar System offers, made
accessible by the use of spacecraft sent into space to gather scientific data (an
important part of which isin the form of high-resolution images). The tour will set
the scene and highlight the planetary features that will be explained by the processes
considered in detail later on. So let us begin our tour of the Solar System.

There are eight planets in our Solar System. Each planet travels on an approximately
circular orbit around the Sun, which lies at the heart of the Solar System. In order
of increasing distance from the Sun, the eight planets are Mercury, Venus, Earth,
Mars, Jupiter, Saturn, Uranus and Neptune. The sizes of the planets vary greatly, but
all are dwarfed by the Sun. Figure 1.1 shows the relative sizes of the planets and the
Sun. In the figure, the planets are aligned in the correct order with increasing
distance from the Sun, although the relative distance from the Sun is not shown
(you will consider this later). You can see that there appears to be a broad division
between the four small inner planets and the much larger outer planets, beyond
which lies the ‘dwarf planet’ Pluto and (as has recently been discovered) many other
icy bodies.

The four inner bodies (Mercury, Venus, Earth and Mars) are caled the
terrestrial planets, whereas Jupiter, Saturn, Uranus and Neptune are usually
referred to as the giant planets.

Many of the planets have moons (also called satellites) that orbit the planet in the
same way as the Moon orbits the Earth. Some of the satellites that you will meet on
our tour are similar to the terrestrial planetsin terms of their composition or
structure, and are sometimes called terrestrial-like bodies.

We start our tour by taking a closer look at each member of the Solar System. As
the Sun lies at the centre of the Solar System, it seems a sensible place to start.
Although the topic of this book focuses on planetary bodies (a term that refers not
only to the planets, but also to their satellites and other small bodies such as
asteroids) you should appreciate that the Sun is not a planet, but a star. As such, it is
ahuge ball of gas, consisting mainly of hydrogen and helium (although other
elements are also present in smaller amounts). At the centre, nuclear reactions
release energy. Thisis why the Sun is hot — about 5770 K at its surface and an
amazing 15 000 000 K at its centre. (Note the SI unit of absolute temperature is the
kelvin, K. 0K =-273°C, and 0 °C = 273 K.)

Figure 1.2 shows an impressive image of the Sun. Material, seen above the surface,
can be lost to space. Ejection of material from the Sun can have consequences here
on Earth (you will meet thisin Chapter 5).

Some major missions are listed in
Appendix A, Table A7.
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Figurel.1 Therelative sizesof
the planets and the Sun. The
planets are shown in the correct
order (with increasing distance
from the Sun), although the
relative distance from the Sunis
not shown to scale.



Figurel1l.2 TheSun (radius695500km). The
image, taken in ultraviolet light using the Soho
spacecraft, shows that the Sun is rather
complex and ‘active’ . (NASA)

The first planetary body on our tour is Mercury (Figure 1.3). Mercury, being the
closest planet to the Sun, can get very hot. In sunlight, parts of the surface can reach
about 740K (approximately 470 °C), whereas in darkness the temperature can drop to
about 80K (—190°C). Clearly, the surface of Mercury is not a very hospitable place.
Looking at Figure 1.3, perhaps the most striking features are the round ‘scars’ on the
surface. These are impact craters. A close-up view of some impact craters on
Mercury is shown in Figure 1.4 and you will consider impacts in detail in Chapter 4.
These impact craters have been made by the ‘leftovers' of the planetary formation
process, namely asteroids and comets (both of which you will be looking at in detail
in Chapter 7). Asteroids are predominantly rocky and metallic bodies, whereas comets
have alarge fraction of icy materia in them. However, both have broadly similar
effects when they slam into the surface of a planet at great speed — they leave impact
craters. Any undisturbed surface of a planetary body will accumulate impact craters
over time. Thus a very cratered surface implies that the surface is relatively old,
whereas a lack of craters might indicate that the surface has been renewed in some
way, wiping out the craters from the surface. The most prevalent mechanism for
resurfacing is volcanism, whereby lava (the melted rock we are familiar with on
Earth) flows and covers pre-existing terrain, and this has happened in various places
on Figure 1.3. These concepts will be dealt with in more detail in Chapters 2 and 3.

Returning to Mercury, the cratering over the surface is dense (so we know it must be
old) but it is not uniform. Some areas are smoother, indicating some volcanic
resurfacing has taken place. There are also some scarps crossing the surface indicative
of tectonic faults. You can see from the clarity of the imagesin Figures 1.3 and 1.4
that Mercury does not have an obscuring atmosphere. In fact, Mercury does have
some extremely tenuous atmosphere, but it is 1015 (a thousand million million) times
less dense than the atmosphere on Earth, which is actually a better vacuum than any
vacuum we can create in a laboratory.

Before you leave Mercury, there is another property of interest to be considered,
which is mean density (see Box 1.1). Mercury’s mean density is about 5.4 x 103kgm3,
which is almost as high as that of Earth. You will consider densities of the planetary
bodies at the end of this chapter, and you will see that thisis quite a surprising result
considering that Mercury is the smallest of the terrestrial planets. It indicates that
Mercury must include arelatively large proportion of dense material.



Figurel.3 A 1500 km-wideview of Mercury based onimagesfrom MESSENGER, which
in 2008 became only the second spacecraft to visit Mercury. Sunlight isfrom the right.
Impact craters dominate the surface. The curved, shadowed feature near the lower left is
astep or scarp in the surface interpreted as a thrust fault. (NASA/JHU APL/CIW)

BOX 1.1 DENSITY

Density (sometimes called bulk density) is a measure of the mass per unit
volume of a substance:

mass/kg

density =
volume/m®

(1.2)
The SI units of density are thus kilograms per cubic metre (kg m~3). Density
values of common materials can cover quite a wide range. Water has a density
of 1.0 x 103kgm3, whereas a rock such as granite is around 2.7 x 103kgm3,
and iron is 7.9 x 103kgm=3. In other words, a cubic metre of granite would
weigh 2700kg, or 2.7 tonnes! Since one cubic metre is somewhat larger than,
for instance, the average pebble or rock you might pick up on a beach, these
large numerical values for density are often difficult to grasp. Instead, it is
often convenient to think of densities in smaller units, so you may come
across, or prefer to think of, density values expressed as grams per cubic
centimetre (i.e. gcm3). Thus a density of 2.7 x 108kg m~3 could be
expressed as 2.7 g cm3. However, when making calculations involving
density, always ensure you use the Sl units for density.

It is important to appreciate that a planetary body might be made of layers of
material that have quite different densities, for example it may have high-
density material (such asiron) at its core and somewhat lower-density
material (such as rock) nearer the surface. The calculation of mass/volume
gives rise to avalue of mean density for the body.
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Figure1.4 A close-up of a

200 km-wideregion of Mercury.
Impact cratersare clearly visible.
Sunlightisfromtheleft. (NASA/
JHUAPL/CIW)



Figure 1.5 The planet Venus
(radius 6052 km). Thisimage, taken
by the Galileo spacecraft, isfalsely
coloured to highlight the subtle
structure of the clouds which are
not usually seen (normally Venus
looks more of auniformwhitein
appearance). (NASA)

Figure 1.6 Detailsof the surface
of the planet Venus, whichis
usually totally obscured by clouds,
taken by the Magellan spacecraft
using cloud-penetrating radar.
(NASA)

The next planet on our tour is Venus. The chances are that you have seen Venus
with the naked eye, even if you didn’t redlize it at the time. Venus is often seen as
an extremely bright ‘star’ an hour or two before sunrise or after sunset, depending
on the relative positions of Venus and the Earth in their orbits. A small telescope can
resolve Venus as a disc. The planet may also look like a crescent or a gibbous
object, depending on the Earth-Venus-Sun geometry at the time. Even powerful
telescopes tend to show Venus as a featurel ess planet due to the presence of a thick
atmosphere. In terms of its size and mean density, and the fact that it has a
significant atmosphere, Venus could be considered as the ‘twin’ of Earth. In fact,
there are very important differences, particularly regarding the composition of the
atmosphere and the resulting surface environment. Figure 1.5 shows an image of
Venus, which picks out some cloud structure that is not normally apparent. The
clouds are made from tiny droplets of sulfuric acid, hinting that Venus might not be
the most welcoming environment for us to visit!

A view of the surface terrain can be obtained using cloud-penetrating radar. One
such image is shown in Figure 1.6. The surface of Venus is very complex, with far
fewer impact craters than on Mercury, but with many volcanoes and lava plains
suggesting significant surface renewal. The only images obtained from the surface
of Venus were taken from a series of Soviet Union spacecraft, called Venera. Taking
images of Venus was an impressive technical feat considering the hostility of the
surface environment. The surface atmospheric pressure was almost a hundred
times that on Earth, and the temperature was around 670K (400 °C). A high-
pressure oven is not a good place for sensitive scientific instruments! However
before the equipment expired, the Venera spacecraft returned their precious images.




Figure 1.7 shows one of the few colour images obtained by the Venera 13
spacecraft. The surface shows evidence of old lava flows, with a cracked and
rugged appearance. The action of the atmosphere has also given rise to surface
erosion. The atmosphere of Venus is mostly (97% by volume) carbon dioxide
(unlike Earth which is mostly nitrogen and oxygen). The carbon dioxide givesrise
to a strong ‘ greenhouse effect’ that traps heat below the lower layers of the
atmosphere — hence the very high surface temperature. Venus, while an Earth-twin
in some respects, would definitely not be a hospitable place to visit.

The next planet on our itinerary is Earth. The familiar blue planet is shown
splendidly in Figure 1.8. Although Earth may seem rather familiar, and even rather
boring in the context of exploring exciting new worlds in the Solar System, it is
worth pausing for thought when looking at Figure 1.8. Consider just how important
thisimage is for showing us our home planet and its place in the Solar System.
Before the space age, we could only imagine seeing our planet from afar. But now
we have an appreciation of the Earth as afinite, isolated and even rather fragile
planet in space. Thisview of Earth is probably very important in appreciating global
ecology issues and the need to look after our planet.

The Earth also allows us to study at close quarters many of the mechanisms that

influence and characterize the other bodies in the Solar System. Our understanding
of the internal structure of large terrestrial-like bodies, volcanism and atmospheres,
is greatly enhanced by looking at what happens on (or in) the Earth, and using this

Figure 1.8 Theplanet Earth
(radius6371km). Thisimagewas
takenfromApollo 16in1972. The
image shows the oceans (blue),
land (brown) and cloud (white)
aswell astheAntarctic ice-cap
(uniform white at the bottom of
thefigure). (NASA)

Figure 1.7 The surface of Venus
obtained by the Venera 13
spacecraft in 1982. Part of the
spacecraft is seen at the bottom
of theimage. (Courtesy of the
Russian Academy of Sciences/
RNII KP/IIPPI/TSDKS)



Figure1l.9 TheMoon (radius1738km). This  Figure 1.10 Animage of the Moon, taken
image was taken by the Galileo spacecraft. The fromApollo 16, showing some of its heavily
various colours of the image highlight the cratered far side (right-hand part of the
dissimilar mineralogy of theregions. (NASA)  image). (NASA)

knowledge to consider what must happen elsewhere. For this reason much of the
material considered in the following chapters looks closely at the Earth to enhance our
understanding of the other planets.

The atmosphere of the Earth (which you will look at in more detail in Chapter 5) is
crucia for the survival of life on the planet. Our atmosphere causes a significant rise
in surface temperature because of a ‘ greenhouse effect’, which is mainly due to
carbon dioxide and water vapour (modest compared to Venus, but still accounting for
a 33K higher temperature than an atmosphereless Earth would have). This means that
the mean temperature at the surface is 288 K (15 °C), allowing liquid water to exist
over much of the planet. The atmosphere also carries heat away from the Equator, so
that the Equator is not as hot as it might be and the polar regions are not as cold as
they might be. This allows life to thrive at a greater range of latitudes than would
otherwise be the case if we didn’'t have atmospheric circulation. The Earth’'s
atmosphere comprises (by volume) 78% nitrogen and 21% oxygen, with other gases
(including carbon dioxide) being just a small part. It is perhaps a sobering thought to
bear in mind that Venus is an example of what could happen if greenhouse gases such
as carbon dioxide became a really significant proportion of the Earth’s atmosphere.

The other familiar planetary body on our tour is the Earth’s only natural satellite, the
Moon. Often ignored due to over familiarity, the Moon offers a spectacular (if rather
monochromatic) terrain. Viewed with the naked eye or, better still, through binoculars
or asmall telescope (best viewed when not at full Moon to obtain the best visual
contrast), the relatively bright *highland’ regions peppered with impact craters, and the
darker and less cratered mare (pronounced mar-ray) regions, are clearly seen.

The Moon orbits the Earth about thirteen times each year, and presents the same face
to us all the time. This means its rotation period (the time it takes to turn once on its
axis) exactly matchesits orbital period (the time it takes to travel once around the
Earth). Thisis called synchronous rotation, and is common among satellites
throughout the Solar System. Figure 1.9 shows an image of the Moon. False colours
have been used in this figure to differentiate predominant surface minerals. Figure 1.10
shows a photograph that reveals some of the far side of the Moon. Fewer mare



regions are seen and more impact craters are obvious in this image. The mare regions
are younger formations formed by the flooding of lava that buried many ancient
impact craters. You will consider the formation and composition of the Moon in
Chapter 2, and the historical impact record of the Moon in Chapter 4.

Continuing our tour outwards from the Sun, we next encounter Mars (Figure 1.11). It
is not hard to understand why it is often referred to as ‘the red planet’ (although in
fact, most people would probably describe it as orange). Mars can often be seen with
the naked eye as a ‘star’ that has a very obvious orange hue to it. Figure 1.11 shows
some striking features. The image shows a huge canyon system (called Valles
Marineris), which represents a fracture in the planet’s surface that extends about
4000 km across the planet. This canyon dwarfs the Earth’s Grand Canyon, having
regions that are 11 km deep and 200 km wide. Also very obvious are the dark, circular
features near the left-hand side of the image. These are enormous, old volcanoes. The
largest volcano on Mars, Olympus Mons (not shown in Figure 1.11), which is aso the
largest volcano in the Solar System, is 24 km high and has a volume a hundred times
greater than Mauna Loain Hawaii — the largest equivalent feature on Earth.

Figurel1.11 Theplanet Mars (radius 3390 km). Thisisacompositeimage produced from
images obtained by the Viking Orbiter spacecraft. (US Geological Survey)



Figure 1.12 The surface of the
planet Mars, asimaged by the
Mars Pathfinder lander mission
in1997. (NASA)

Figure 1.12 shows an image from the surface of Mars. Large boulders embedded in
dust and ‘soil’ can be seen in the rather barren landscape. Lava flows have altered
the terrain in other regions of the planet, and even evidence of ancient running
water has now been identified. The atmosphere of Mars is mainly carbon dioxide
(95% by volume) and in this respect it is similar to the atmosphere of Venus.
However, on Mars, the atmospheric pressure at the surface is much reduced, being
only about 0.006 times that on Earth. This rather tenuous atmosphere means that
the greenhouse effect you might expect from the high carbon dioxide content is
very modest, adding only about 6 K to the mean temperature of the planet (which is
223K). The surface is desert-like — it is very dry and can get reasonably warm
during the day and extremely cold at night. Although the atmosphere is thin, winds
on the planet can be formidable, giving rise to large dust storms that can last for
weeks or months.

Marshastwo relatively tiny satellites, Phobos (Figure 1.13) and Deimos (Figure 1.14),
which are thought to be asteroids that have been captured by the gravitational
influence of Mars. The bodies are irregularly shaped: Phobos is approximately
26km x 18 km in size, Deimosis approximately 16 km x 10km in size. Phobos is
shown in Figure 1.13, and you can see a large (relative to the size of the body)
impact crater on the left-hand side, as well as other smaller impact craters. Phobos
orbits only 6000 km above the surface of Mars, and will probably collide with Mars
within the next 50 million years. Deimos is shown in Figure 1.14. There are few
craters seen, and the surface may be covered in fine dust, or regolith.

Figure1.13 Phobos(26kmx 18km), Figurel.14 Deimos(16kmx 10km), asatellite

asatellite of Mars. Thisbody is of Mars. As with Phobos, this body is also
thought to be a captured asteroid. thought to be a captured asteroid. (NASA)
(NASA)



Phobos and Deimos are tiny compared to the Moon, and to the other satellites you
will encounter in the outer Solar System part of our tour. However they lead nicely
into the next objects on our tour, asteroids.

Between Mars and Jupiter is the asteroid belt, which is a‘swarm’ of rocky and
metallic bodies. The asteroid belt extends all the way round the Sun and each
asteroid orbits the Sun. It is from this reservoir of bodies that Phobos and Deimos
may have originated. Figure 1.15 shows an image of the asteroid Gaspra. You can
see that impact craters pepper the surface, just like on Mercury and the Moon.
Even small bodies like Gaspra cannot avoid getting hit by other objects. You will
look at asteroids, and their orbits, in much more detail in Chapter 7.

Our grand tour now takes you from the terrestrial planets to the outer Solar System
and into the domain of the giant planets. You will explore the giant planets and their
many satellites. In comparison to the terrestrial planets, some of these satellites are
quite significant in size. Figure 1.16 shows the relative sizes of the major satellites
of the giant planets (only bodies with aradius larger than about 200 km have been
included) compared to the terrestrial planets. You can see that satellites such as lo,
Ganymede, Callisto and Titan arereally like small planets, being comparablein size
to Mercury and not too far from the size of Mars. The figure also indicates the
timescale of the most recent surface-altering ‘activity’, such as volcanism, on each
planet and satellite shown.
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Figurel.15 Gaspra

(19kmx 11km), amain-belt
asteroid, i.e. an asteroid in the
asteroid belt. Thisimage wastaken
by the Galileo spacecraft whileen
routeto Jupiter. (NASA)

Figure1.16 Theterrestrial planets
and the satellites of the giant
planets (with radii greater than
about 200km). Pluto and its
satellite, Charon, are al so shown.
The colour and number coding
shows how recently the surfaces
have been affected by surface-
altering ‘activity’ such as
volcanism, fracturing or buckling.



Sometimes the term ‘gas giant’
is reserved just for Jupiter and
Saturn, in which the proportion
of gas is considerably greater
than in Uranus and Neptune.

Continuing our tour, Jupiter is the next stop (Figure 1.17). This planet is massively
different from what we have seen so far. Jupiter is the largest planet (see Figure 1.1).
Its radius is over ten times that of Earth and its mass about three hundred times that of
Earth. Its density therefore is about a quarter of that of Earth; the reason for thisis
that Jupiter consists mostly of hydrogen and helium. The other giant planets also share
this property, hence they are sometimes referred to as gas giants.

The most striking features of Jupiter are the colourful bands and the swirling clouds.
What you are seeing in Figure 1.17, is the top of a dynamic gaseous atmosphere that
extends deep into the planet. The whole planet rotates in just 9.9 hours, although the
atmosphere at the poles and the equator rotates at slightly different rates, giving rise to
‘winds' of 150ms1 at the equator. The largest feature is the Great Red Spot (clearly
shown in Figure 1.17, with a close-up shown in Figure 1.18), which is around

20000 km across. It is a huge storm that has been observed for the last few hundred
years, continuously rotating in an anti-clockwise direction with wind speeds of around
100 ms1 at the edges. The atmosphere itself is 90% hydrogen and 10% helium, with
traces of methane, ammonia and water vapour. The cloud-top temperature is around
120K (—150°C), although beneath the surface the temperature and pressure must rise
rapidly due to gravitational compression. At a depth of 10000 km, the pressureis likely
to be amillion times that on Earth, with atemperature of 6000K (approximately the
temperature of the surface of the Sun). At Jupiter’s core, the pressure is likely to be
an amazing 40 million times that on Earth, and the temperature 16 000 K. You will
discover much more about Jupiter (and the other giant planets) in Chapter 6.

Jupiter has 63 known satellites, most of which are well below 100 km in diameter.
However, there are four much larger ones. The innermost of these is lo (Figure 1.19).
Its incredible surface (sometimes described as pizza-like in appearance) shows
evidence of avast amount of volcanic activity. An example of avolcanic region is
shown in Figure 1.20. Indeed, 10 is the most volcanically active body in the Solar
System. To be this active, 10 must have an input of energy to heat the body. But how?
The answer liesin its orbit. |0 is the innermost major satellite of Jupiter, and as such

Figure 1.17 The planet Jupiter
(radius 69 910km). Theimagewas
taken by the Cassini spacecraft in
2000, whileen routeto Saturn. The
Great Red Spot isby far the largest
feature of the planet. The black dot
is the shadow of one of Jupiter’s
satellites. (NASA)

Figure1.18 Jupiter’sGreat Red
Spot. The spot isabout 20 000 km
across. (NASA)




undergoes mgjor tidal heating. You will return to this concept in Chapters 2,
3and 7. loismainly ‘rocky’ in composition, making it a terrestrial-like body.
Temperatures in the region of 1000 K and more are required to melt these
rocky materials. Thisisin stark contrast to the cold cloud tops of Jupiter!

The next satellite we consider could hardly be more of a contrast to lo.
Europa (Figure 1.21) has an icy surface that is covered in cracks, with
hardly any impact craters, indicating a very young surface. Europais a
predominantly rocky body. However, it has alayer of ice, about 100 km deep,
on the surface. Europa would also be expected to undergo significant tidal
heating (albeit to a much lesser extent than o as it is farther from Jupiter).
This presents a fascinating possibility that beneath Europasicy ‘crust’ there
isaglobal ocean of melted ice (i.e. water). This aso leads to speculation that,
where there isliquid water, there might be primitivelife!

The possibility of anicy crust on top of a sub-surface ocean does appear
consistent with the surface features on Europa, which has regions remarkably
like broken ice packs and fractured ice plains (see Figure 1.22). The surface
of Europa also leads us to a new concept — that of cryovolcanism. Thisis the
name given to the effect where cold slurries of ice and liquid erupt and flow
across the surface like ‘cool volcanoes', just as hot molten rock erupts and
flows as lava. It appears that cryovolcanism is commonplace amongst the

icy satellites of the giant planets, and the surface of Europais one such case.
The relatively recent activity has wiped clean the impact craters that would
otherwise have been visible on Europa’s surface.

Jupiter has two even larger satellites than 10 and Europa. These are
Ganymede and Callisto (Figures 1.23 and 1.24). Ganymede is the largest
satellite in the Solar System and is actually bigger than the planet Mercury.
However, it contains much less mass than Mercury because, like Callisto,
itisapredominantly icy body. Both these large satellites are heavily
cratered, showing that their surfaces are much more ancient than those
of lo and Europa.

Figurel.19 lo(radius1821km),a
satellite of Jupiter. Thisimagewas
taken by the Galileo spacecraft. (NASA)

Figure 1.20 A close-up of the
surface of 10, asatellite of Jupiter,
taken by the Galil eo spacecraft.
Thisimage shows avolcanic region
about 250 km across. The bright
red—orange feature at the left-hand
side of the image indicates arecent
flow of hot lava. (NASA)

Figurel1l.21 Europa(radius1565km), asatellite of
Jupiter. (NASA)

Figure1.22 A close-up of Europa, showing the fractured icy
surface. Theregion shown isapproximately 35km x 50km. (NASA)



Figure1.23 Ganymede (radius
2634 km), thelargest satellite of
Jupiter. The beltsof paler terrain are
younger than the darker terrain and
have been resurfaced by a
combination of cryovolcanism and
tectonic processes. (NASA)

Figure 1.25 The planet Saturn
(radius 58 230km). ThisVVoyager
image has had the colours
enhanced dlightly to make the
banding in the clouds more
obvious. The apparent break in the
rings just to the right of the
planetary disc is simply wherethe
ringsarein shadow. (Dr Bradford
A. Smith, National Space Science
Data Center)

Figurel1.24 Callisto (radius 2403 km), the outermost
large satellite of Jupiter. Thewhole surfaceis heavily
cratered. (NASA)

We leave the Jupiter system and move on to Saturn and its satellites. Figure 1.25
shows the planet, instantly recognizable because of the prominent system of rings
around it. Saturn itself is not quite as massive as Jupiter, being ‘only’ 95 Earth
masses and about 15% smaller than Jupiter in radius. The clouds seen in Figure
1.25, with somewhat enhanced colours, form bands across the disc that are parallel
to its equator. They are rather like the bands and clouds of Jupiter, athough obvious
storms and swirling structures are not apparent. The planet rotates in just 10.7
hours. This gives rise to the atmosphere bulging at the equator. You may have
noticed in Figure 1.25 that the planetary disc does not appear to be perfectly
circular, but is somewhat flattened. Thisis area effect and not just a distortion in
the image. Winds on the equator reach speeds of around 500 ms-1, and storms and
even ‘spots’ can evolve (although not to the extent seen on Jupiter).

The rings of Saturn are remarkable, and beautiful. They are not solid, but are made
of icy particles and boulders, the majority of which are between about a centimetre
and a few metres in size. These particles most probably originate from the
catastrophic break-up of a satellite due to impact. The ring particles al orbit the
planet in the same plane (Saturn’s equatorial plane), creating an amazingly thin disc
—the inner rings are only about 100 m thick. The ring particles, being icy, are highly



reflective. This makes them easy to see in reflected sunlight. If you could gather up
all the particlesin the entire ring system, and put them together into one object, this
object would be about 3000 km in diameter. Figure 1.26 shows a close-up image of
the rings. Notice that there are distinct ‘gaps’ in the rings. These arise because of
the gravitational influence of Saturn’s satellites * shepherding’ the ring particles. You
will consider the mechanism for thisin Chapter 7. You may be surprised to learn
that the other giant planets also have ring systems, albeit not on the same scale as
Saturn, making them much harder to see.

Saturn has at least 61 satellites. On this tour, we will consider the seven major
satellites (those with radii greater than about 200 km). Figure 1.27 shows the
innermost major satellite, Mimas. Although the image is not particularly sharp, you
can see that the icy surface appears heavily cratered and that one relatively massive
crater is a quarter of the diameter of the entire body. This crater, 130km in
diameter, will have been produced by the impact of a body about 10km across. If it
had been dlightly larger it would have broken Mimas apart.

Titan, Saturn’s largest satellite, is also one of the larger satellites in the Solar
System, being a little under half the size of Earth. It has a thick, predominantly
nitrogen atmosphere, a description that fits Earth both today and in the distant past.
However, the second most abundant gas in Titan's atmosphere is methane, with the
remainder (<1%) being made up of more complex hydrocarbons that make the
atmosphere opaque at most wavelengths (Figure 1.28 left). Little was known about
the surface until 2005 when NASA's Saturn orbiter Cassini began to study it using
radar and parachuted a European Space Agency (ESA) probe named Huygens down
to the ground. One of the most important discoveries was that near the poles
Titan's icy surface has lakes and seas of liquid hydrocarbons, thought to be mostly
methane (Figure 1.28 right). Titan's surface temperature is about 94 K (-=179 °C)
and the atmospheric pressure at ground-level is about 1.5 times that on Earth.
Methane and ethane can condense in the atmosphere and fall to the ground as rain.
River channels have been imaged in many parts of the globe, but were dry except

Figure1.27 Mimas (radius
199km), asatellite of Saturn. The
largecrater Herschel, 130kmin
diameter, isevidence of animpact

Figure 1.26 Therings of Saturn.
ThisVoyager image showsclearly
the gaps between the rings.

(Dr Bradford A. Smith, National
Space Science Data Center)

Titan is the sixth major satellite of
Saturn. It lies between the orbits
of Rhea and lapetus.

that came close to breaking Figure1.28 Titan (radius 2575 km), asatellite of Saturn as seen by Cassini. Left: True

Mimasapart. (NASA) colour image, showing blue haze layer above orange smoggy atmosphere. Right: Mosaic
of radar images (colour added, and with some gaps) near the north pole, revealing
methane lakes and seas, fed by rivers. Superimposed lines are latitude and longitude at 10

degreeintervals. (NASA/JPL/USGS)



possibly for some near the poles during the Cassini study. Huygens landed about 10
degrees south of the equator, on a surface strewn with pebbles made of water-ice,
which had presumably been eroded and transported by flood of liquid methane.
Elsewhere on Titan there are vast fields of wind-blown dunes (whose ‘sand’ is
made of fragments of ice crystals) and a few unproven candidates for
cryovolcanoes (where ice rather than silicate magma is erupted).

Saturn’s other truly remarkable satellite is Enceladus. Thisis asmall icy body
whose icy surface has been over-printed by a myriad of cracks (Figure 1.29). The
few ancient impact craters that have survived often have subdued topography; a
possible sign that at one time the surface became too warm and weak to support
them. Some areas may have been flooded by cryovolcanic lavas, but indisputable
evidence of explosive cryovolcanism is provided by jets of water-ice crystals mixed
with methane, carbon dioxide, carbon monoxide and various organic molecules that
are vented to space (Figure 1.30). Their source is from several of the youngest
surface cracks near the south pole, where temperatures of 170 K (about 100 K
higher than the local average) have been recorded. Tidal heating isthe likely cause
of al these various characteristics, and it is possible that there is a zone of liquid
water of either local or global extent below the surface.

Saturn’s other large satellites have rugged icy surfaces, with prominent impact craters.
Severa show occasiona evidence for ancient episodes of cryovolcanic flooding, and
some such as Dione are additionally notable for long fracture systems (Figure 1.31).

Figure 1.30 Thin crescent view
of Enceladus, revealing jetsof ice
crystals vented to space.
(NASA/JPL/SSI)

Figure 1.29 Cassini view of the
southern hemisphere of Enceladus
(radius 249 km), asatellite of
Saturn. Theicy surfaceis cut by
multiple generations of fractures
that have obliterated all but the
most recent craters. Plumes of ice
crystals(invisibleinthisview) are
jetted to space from the young
parallel ridges and grooves near the
lower right. (NASA/JPL/SS])

Figure1.31 Dione(radius560km),
asaellite of Saturn. ThisCassini
image shows a cratered surface cut
by fractures. (NASA/JPL/SS])



Figure1.32 Rhea(radius 764 km), aheavily
cratered satellite of Saturn. (NASA/JPL/SSI)

The satellites Rhea and | apetus are asimilar size, but are quite different in appearance
(Figures 1.32 and 1.33). Rhea shows quite a uniformly cratered surface indicating that
the satellite has been relatively inactive, with many small craters being maintained.
However, |apetus has one hemisphere that is very bright and highly reflective (consistent
with the icy surfaces you have seen in other satellites), and one hemisphere that is very
dark, asif covered by an obscuring ‘sooty’ deposit.

Our tour now leaves the Saturnian system and continues outwards towards the next
giant planet, Uranus. Uranus (and Neptune) are smaller than Jupiter and Saturn.
Uranus has a mass of almost fifteen times that of Earth and is about four times larger
in size than Earth. The planet was discovered by Sir William Herschel in 1781. Images
show a rather featureless blue—green planet, as shown in Figure 1.34. One oddity of
Uranusis that its spin axisis tilted over, 98 degrees from the ‘vertical’. Thisis most
likely due to a huge impact event early in the planet’s history that literally knocked
Uranus over on its side. It means that one pole of the planet can point towards the Sun
for long periods of time. The resulting polar heating drives the atmospheric flow on

Figure 1.34 The planet Uranus
(radius 25 360km). Thisimageis
from Voyager 2, takenin 1986. The
planet has a rather featureless
blue—green atmosphere. (NASA)

itsrings. Thisi

Figure 1.33 lapetus (radius

718 km), asatellite of Saturn.

This Cassini image shows the dark
leading edge of the body, with a
mysterious ridge running close to
the equator. (NASA/JPL/SSI)

The extent of the contrast in
reflectivity among Saturn’s
satellites is not fully apparentin the
figures in this book, each of which
has been processed to show the
target to best advantage.

Figure 1.35 The planet Uranus, showing

mage was taken using the

Hubble Space Telescope. (NASA)



Figure 1.36 Miranda (radius
236km), asatellite of Uranus.
This Voyager image shows the
cratered surface covered with a
layer of dust or ‘snow’ and
distinct regions (left- and right-
hand sides of the image) related
to someicy volcanic activity.
(Dr BradfordA. Smith, National
Space Science Data Center)

Figure1.37 Ariel (radius579km),
asatellite of Uranus. ThisVoyager
image showslargetrough-like
fractures in the surface of the body,
some of which have been flooded
by smooth cryovolcanic lava. (Dr
Bradford A. Smith, National Space
Science Data Center)

the planet, with winds flowing from the (south) pole to the equatorial regions. The
prominent banding and storms seen on Jupiter and Saturn are not seen on Uranus,
although some subtle structure is exposed in some false-colour images.

The rings of Uranus (discovered in 1977) are the next most obvious after those of
Saturn. Figure 1.35 shows an image obtained using the Hubble Space Telescope.
The particles in the rings of Uranus are extremely dark (unlike Saturn’s rings).
There is evidence of small dust particles and metre-sized boulders. Asin the
Saturnian system, the rings are separated by gaps, and will be gravitationally
influenced by satellites.

Uranus, like Saturn, has a multitude of satellites (at least 27 and probably more),
although only five are considered major bodies (radii greater than 200km). The first
of these to consider is Miranda (Figure 1.36). This body has an extremely rugged
and exotic terrain. There are areas that are relatively craterless, and are distinctly
different from the rest of the body. It is likely that these regions have been formed
by some cryovolcanism processes. The other regions on the satellite have more
impact craters and therefore a somewhat older surface. The craters (except for a
few sharply defined relatively recent craters) appear to be blanketed with dust or
‘snow’, presumably as a result of some explosive cryovolcanic eruptions.

Ariel and Umbriel (Figures 1.37 and 1.38) are similar in size, and each is over
double the size of Miranda. Ariel shows impressive trough-like fractures that break
up the impact-scarred surface. Many of the troughs have been subsequently filled
by icy lavas, although it is unlikely that Ariel has suffered any major cryovolcanism
in the recent past. The surface of Umbriel appears quite different, being much
darker than Ariel and the surface appears to be heavily cratered. The most notable
feature is the bright structure at the top of the image. Thisis an impact crater that
isabout 100km in diameter. It is lighter in colour because the impact has
penetrated, and excavated material from, the subsurface layers, which appear to be
of a somewhat different composition from the surface material.

Figure1.38 Umbriel (radius585km),
asatellite of Uranus. Although this
Voyager imageisof quitelow
resolution, the heavily cratered
surfaceisclearly visible. The bright
patch (top) isan impact crater that is
100kmindiameter. (NASA)



Figure1.40 Oberon (radius761km), a
satellite of Uranus. ThisVoyager image
shows an 11 km high mountain range,
silhouetted against space, in the
lower-left region. (NASA)

Figure1.39 Titania(radius789km), a
satellite of Uranus. This satellite has an
appearancequitesimilar toAriel. (NASA)

The satellites Titania and Oberon (Figures 1.39 and 1.40) are larger than Ariel and
Umbriel. Titaniaissimilar in appearanceto Ariel, although it is more heavily
cratered. There are fault regions on the surface that are 1500 km long and 2-5km
high. There are no signs of lava flooding in the faults although Titania has certainly
had some cryovolcanic activity in the past. Oberon is more like Umbriel (although
not quite as dark). Bright patches are seen on the surface that are most likely to be
regions of gecta from relatively recent impact craters (similar to the one obvious
bright crater on Umbriel).

ThisVoyager 2image, showing a‘'Great Dark Spot’,
wasobtained in 1986. (NASA)

Figure1.41 Theplanet Neptune (radius 24 620 km).



Figure 1.42 Proteus (radius
209km), asatellite of Neptune. This
image shows a heavily cratered
surface with one huge (relative to
the size of the body) impact crater.
(NASA)

Figure 1.43 Triton (radius
1353km), asatellite of Neptune.
Triton is Neptune'sonly large
satellite. (US Geological Survey)

Our tour now arrives at the last of the giant planets, Neptune (Figure 1.41).
Neptune has a mass of about seventeen times that of the Earth and is only slightly
smaller than Uranus (being about four times larger than Earth). The existence of
Neptune was suspected for some time, after detailed observations of the motion of
Uranus suggested that there must be another large planet in the outer Solar System
gravitationally influencing the orbit of Uranus. Neptune was discovered in 1846 by
astronomers Johann Galle and Heinrich D’ Arrest. Its atmosphere has a glorious
‘electric blue' colour. More features are apparent in the atmosphere than for
Uranus, with some banding and pale clouds being evident. When Voyager 2 flew
past in 1989 Neptune had its own version of Jupiter’s Great Red Spot. Neptune's
‘Great Dark Spot’ was an oval-shaped storm system, although it was much less
long-lived than Jupiter’s spot (Hubble Space Telescope images revealed that the
Great Dark Spot had already dispersed by 1994).

Neptune has at least 13 satellites, although only three are of any great size. Proteus,
shown in Figure 1.42, is a non-spherical body, and although the image is of quite
low resolution, the surface appears to be heavily cratered. In addition, and
reminiscent of Saturn’s satellite Mimas, Proteus has one very large impact crater.
Aswith Mimas, the impact must have come close to breaking up the entire body.

Triton (Figure 1.43) is Neptune's only large satellite. The surface is an icy mixture
of nitrogen, carbon monoxide, methane and carbon dioxide. It has a temperature of
just 40K (—233°C). One of the unusual things about Triton is that it orbits Neptune
in the opposite direction to most other satellites. Thisis evidence that Triton was



captured rather than forming near Neptune from ‘leftover’ material. This capture
process will probably have involved violent impacts with other existing satellites,
and will have left Triton in an orbit that gave rise to significant tidal heating. This all
means that the surface of Triton has undoubtedly had a complex geological history,
and that the surface is probably cryovolcanically modified from its original
appearance.

The terrain on Triton (Figure 1.43) appears divided. The area on the left is Triton's
southern polar cap. Some dark streaks are apparent in this region. These are due to
cryogenic geyser-like eruptions that send plumes of dust about 10 km above the
surface, and then leave dark stains across the surface. These geyser plumes were
actually seen by Voyager 2, showing that activity is ongoing. This sort of activity
gives rise to a very tenuous nitrogen atmosphere. The right-hand part of the image
(Figure 1.43) shows a different texture, which has been likened to the skin of a
cantaloupe melon. Cryovolcanic lavas have probably flooded much of this region.
Triton has probably got much in common with Pluto (the last planet on our tour)
and will have originated from the same region of the outer Solar System.

The third Neptunian satellite we will consider is Nereid (Figure 1.44). It is
somewhat smaller than other satellites that our tour has included but is noteworthy
as its orbit around Neptune traces out a path that is a very elongated ellipse. This
suggests that Nereid might be a collisional fragment, thrown onto an unusual orbit.
Whether it is related to the capture of Triton is unclear, but it does hint at the violent
history that the satellites of Neptune had to endure.

Our grand tour now moves on to Pluto and other Kuiper Belt objects. Pluto was
discovered in 1930 after a huge photographic search by astronomer Clyde
Tombaugh, and was regarded as a ninth planet until officialy reclassified (by the
International Astronomical Union) in 2006 as a ‘ dwarf planet’ along with other
Kuiper Belt objects large enough for their own gravity to pull them into near-
spherical shape.

In 1978 Pluto’s first satellite, named Charon, was discovered. Charon is about half
the size of Pluto, and so the system is not so much a primary with a satellite, asa
binary system. Figure 1.45 shows a Hubble Space Telescope image of the Pluto—
Charon system. The bodies orbit each other, separated by about 19 400 km.
Although this image does not show any detail on the bodies, some important
properties have been determined by various other means. Both objects have
synchronous rotation, such that the same hemispheres face each other al the time.
The Charon-facing side of Pluto is alot brighter (more reflective) than the other
side. Pluto aso has a very tenuous (mainly nitrogen) atmosphere, similar to that seen
on Triton. Indeed, it islikely that Pluto is quite similar to Triton (although less

Figurel1.44 Nereid (radius
170km), asatellite of Neptune. This
Voyager 2imageisof very low
resolution, but hints at a
significantly non-spherical body.
Thisirregular shape, combined
with the fact that its orbit around
Neptuneisvery elliptical, suggests
that Nereid is probably acollisional
fragment. (NASA)

In 2005, two additional satellites of
Pluto were discovered: Nyx

(<140 km diameter) and Hydra
(<170 km diameter).

Figure1.45 Pluto (radius1137 km) and its satellite Charon (radius
586 km). Thisimage was obtained using the Hubble Space Telescope
and showsthe two bodies 19 400 km apart. (NASA)



The Kuiper Belt is sometimes also
referred to as the ‘Edgeworth—
Kuiper Belt’.

Figurel.46 A beautiful example
of acomet, called Ikeya—Zhang,
asseeninApril 2002. (Copyright
© 2002 by Michael Jager (Austria))

geologically processed). We will learn much more when NASA's New Horizons
mission flies past in July 2015. Both Pluto and Charon are believed to have formed
beyond Neptune in the region called the Kuiper Belt. The Kuiper Belt refersto a belt
of planetary bodies beyond Neptune, of which Pluto is one of the largest members.
You will be considering the Kuiper Belt in detail in Chapter 7.

Our tour of the Solar System is almost complete. However one type of body has
not had much of a mention so far — comets. Comets are small bodies that pervade
the entire Solar System and, along with asteroids, are responsible for many of the
impact craters found on the other planetary bodies. The usual view of a comet
from Earth is that of along, wispy structure (Figure 1.46). The long tail is seen
because of tiny dust particles reflecting sunlight and can extend millions of
kilometres into space. However, the actual source of the dust comes from a rather
small object, which looks a bit like an asteroid. Figure 1.47 shows Halley’s comet
as imaged by the Giotto spacecraft that flew within 600 km of the body in 1986.
The actual comet, which was about 15km by 7km in size, is very dark and
irregularly shaped. Gas and dust particles stream from its surface. These are
released as the sunlight heats the icy surface. You will take a closer ook at comets
in Chapter 7.

Our grand tour is now complete. You have seen the diverse nature of the planetary
bodiesin our Solar System, and have seen that clues to their geological history and
internal structure can be gathered from their surfaces. You will be considering the
origin of the Solar System in detail in Chapters 8 and 9, particularly looking at the
evidence from meteorites, which tells us about how, and when, Solar System
bodies were formed. You will also look at how they came to have particular
chemical compositions. But first we will give a brief overview of the formation
process, to put our observations of the current Solar System into context.

Figure1.47 Halley’'scomet, as seen from the Giotto
spacecraft that flew within 600 km of thecomet in
1986. Thedark irregularly shaped body (15kmx 7 km)
is emitting large amounts of dust, and gas produced
from melting ices. (European Space Agency)



1.2 The formation of the Solar System

@ (b) ©

Theories of Solar System formation are by no means complete, with details of
some particular processes being poorly understood. But the overall formation
scenario is well accepted, and was first put forward in its original form in 1796 by
the French scientist Pierre-Simon Laplace. Laplace suggested that the Solar System
was formed by the collapse of alarge, initialy spherical, rotating cloud of gas and
dust. Modern work has refined this idea, but the overall theme remains.

The formation process started with a huge tenuous cloud of gas and dust, which
underwent contraction due to mutual gravitational attraction. During the cloud’s
contraction, any random rotational motion that it had begun with would have
become faster rather like a spinning ice skater pulling in their arms. As the resulting
cloud spun, it flattened into a disc, with the young Sun at the centre. This structure
is referred to as a protoplanetary disc (or solar nebula). Such discs can be
observed around some other stars, as shown in Figure 1.48.

In the protoplanetary disc, the dust particles collided and stuck together. As more
and more stuck together, larger particles were formed. This is called accretion.
Then objects several metres across, and before long kilometres across, would have
formed. These objects, called planetesimals, were the ‘building blocks' of the
planets. Collisions between the numerous planetesimal s then

built afewer number of larger bodies, caled planetary

embryos. Figure 1.49 shows an artist’s impression of this

process. Eventually, one planetary embryo will have dominated

and accreted all the other significantly sized bodiesin itsregion

of the disc. When all the material in that region had been

exhausted, the planet was ‘complete’. This whole process

would have taken in the region of 108years, which is relatively

quick when compared to the present age of the Solar System

(4.6 x 10°%years).

It isimportant to broadly consider the temperature distribution
of the protoplanetary disc while al this was going on. The
material was hotter near the young Sun, and the temperature fell
towards the edges of the disc. In the inner, hotter regions (that
had temperatures of >500K), small ice particles could not exist
and so accretion of rocky and metallic material dominated. In
the outer regions however (which had temperatures of <300 K),
ices could remain frozen and go to form planets — the ices could
of course be melted in the formation of the planet, but would be
retained as gas due to the gravitational field of the planet.

1 ATOUR OF THE SOLAR SYSTEM

Figure1.48 Images, taken with
the Hubble Space Telescope,
showing young stars with
protoplanetary discs around them.
These discswill probably result in
solar systems. (NASA)

The term dust in this context refers
to solid particles or ‘grains’ which
have formed by the agglomeration
of individual atoms, molecules, or
smaller dust grains. They can be
thought of as fragments of rock
and ice, often with rather
randomized structures.

Figure 1.49 An artist’simpression of accretion
within the protoplanetary disc. The end result of this
process would be finished planets. (Dana Berry,
Space Telescope Science | nstitute)
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Galileo’s discovery of Jupiter’s
satellites made it obvious that the
Earth is not the centre of all
motion. This made it easier for
doubters to accept that the Earth
goes round the Sun.

Thus, we have a brief overview of the formation process and of why rocky and
metallic planets (the terrestrial planets) are generally observed in the inner Solar
System and gaseous planets in the outer Solar System. It explains, if somewhat
briefly, why the planets formed in a disc (in the same plane) and why all the planets
go around the Sun in the same direction of motion.

For millennia, the stars visible in the night sky have been the subject of study.
Naturally, the Sun and Moon dominated thinking about the Earth’s place in the
cosmos, but five planets (Mercury, Venus, Mars, Jupiter and Saturn) were well
known to early civilizations because of their brightness and rapid motions relative to
the ‘fixed’ stars. Indeed, quite sophisticated knowledge of planetary motions
developed in several early cultures, defining the idea of a Solar System (as opposed
to the fixed stars). However, it was only in 1512 that Polish astronomer Nicholas
Copernicus, after studying records of naked-eye observations of the motions of the
planets against the starry background, realized that the Earth went around the Sun.
Furthermore, the German astronomer Johannes Kepler deduced in 1604 that the
planets move in elliptical, rather than circular, orbits. It was not until the Italian
scientist Galileo Galilei discovered four satellites of Jupiter in 1610, with one of the
first telescopes ever made, that the existence of other bodies in the Solar System
became known, and it was 1801 before the first asteroid was observed.

Since the invention of the telescope, the number of known bodies in the Solar
System has increased enormously. Technological progress has led to occasional
surges in that number. The construction of larger and larger telescopes during the
19th and early 20th centuries led to the discovery of many planetary satellites and
huge numbers of asteroids. In the 1970s and 1980s, spacecraft explorations of the
planets revealed yet more satellites and entire planetary ring systems. Developments
in the technology of light-sensitive semiconductors such as charge-coupled devices
(CCDs), which form the basis of digital cameras, meant that photographic film for
astronomical work was mostly abandoned by the 1990s. Using CCDs, astronomers
could record virtually all the light passing through the tel escope, allowing incredibly
faint objects to be detected. Use of this technology led to the discovery of the
Kuiper Belt, of which hitherto Pluto and Charon had been the only known members.
The largest known Kuiper Belt object is Eris (discovered 2005), which is slightly
larger than Pluto and has about 27% more mass. There may be several billion
Kuiper Belt objectsin total, but their combined massis less than one-tenth of the
Earth’s mass.

We will now consider the actual orbits of the planets and the layout of the Solar
System.

The Sun, being by far the most massive body, lies at the heart of the Solar System,
with the planets orbiting around it. When considering the distances of the planets
from the Sun, we inevitably find we are using huge numbers. For example, the
Earth lies about 150 000 000 000 m (1.5 x 101 m, or 150 millionkm) from the
(centre of the) Sun. It is much more convenient to define this distance as one
astronomical unit (AU). Thus Earthisat 1.0 AU, Jupiter at 5.2 AU and Neptune at
30.1 AU from the Sun. The densest part of the Kuiper Belt isfrom 34 to 45 AU.
Note however, that one must take care to use S| units when appropriate.



B How long doesit take sunlight, travelling at 3 x 108 ms-1, to make its journey
from the Sun to the Earth?

1 TheEarthisat 1AU, whichis 1.5 x 1011 m from the Sun, thus the light travel
timeis (1.5 x 1011 m)/(3 x 108 ms™1), which is 500, or about 8.3 minutes.

The eight planets (Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus and
Neptune) and also Pluto orbit the Sun very close to the same plane, known as the
ecliptic plane. As we saw in Section 1.2, this is a consequence of the formation
process. Planetary bodies orbit the Sun on €elliptical orbits although seven out of the
nine planets have orbits that are only very dlightly elliptical, and indeed the orbits
can often be approximated to a circle. Pluto and Mercury have orbits that are
significantly elliptical. In common with several other Kuiper Belt objects, Pluto’'s
orhit takes it within the orbit of Neptune at its closest point to the Sun, and far
beyond Neptune at its farthest point from the Sun. Pluto’s orbit is also significantly
more inclined to the ecliptic plane than the main planets.

The asteroid belt (sometimes referred to as the asteroid main belt) lies between
Mars and Jupiter, and the Kuiper Belt lies beyond Neptune, although it should be
appreciated that minor bodies (asteroids and comets) can be found outside these
limits. Figure 1.50 illustrates graphically the relative positions of the major bodies
(the figure aso includes a reminder of the relative sizes of the planets).

Figure1l.50 (&) Diagrammatic
summary of the Solar System,
showing that the planets orbit the
Sun close to the ecliptic plane.
Note that thisis an oblique

view —the orbits are actually
nearly circular. (b) Therelative
sizes of the planets and the Sun.
(c) Therelative distances of the
planets from the Sun. (Plutois
included asan example of alarge
Kuiper Belt object.)
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The Oort cloud is sometimes
also referred to as the
Oort—Opik cloud.
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BOX 1.2 RELATIVE DISTANCES OF THE PLANETS FROM

THE SUN

Although the relative distances of the planets from the Sun are shown in Figure
1.50c, it is perhaps hard to appreciate the relative distances involved from a small
diagram. Hereis a great way of gaining an intuitive appreciation of how much
further from the Sun the outer planets are when compared to those in the inner
Solar System. Get a ball of string and knot it at distances scaled to represent the
distance of each planet — say 10cm to represent every 108km. (The orbital
distances of the planets are given in Appendix A, Table A1.)

M If you need 5.9m of string to reach Pluto, how much would you need to
reach the nearest star, 4.2 light years (4 x 1016 m) away?

1 As10cm (0.1 m) of string represents 108 km (1011 m), then 1 m of string
represents 1012 m. Thus 4.2 light years would take (4 x 1016/1012) m, i.e.
4 x 10*m, or 40km.

Although you have seen that the Solar System extends out to the Kuiper Belt, strictly
speaking thisis not the full picture. We are aware of comets being found in our inner
Solar System, but in fact the whole Solar System is surrounded by a huge spherical
cloud of comets, at distances stretching up to tens of thousands of AU. This cloud,
first postulated by Dutch astronomer Jan Oort, is likely to contain over 10! comets
that were formed in the inner Solar System, but then ‘thrown out’ by the influence of
gravity from the giant planets. The Oort cloud occasionally supplies us with errant
comets entering our Solar System.

1.4 Physical properties of Solar System bodies

You have now looked at the layout of the Solar System, the orbits and distances
associated with Solar System bodies, and briefly, the sizes of the planets. Let us look
more closely at one important physical property, density, and how it varies between
the planetary bodies. TablesA1, A2 and A3, in Appendix A, list the sizes and densities
of the planets, their mgjor satellites and a selection of asteroids. To investigate how
planetary radius varies with density, we could plot a graph of these quantities. This
sounds reasonably straightforward, but looking at the range of radii you have to
consider, perhaps it is more complicated.

B Why would it be difficult to plot the radii of planetary objects on alinear graph?

1 Therangein radius values is so enormous (from a few kilometres to about
70000 km) that the data would not all usefully fit on an ordinary linear graph —the
smaller-sized objects would all be crammed up at one end.

The problem is overcome by using a graph with one logarithmic axis for radii and one
‘ordinary’ axis, for densities. Such graphs are often termed ‘log-linear’. On the
logarithmic axis, each major interval is a power of ten, for example 101, 102, 103 and
so on, and these intervals are equally spaced. Note, however, that the divisions within
each large square are not equally spaced (Figure 1.51). Such graphs are a convenient
way of plotting data that range across many powers of ten.
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Figure 1.51 Log-inear graph paper for plotting planetary radius against density.
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QUESTION 1.1

Show how the radii of the planetary bodies vary with density.

To answer this question, use the graph shown in Figure 1.51, and plot the radius
against the density of each of the planetary bodies givenin TablesAl, A2 and A3.
Write the name of each object (abbreviated if necessary) alongside its position on
the graph to help you identify it.

QUESTION 1.2

On the graph you have prepared for Question 1.1, try to identify groupings of the
objects. Identify these groupings on your graph. For example, you could identify
theicy satellites, terrestrial planets (or terrestrial-like bodies) etc.

Four planets form an obvious family, characterized by their huge dimensions (radii
greater than 10000 km) and low densities. These are the giant planets (or gas
giants), which are dominated by Jupiter, whose mass is more than that of all the
other planets put together.

A second group straggles off towards the high-density area at the right-hand side of
the graph. This group includes rather dense, but fairly large bodies, with radii of
more than 1000 km, notably the terrestrial planets, Mercury, Venus, Earth and Mars,
and three dense satellites — our own Moon, plus Jupiter’s satellites 10 and Europa.
Their densities suggest that these bodies are predominantly rocky, similar to the
Earth (terrestrial-like bodies).

B The minerals that make up rock have densities between about 2.5 x 103kgm3
and 3.5 x 103kgm3. Isit likely that the terrestrial planets could consist
exclusively of rocky material?

(1 No, they must contain a denser component as their densities (particularly the
densities of Earth, Venus and Mercury) are considerably higher.

This denser component is thought to be mostly metallic iron. In the next chapter
you will consider in detail why thisis the case.

Clustered towards the left-hand side of the graph are alarge number of satellites,
which form a third group, with radii of a few hundred to a few thousand
kilometres, and densities between 1 x 103kgm=3 and about 2 x 103kgm-3. These
satellites consist mostly of ice, with varying proportions of rocky materials. Low-
density satellites such as Mimas, Tethys and lapetus must consist almost entirely of
ice, whereas denser examples such as Ganymede, Callisto and Titan must contain
substantial proportions of rock. Pluto and Charon also lie in thisicy satellite group.
Europa comes closest to straddling the icy satellites and terrestrial-like bodies
group. Thisis dueto itsicy surface layer, which is about 100 km thick and overlies
its rocky interior.

The asteroids that you plotted form another group. The asteroids listed in Table A3
are relatively small bodies, but we might expect that larger asteroids would lie
further up the graph, towards the icy satellite and terrestrial groups. Note that the



two tiny satellites of Mars (Phobos and Deimos) also plot right at the bottom of the
graph within the small asteroid group, consistent with the ‘ captured asteroids’ idea
that you met earlier.

You have now completed our tour of the Solar System, considered in broad terms
its formation, and looked at one aspect of ‘ comparative planetology’ by considering
the sizes and densities of the planetary bodies. In the next chapter you will look at
the internal structure of the terrestrial planets and consider in detail how the internal
structure is not only related to the formation processes, but also dependent on
ongoing geological processes — processes that largely explain the appearance of the
planetary bodies you have studied in this introductory chapter.

» The Solar System formed due to the gravitational contraction of a huge cloud
of gas and dust, forming a protoplanetary disc (or solar nebula). Planetesimals
grew from the material in the protoplanetary disc, and planetesimals accreted to
form planetary embryos, and thus, eventually, the planets.

e The Solar System is broadly separated into terrestrial planets (predominantly
rocky and metallic in composition) in the inner region, and giant planets
(predominantly gaseous) in the outer regions. This is a consequence of the
formation process where lower temperatures existed in the solar nebula farther
away from the (young) Sun.

»  The planets orbit the Sun on elliptical orbits, although the orbit of each planet,
with the exception of Mercury, can be approximated to a circle.

e The planets, in order of increasing distance from the Sun, are Mercury, Venus,
Earth, Mars, Jupiter, Saturn, Uranus and Neptune, then Pluto and the rest of the
Kuiper Belt (although Pluto is closer to the Sun than Neptune for part of its
orbit).

* The distance between the Sun and the Earth (more correctly the mean distance
between their centres) is defined as one astronomical unit (AU).

* Thereisabelt of asteroids (rocky and/or metallic minor bodies) lying mainly
between the orbits of Mars and Jupiter (although asteroids can be found
elsewhere in the Solar System albeit in smaller numbers).

» Thereisanother belt of minor bodies lying beyond Neptune called the
Kuiper Belt.

e Comets (icy minor bodies) can be found throughout the Solar System. Comets
also make up the Oort cloud (a massive spherical shell of comets at great
distances from the inner Solar System).

* Images of planetary bodies reveal a great diversity in the surfaces. Impact
craters (made by asteroids and comets) are common on most bodies. A lack of
impact craters implies that there has been some resurfacing (the surface is
relatively young).

e Evidence of volcanism and lava flows can be seen on the terrestria planets, and
evidence of cryovolcanism can be seen on many of the icy satellites.

* lo, asatellite of Jupiter, isvolcanically active, due to the body undergoing
significant tidal heating.
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