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Introduction
 

In a sonnet of 1816 reflecting upon his experience of reading a new translation of the works of Homer, the young English poet John Keats wrote of ‘breathing the pure serene’ in ‘realms of gold’, and continued:

Then felt I like some watcher of the skies


When a new planet swims into his ken;


Or like stout Cortez when with eagle eyes


He star’d at the Pacific – and all his men


Look’d at each other with a wild surmise –


Silent, upon a peak in Darien.


Keats’s new planet metaphor was either inspired by Sir William Herschel’s sighting of Uranus in 1781, or by discoveries of the first four asteroids (1801-7). Being more recent, the latter would have been fresher in people’s memories. A layman such as Keats would have thought of them as new ‘planets’, although today they are regarded as too small to qualify.

I still travel in ‘realms of gold’ when I see Saturn with my own eyes through even a small telescope, though the novelty has somewhat faded when it comes to seeing a newly discovered remote ice-ball as a single pixel in a digital image, or a hint of a Jupiter-sized companion to another star expressed as a minute wobble in the star’s position.

However, for me, the true ‘Cortez experience’ recurs whenever I see a new planetary landscape (in some cases, a cloudscape) unfold before me on images sent back from a visiting spacecraft. Exploration of our Solar System has reached a stage that allows us to appreciate other planets and their large satellites as worlds, endowed with geographies, geologies, and meteorologies as complex and fascinating as those of our own planet, Earth. Many of them are places that you and I could, in principle, visit. They are not generally suitable for a picnic, but we could at least jump up and down, scoop up handfuls of dirt, climb a hill, or slither down into a valley. Some are even places where life might be found.

In this book, I will share with you what is known of the origin, evolution, and especially the present-day condition of the planets in our Solar System. Here, astronomers now officially recognize only eight planets (Pluto has been demoted, as I will describe), but there are plenty of other bodies big enough to behave like planets so far as geologists like myself are concerned. These are fascinating, so I will not ignore them, though they are too numerous to treat individually.

Finally, I will turn to ‘exoplanets’, which are planets orbiting other stars. The first was discovered as recently as 1995, and by now several hundred have been documented. We cannot see them in any detail, but we do have enough information to make some comparisons between the layouts of those exoplanetary systems and the Sun’s family.
  

Chapter 1
The Solar System
 

Planets in history
 

Before the curses of light pollution and smog, people were more familiar with the night sky than they tend to be today. Planets in the sky were recognized as special by ancient cultures, because they are ‘wandering stars’ that migrate against the background of the ‘fixed’ stars. Five planets have been known since antiquity: Mercury, Venus, Mars, Jupiter, and Saturn – which are the only ones bright enough to come to the attention of the unaided eye. Of course, the Sun and Moon were obvious too, but the ‘planets’ appear as wandering points of light, whereas the Sun and Moon show disks and tended to be regarded differently. Throughout most of humankind’s existence, the Earth was imagined to be the centre of creation, unrelated to objects in the sky, so it was not thought of as a planet.

The intellectual leaps that recognized that the Earth is a ball of rock going round the Sun, that the planets do likewise, and that the Earth is just one of their number were a long time coming. The process was slow, and there were many false dawns. During the 5th century BC, the ancient Greek philosopher Anaxagoras correctly surmised that the Moon is a spherical body reflecting the light of the Sun, and he was sent into exile on account of his beliefs. In the succeeding centuries, various Chinese astronomers developed similar ideas, but the idea of the Moon as a globe probably did not embed itself into popular consciousness until its appearance through a telescope became known during the 17th century.

As for the planets, they were generally regarded as points of light going round the Earth, until the counterintuitive ‘heliocentric’ view with the Sun as the centre of motion became accepted. The earliest written suggestions that the Earth goes round the Sun occur in Indian texts dating from the 9th century BC, but despite this and subsequent independent suggestions, notably by Hellenic and Islamic sages and eventually by Nikolas Copernicus in 1543, the concept did not achieve ascendancy until the 18th century. Partly on account of his advocacy of the heliocentric theory, Galileo Galilei (who through his telescope had seen mountains on the Moon, the phases of Venus, and four tiny moons orbiting Jupiter) was held under house arrest from 1633 until his death in 1642.

Simply by revealing the planets as tiny but discernible discs, whereas the stars remained as points of light, use of the telescope from the start of the 17th century onwards marked planets as fundamentally different to stars, and eased the path to regarding them as worlds comparable to our own. Incidentally, we now know that stars are much bigger than planets, but (except for the Sun) they are so very much more distant that only in a few cases can even the most sophisticated of modern telescopes show any surface details (on photographs, bright stars look bigger than faint stars, but that is just an optical effect – the brightness is being smeared out).

Kepler’s laws of planetary motion
 

The planets slotted into their rightful place in human comprehension thanks to Johannes Kepler’s (1609) realization that the planets (including the Earth) travel round the Sun in paths (orbits) that are ellipses rather than perfect circles, coupled with Isaac Newton’s (1687) insight into gravity that explained this motion. Then their distances and sizes relative to the Earth could begin to be deduced.

An ellipse is what you might think of as an ‘oval’. Mathematically, it is defined as a closed curve drawn about two points (the foci of the ellipse) such that the sum of the distances from each focus to any point on the curve is identical. A circle is a special kind of ellipse in which the two foci coincide, at the circle’s centre. The further apart the foci, the more elongated, or ‘eccentric’, the ellipse. Kepler deduced that planets follow elliptical orbits, with the Sun at one focus of each ellipse (the other focus being empty). The point on an orbit closest to the Sun is called ‘perihelion’ (Greek for ‘closest to the Sun’), and the point furthest away is called ‘aphelion’ (Greek for ‘furthest from the Sun’). Planets’ orbits are not strongly eccentric, and if you see them drawn in plan view they look very much like circles. For example, when Mars is at aphelion its distance from the Sun is less than 21% greater than when it is at perihelion, and for the Earth the difference is only 4%.

Kepler is justly famous for his three laws of planetary motion. Kepler’s First Law is simply the statement that each planet moves in an elliptical orbit, with the Sun at one focus. The Second Law describes how the speed of a planet varies around its orbit: a planet moves faster the closer it is to the Sun (for reasons subsequently explained by Newton’s theory of gravity) such that an imaginary line linking the planet to the Sun sweeps out an equal area in equal time. Kepler’s Third Law relates a planet’s orbital period (how long it takes to complete a circuit round the Sun) to its average distance from the Sun: the cube of the orbital period is proportional to the square of the average distance. The average distance from planet to Sun turns out to be equal to half the length of the orbital ellipse’s long axis (its ‘semi-major axis’) or, if you prefer, half the straightline distance between perihelion and aphelion.

Kepler’s laws of planetary motion enabled precise calculation of the sizes of the orbits of other planets, with an accuracy limited almost entirely by the uncertainty in how well the size of the Earth’s orbit could be measured. Even as long ago as 1672, simultaneous observations of Mars from widespread locations enabled the Earth-Sun distance to be measured as about 140 million kilometres, remarkably close to the correct value of 149,597,871 kilometres. Observations of the transit of Venus across the Sun’s disc in 1761 and 1769 (the latter requiring Captain Cook to station himself in Tahiti) produced a revised estimate of 153±1 million kilometres. Despite these and other scientific advances, which continued to strengthen a fully self-consistent and elegant model of the Solar System’s scale and nature, a papal ban on printing ‘heliocentric’ books in Rome remained unrevoked until 1822.

You would be excused for thinking that once the distance to a planet has been established, working out its size would be trivial. However, the smallness of a planetary disc through even a large telescope, coupled with the shimmering of the Earth’s atmosphere, leads to significant uncertainty in measuring the angular size of the planet (in other words, how big it appears). For example, when he discovered Uranus in 1781, William Herschel’s measurement of its disc was 8% too large. Rather than trying to measure how big a planet looks, the most precise telescopic way to determine its size is to time how long it takes to pass in front of a star. Such ‘occultations’ are rare events, but by the close of the 19th century the sizes of the planets had been determined with considerable accuracy (Table 1).

Herschel discovered Uranus by accident, but Neptune was located in 1846 as a result of a deliberate search, guided by slight perturbations in the orbit of Uranus (distorting it from a perfect ellipse) that could be best explained by the gravitational influence of an unseen outer planet. When it had been documented for long enough, the orbit of Neptune in turn seemed to show perturbations pointing to a further undiscovered planet. This triggered a search that found Pluto in 1930. At first, astronomers assumed that this newly hailed ninth planet must be similar in size and mass to Uranus and Neptune. However, by 1955 it had been shown that Pluto could be no larger than the Earth; in 1971 the estimate was revised downwards to the size of Mars; and in 1978 its surface was found to be dominated by highly reflective frozen methane which meant that its physical size had to be even smaller to remain consistent with its total brightness. We now know that Pluto’s diameter is only 2,390 kilometres, so its size is smaller (and, in fact, its mass is much smaller) even than Mercury. The apparent perturbations in Neptune’s orbit that, rather fortunately, inspired the search for Pluto are now attributed to observational inaccuracies.

Table 1 The sizes of the planets (equatorial diameters)
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Pluto lost its status as an officially recognized planet in 2006. That was a contentious move, though in my opinion the right one. Before describing how this came about, I will review the nature of the Solar System as it is now understood.

A review of the Solar System
 

The Sun
 

In the centre of the Solar System is the Sun, which is a fairly ordinary star, powered by the conversion of hydrogen into helium by nuclear fusion in its core. The Sun’s diameter is 109 times and its mass is nearly 333,000 times greater than the Earth’s. It contains about 740 times more mass than everything else in the Solar System put together. Consequently, the Sun’s gravity is so dominant that objects in the Solar System orbit the Sun in almost the perfect ellipses recognized by Kepler. Perturbations to a planet’s orbit caused by other planets are tiny, though they can be measured.

The planets

Table 2 summarizes some basic properties of the planets, quoted relative to the Earth to avoid very large numbers. Distance from the Sun is quoted in ‘Astronomical Units’, abbreviated as AU, defined as the average Earth-Sun distance. This is fairly simple to remember as (near enough) 150 million kilometres. A planet’s orbital period is how long it takes to complete one circuit round the Sun, which is of course its own ‘year’. The orbital periods and distances from the Sun in this table are related to each other by Kepler’s Third Law. Conveniently, this means that the square of any planet’s orbital period (in Earth-years) is equal to the cube of its average distance from the Sun (in AU). The Earth’s mass is very nearly 6 million billion billion kilograms (or 6 thousand billion billion tonnes), hence the convenience of comparing other planets to the Earth rather than quoting standard scientific units such as kilograms, seconds, and metres.

Rotation period is how long it takes a planet to spin once on its axis. For a rapidly spinning planet, this is almost the same as the time from one sunrise to the next (the planet’s own ‘day length’), but the relationship is not exact because a planet’s orbital motion continuously changes the direction between planet and Sun. The Earth’s rotation period is 23 hours and 56 minutes, but it takes exactly 24 hours to rotate far enough to bring the Sun back to the same point in the sky. From a planet’s perspective, the Sun migrates completely round the sky during the course of a single orbit, in addition to the changing direction towards the Sun from any point of the planet’s surface caused by the planet’s rotation. A planet whose rotation had become tidally locked so that it rotated exactly once per orbit (synchronous rotation) would keep one face permanently towards the Sun. Mercury does not quite do this, but rotates exactly three times during the course of two orbits, as a result of which it turns relative to the Sun once per two orbits, so its day is twice as long as its year.

Table 2 Some properties of the planets compared. Distance from the Sun refers to average distance. Years and days are Earth-years and Earth-days. See Table 1 for sizes
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There is a change in character between the four inner planets and the four outer ones. The inner planets (Mercury, Venus, Earth, and Mars) are relatively small and low in mass compared to the outer four (Jupiter, Saturn, Uranus, and Neptune). There is also a contrast in their densities, the inner planets being denser than the outer ones. The inner planets are called the ‘terrestrial planets’, signifying that they are all ‘Earth-like’. The outer four are the ‘giant planets’. Some call them ‘gas giants’ to reflect the fact that they have so much hydrogen and helium. Others reserve that particular term for just Jupiter and Saturn, which are more gassy than the other two, though even those each contain more than one Earth-mass of gas.

Figure 1 is a map of the Solar System, showing orbits to scale, except that the orbits of Venus and Mercury are too small to include. Part of Pluto’s orbit is shown, to help with discussion later. Something that I have not yet mentioned, but without which such a map could not be drawn, is that planetary orbits all lie approximately in the same plane. Relative to the Earth’s orbit, which makes a convenient reference plane known as the ‘ecliptic’, Pluto’s orbit is inclined at 17.1°, Mercury’s at 7.0°, Venus’s at 3.4°, and all the others at less than 3°.

[image: image]

1. Map of the Solar System, showing planetary orbits at the correct relative sizes. Orbits are only slightly eccentric, so look virtually indistinguishable from circles. The unlabelled circle inside Mars’s orbit is the Earth’s orbit, not the Sun! The orbits of Venus and Mercury are too small to include. Pluto is not a planet, but its orbit is shown because it is representative of a large number of small bodies beyond Neptune’s orbit
 

When Pluto is near perihelion, it is inside the orbit of Neptune, but there is no prospect of them colliding. Their differing orbital inclinations prevent their paths from intersecting, and moreover Neptune is always on the opposite side of the Sun whenever Pluto passes inside Neptune’s orbit. This is possible because for every three orbits completed by Neptune, Pluto completes exactly two. Such a relationship is referred to as 3:2 orbital resonance.

As well as their orbits being nearly coplanar, every planet goes the same way round the Sun: they travel anticlockwise as seen from an imaginary vantage point far above the Earth’s north pole. Anticlockwise motion is also manifested in the direction in which each planet except Venus and Uranus rotates on its axis. Because anticlockwise motion is so common, it is called ‘prograde’. Clockwise orbital motion or rotation is regarded as backwards and is referred to as ‘retrograde’.

With the exception of Uranus, the axis about which each planet rotates is less than 30° away from being at right angles to its orbital plane. Mercury is nearly ‘perfect’, with a tilt of only 0.1°, whereas Earth’s axis is tilted at 23.5°. The direction in which a planet’s axis points and the amount of tilt both vary when measured over tens of thousands of years, but they are effectively constant on the timescale of a single orbit. Axial tilt is why planets have seasons; on Earth, summer occurs in the northern hemisphere during that part of the orbit when the north end of the Earth’s axis is tilted towards the Sun, and northern winter is six months later when the Earth is on the other side of the Sun, so that the north end of the axis is tilted away from the Sun. Of the two planets that don’t conform, Venus’s axis is tilted at only 2.7° but it rotates very slowly in the retrograde direction (giving it a day length of 116.7 Earth-days), whereas Uranus’s axis is tilted by 82.1° with rapid retrograde rotation. Uranus probably suffered a catastrophe that knocked it over, having started with prograde rotation that became tipped over by 97.9° (97.9° being 180° minus 82.1°). This would result in the present situation without calling on a separate event to reverse its direction of spin.

Satellites of planets

All planets except Mercury and Venus have satellites, or ‘moons’. These are smaller bodies close enough to orbit the planet rather than the Sun. Strictly speaking, a planet and its satellite each orbit their common centre of mass (or ‘barycentre’). However, planets are so much more massive than their satellites that their barycentre is inside the planet, and it is usually perfectly adequate to regard satellites as going round their planet. Most satellites’ orbits lie close to their planet’s equatorial plane and almost all the large ones have prograde orbits, which is defined as orbiting in the same direction as the planet’s spin.

The Earth’s satellite is, of course, the Moon (with a capital M). This is exceptional in being relatively large in comparison to its planet, having a diameter 27% and a mass 1.2% of the Earth’s. By coincidence, the Moon’s size and distance from Earth are such that it appears almost the same as the Sun, which is much larger but correspondingly further away. When the Moon passes exactly between the Earth and the Sun, it hides the Sun’s disk, causing a solar eclipse. If the Moon’s orbit round the Earth were exactly coplanar with the Earth’s orbit, there would be an eclipse every lunar orbit (that is, every month). However, the Moon’s orbit is inclined at 5.2° to the ecliptic, so eclipses are rare, occurring only when the Moon happens to pass between the Earth and the Sun at one of the two points where its orbit crosses the ecliptic. Unravelling the cyclic nature of these events and predicting when eclipses would occur (though without fully understanding the reasons) was one of the great achievements of Babylonian astronomers about 2,600 years ago. Lunar eclipses, when the Moon passes into the Earth’s shadow, are controlled by the same cycle, but are more common because the Earth’s shadow is considerably bigger than the Moon.

Mars has two tiny satellites. Jupiter has four exceeding 3,000 kilometres in diameter (which are those that Galileo discovered), plus at the last count 59 others less than 200 kilometres (most less than 4 kilometres) across. Saturn has a similar total number of known satellites, though only one of them rivals Jupiter’s largest. Uranus has five satellites between 400 and 1,600 kilometres across and 22 known smaller ones, and Neptune has one large satellite and a dozen known small ones. Most of the small (few kilometres across) outer satellites of Jupiter and Saturn were discovered using telescopes (rather than by visiting spacecraft), and more tiny satellites of the giant planets surely remain to be found, especially at Uranus and Neptune, where detection by telescope is especially hard for two reasons: they are further from the Sun and so are less brightly lit, and they are further from the Earth and so would look fainter even if they were equally well lit.

The larger satellites are geologically very interesting and I say more about them later, but all satellites are useful for the planetary scientist because they enable their planet to be weighed. The orbital period of a satellite depends only on its average distance from the planet’s centre and their combined mass (which can be calculated using Newton’s gravitational elaboration of Kepler’s Third Law). Because satellites are so much smaller, the mass of the planet dominates almost entirely, in the same way that planets’ orbits round the Sun depend on distance and solar mass.

Asteroids, trans-Neptunian objects, and comets

This book is about planets, rather than the whole Solar System, but it is worth noting that objects of other types vastly outnumber the planets and their satellites combined, although admittedly these are small and their total mass is relatively insignificant. Although planetary scientists have come to realize that the boundaries are somewhat blurred, these ‘junk’ objects can be divided into three broad classes: asteroids, trans-Neptunian objects, and comets.

Asteroids range downwards in size from 950 kilometres across (the diameter of Ceres, the largest example), with no lower limit. Asteroids only a few tens of metres across have been detected as they pass close by the Earth, and the remains of smaller ones that fall to the ground can be found as meteorites. Formerly assumed to be fragments of a destroyed planet, we now think that asteroids never belonged to a planet-sized object. The total mass of all the asteroids is probably less than a thousandth of the Earth’s mass. Some have clearly experienced mutual collisions, as attested by their irregular shapes.

Without exception, asteroid orbital motion is prograde. Most have orbital inclinations of less than 20°, but eccentricity is typically greater than for planets. The orbits of most asteroids lie between those of Mars and Jupiter (the so-called ‘asteroid belt’), but some come much closer to the Sun, passing inwards of the Earth and even (in a handful of examples) inwards of Mercury. A few asteroids are known orbiting beyond Saturn. Like the meteorites derived from them, most asteroids are stony or carbonaceous in composition, but some are made of iron and nickel. So far as we can tell, asteroid composition tends to be less stony and more carbonaceous and eventually icier with distance from the Sun.

Beyond the orbit of Neptune, between about 30 and 55 AU from the Sun, small icy bodies become common, and there are several that exceed the largest asteroids in size. This region is usually called the ‘Kuiper belt’, named after the Dutch-American Gerard Kuiper who predicted it in 1951 as a zone where icy lumps should be left over from the birth of the Solar System. An Irishman, Kenneth Edgeworth, said much the same in a more obscure journal in 1943, so some prefer to call this the ‘Edgeworth-Kuiper belt’. The first Kuiper belt object to be discovered and recognized as such was found in 1992, but now many hundreds of them have been catalogued, and it has become clear that Pluto should be numbered among them. Similar objects with perihelion not far beyond Neptune’s orbit but reaching about 100 AU at aphelion are counted as ‘Scattered Disk’ objects. Together with the Kuiper belt, these make up a family called ‘trans-Neptunian objects’, or TNOs, all in prograde orbits. The total mass of TNOs is probably around 200 times that of the asteroid belt (one-fifth of an Earth-mass), and in total there may be nearly 100,000 bodies more than 100 kilometres in size. One ‘Scattered Disk’ object discovered in 2005 and subsequently named Eris seems to be marginally bigger than Pluto. We can be more confident about their masses because they both have satellites with well-documented orbits, showing that the mass of Eris is 28% greater than that of Pluto.

Comets have been known since antiquity because a comet can briefly look very spectacular, thanks to the development of a tail of gas and dust that can stretch across the sky when the comet passes close to the Sun. However, the solid part of a comet is just a chunk of dusty ice (famously described as a ‘dirty snowball’), only a few kilometres across in most cases. A comet spends most of the time far from the Sun, and develops a tail only when it passes close enough for the Sun to warm it. This happens rarely because comets have extremely eccentric orbits with perihelion usually inside the Earth’s orbit but aphelion near or well beyond Jupiter’s orbit. Some come from so far beyond that their orbits look like parabolas (infinitely long ellipses), and make only one passage close to the Sun throughout recorded history. Those are ‘long-period’ comets, and appear to have been dislodged from an ill-defined shell surrounding the Sun at about 50,000 AU known as the Oort Cloud. In contrast, ‘short-period’ comets probably originated as Scattered Disk objects that were perturbed into an eccentric orbit with a small perihelion distance by a close encounter with a fellow object. Those with orbital periods of hundreds of years still have their aphelion in the Scattered Disk, but aphelion can be nudged closer to the Sun as a result of a close encounter with a giant planet. For example, Halley’s comet has aphelion near Neptune’s orbit, and an orbital period of 75 years, whereas Encke’s comet has aphelion near Jupiter’s orbit and a period of only 3.3 years. Comets lose mass by degassing every time the Sun’s heat warms them, so after fewer than a thousand perihelion passages a comet is probably reduced to an inert aggregate of ice-free rock and dust, hard to distinguish from an asteroid.

As you might expect, given their source, the orbits of ‘short-period’ comets are prograde and tend to be close to the ecliptic. However, no such restriction applies to long-period comets whose orbits can be highly inclined or even retrograde.

What is a planet? How Pluto came to be thrown out of the club

The first TNO to be discovered was Pluto, in 1930. Even after Pluto’s small size became apparent (and subsequently, thanks to the discovery of its largest satellite in 1978, its small mass), people tended to think of Pluto as the ninth planet. However, when the known population of the Kuiper belt blossomed into hundreds of objects, several of which rivalled Pluto in size, it became increasingly anomalous to classify Pluto as a planet and yet other Kuiper belt objects as something different. When Eris was confirmed to be more massive and probably larger than Pluto, then logically either all the large TNOs had to be called planets, or none of them. However, many people argued to retain Pluto as a planet on sentimental or historical grounds.

Decision-making was hampered by the fact that the term ‘planet’ had never been fully defined. Eventually, at a meeting of the International Astronomical Union held in Prague in 2006, during which passions ran high, delegates voted to accept some definitions that have largely settled the issue. Two criteria for planethood were non-controversial: the LAU ruled that, firstly, a planet must have sufficient mass for its self-gravity to overcome ‘rigid body forces’ so that it assumes a hydrostatic equilibrium (nearly round) shape, and secondly that it must be in orbit about the Sun. This second criterion rules out large satellites such as our own Moon.

A third criterion was the crucial one. It states that to be counted as a planet, a body must have ‘cleared the neighbourhood around its orbit’ of everything except much smaller objects. This is the test that Pluto fails. Pluto has not cleared its neighbourhood, because it shares it with many bodies of similar size and indeed also with the vastly more massive Neptune. On the other hand, Neptune does pass the test, because it is many thousands of times more massive than anything else in the same orbital region (such as Pluto).

Having taken the bold but entirely logical step to expel Pluto from the planetary club, the IAU seems immediately to have regretted it, and invented not one but two new classes for it to belong to. At the 2006 Prague meeting, the newly coined term ‘dwarf planet’ was defined as ‘a celestial body that is in orbit round the Sun, has sufficient mass for its own gravity to pull it into a nearly round shape, has not cleared the neighbourhood of its orbit, and is not a satellite’. Determining whether or not shape is ‘nearly round’ is difficult to do remotely, and controversial to define, but in adopting this definition the IAU gave Pluto, Eris, and Ceres (the largest asteroid) the consolation prize of being called ‘dwarf planets’. At the time, it was acknowledged that other large TNOs would be ranked as dwarf planets when they had been adequately measured, and sure enough in 2008 a Kuiper belt object named Makemake (pronounced as four syllables), estimated to be about two-thirds the size of Pluto, was judged to pass the shape test and was admitted as a fourth dwarf planet, closely followed by a fifth called Haumea.

The IAU seemingly came to regret having lumped Pluto-like objects in the same category as Ceres, and in 2008 invented a new term, ‘Plutoid’, to denote trans-Neptunian dwarf planets. Ceres is thus the only dwarf planet that is not a Plutoid, and there is surely no undiscovered asteroid large enough ever to join it in that category. However, there are probably numerous undiscovered or inadequately documented large TNOs that will join Pluto, Eris, Makemake, and Haumea as both Plutoids and dwarf planets. Incidentally, Eris is named (appropriately, considering the controversy that it caused) after a classical Greek goddess of discord, whereas Makemake and Haumea are named after Pacific island fertility deities.

How it all happened
 

Growing planets

Until recently, it would have been possible to argue that planets are rare in the cosmos, but it now seems clear that planets are a usual by-product of star formation. The existence of our Solar System is thus a consequence of the origin of the Sun itself.

A star is believed to form when a vast interstellar cloud made mostly of hydrogen, but mixed with a few other gases and tiny solid particles referred to as dust, contracts under the influence of its own gravity. As the cloud contracts, most of the matter becomes concentrated into the centre, in a body that becomes increasingly hot because of the gravitational energy converted to heat by the process of infall. Eventually, the central pressure and temperature rise so high that hydrogen nuclei begin to fuse together to make helium, at which stage the central body can be called a star. The planets grow from some of the material left behind during the final stages. Conservation of angular momentum causes any slight initial rotation of the cloud to speed up during contraction, and matter not incorporated into the star becomes concentrated into a disk in the star’s equatorial plane, rotating in the same direction as the star.

This rotating disk is where planets form. The one that gave birth to our Solar System is referred to as the solar nebula, ‘nebula’ being Latin for ‘cloud’ and used by astronomers to denote any large mass of gas and/or dust in space. There are strong reasons for believing that the solar nebula’s composition was about 71% hydrogen, 27% helium, 1% oxygen, 0.3% carbon, and 0.1% each of nitrogen, neon, magnesium, silicon, and iron. Almost all the original dust in the solar nebula was probably vaporized by heat from the young Sun, but soon conditions in the nebula became cool enough for new dust grains to condense, not as individual elements but as compounds produced by chemical combination. Helium does not combine into chemical compounds, so the most abundant compounds that could condense involve either hydrogen or oxygen.

Thanks to the available elements and the local temperature and pressure, oxygen was able to bond with silicon and various metals to form a range of compounds called silicates in the inner part of the nebula. These are common minerals on Earth that crystallize when molten rock cools, but in the solar nebula they grew directly from gas. Hydrogen was incorporated into solid particles only where the temperature was low enough for hydrogen-bearing compounds to form, and for most purposes this seems to have been beyond about 5 AU from the Sun. At and beyond this so-called ‘ice line’, water (made of hydrogen plus oxygen) could condense as specks of ice. Further from the Sun, more volatile compounds formed where hydrogen bonded with carbon to make methane and with nitrogen to make ammonia, and carbon with oxygen to form either carbon monoxide or carbon dioxide. At about 30 AU, it was cold enough for nitrogen to condense as solid particles of pure nitrogen. By one of the quirks of planetary science vocabulary, any solid made of water, methane, ammonia, carbon monoxide, carbon dioxide, or nitrogen (or indeed any mixture of these) is referred to as ‘ice’, recognizing similarities in origin and properties. This means that, to avoid ambiguity, planetary scientists have to specify ‘water-ice’ when referring specifically to frozen water – a complication that rarely arises on Earth, where temperatures are too high for compounds more volatile than water to freeze naturally.

Condensation happened in such a way that the first dust grains – microscopic specks made of silicates close to the Sun and ices (plus some leftover silicates) further from the Sun – did not grow as dense, rigid specks. Instead, they had intricate ‘fluffy’ shapes, and when these bumped into each other, they tended to stick together rather than bouncing apart. Within as little as ten thousand years after the onset of condensation, the particles could have grown into globules about a centimetre across through the combined effects of continuing condensation and accretion (sticking together) when they collided. After perhaps 100,000 years, the Solar System would have consisted of hordes of bodies about 10 kilometres across, dubbed ‘planetesimals’. These were all swirling round the Sun in the same, prograde, direction and enclosed in a diffuse haze made of the remaining gas and dust.

We know how long ago this happened, because some of the earliest grains survive unaltered inside meteorites. We can measure radioactive decay products within them to work out their age, which is a particularly memorable number: 4.567 billion years. The most ‘primitive’ meteorites, which are fragments of small planetesimals that never suffered heating or alteration, are called ‘carbonaceous chondrites’ and are our most direct evidence of conditions in the early Solar System.

Hitherto, collisions had been essentially a matter of chance, but once planetesimals reached about 10 kilometres in size, the greater gravitational pull of the largest ones was able to make itself felt. These suffered more frequent collisions, so their rate of growth outpaced that of the others. Within a few more tens of thousands of years, the largest planetesimals had grown to a thousand or so kilometres across, gobbling up most of the smaller ones in the process.

These large planetesimals are dignified by a new name: ‘planetary embryos’. Maybe a few hundred were formed in the inner Solar System. They would have been massive enough for their own gravity to pull them into spherical shapes. They may have been hot enough internally for melting to occur, allowing iron to sink inwards to form a distinct core, but that is largely immaterial because of what happened next.

These planetary embryos were what the terrestrial planets formed from. Now that the majority of the small stuff was gone, significant growth could happen only when two embryos smashed together. Such a collision is referred to as a ‘giant impact’, and liberates enough heat to largely melt the merged body formed by the collision. Imagine a sphere of molten rock, glowing red hot except for a few rafts of chilled clinker on its surface, with deep inside a ‘rain’ of iron droplets settling inwards through the silicate magma to accrete onto the central core, and you should have a picture in your mind that conveys the state of a planetary embryo in the aftermath of a giant impact.

This assumes that the impact doesn’t smash both bodies to smithereens, but inevitably a certain amount of debris will be thrown out to space as ejecta from the collision. It probably took about 50 million years to build up an Earth-sized planet by serial giant impacts between planetary embryos. Because of the randomness of the collisions and the complex ‘family tree’ of giant impact collisions between bodies that themselves had been formed by giant impacts, it is meaningless to regard any single embryo early in the process as ‘the proto-Earth’ or ‘the proto-Venus’.

Beyond the orbit of Mars, the gravitational effect of the young Jupiter was strong enough to stir the rocky planetesimals into more eccentric orbits, so that mutual collisions were often too violent to allow growth by accretion. Instead, fragmentation was a common outcome, so large planetary embryos that might have eventually collided to produce a fifth terrestrial planet were unable to grow here. Today, in that region, we find most of the asteroids, representing only a tiny fraction of the mass that once existed there. Jupiter scattered the majority into markedly eccentric orbits, so that eventually most collided with Jupiter or another giant planet, or were ejected from the Solar System entirely.

The bodies from which the giant planets formed had a high proportion of ice as well as rock within them. There, beyond the ‘ice line’, the growing planets had much more material to draw upon. The role of embryo-embryo collisions is uncertain, and so is the mechanism by which they acquired so much gas. One theory is that after they had exceeded 10 or 15 Earth-masses, their gravitational pull was sufficient to scavenge huge quantities of whatever gas survived in the remaining nebula, and so their rocky and icy kernels became encased within deep gassy envelopes. Another school of thought holds that gravitational instabilities in the nebula caused each giant planet to grow inside a particularly dense knot, where the gas was naturally confined about the growing planet.

Opinion is also divided over the relative rates of planetary growth in the inner and outer parts of the Solar System, and it is unclear whether Jupiter formed before or after the Earth and Venus. However, if they grew by embryo-embryo collisions, Saturn, Uranus, and Neptune must have grown more slowly than Jupiter because collisions should be less frequent with increasing distance from the Sun.

Scavenging of gas from the nebula was terminated when the Sun entered its ‘T Tauri’ phase, named after the star T Tauri which is undergoing this process today. For perhaps 10 million years, a strong outflow of gas from the star, called the ‘T Tauri wind’, blows away all the remaining gas and dust. A likely reason for Uranus and Neptune having proportionally less gas than the other giant planets is that they took longer to grow, leaving less time to collect gas before the T Tauri wind put an end to the process.

Migrating planets

A further matter of debate concerns ways in which orbits can change over time and the extent to which this happened, particularly among the giant planets. Until the solar nebula was dispersed, gravitational interactions between nebular material and large orbiting bodies would tend gradually to decrease the radius of their orbits, causing embryos and young planets to migrate inwards. After nebular dispersal, gravitational interactions between planets and smaller bodies could have played an even more dramatic role. Some suggest a period of half a billion years or so when the outermost giant planet was deflecting the orbits of outlying icy planetesimals inwards, where they would be likely eventually to be nudged further inwards by interaction with the next giant planet, and so on until they passed close enough to Jupiter for Jupiter to fling them outwards. These out-flung icy planetesimals could be the origin of today’s Oort Cloud. Jupiter must have moved fractionally closer to the Sun each time it flung a body outwards, but conversely the other giant planets would have been nudged outwards each time one of them swung a lump of ice inwards. This story has Jupiter migrating inwards, while Saturn, Uranus, and Neptune migrated outwards. It is even possible that Uranus and Neptune swapped places (providing an opportunity for Uranus’s axis to become tipped over into its present state). Today’s TNOs are those that survived beyond the zone swept clear during Neptune’s outward march.

Please do not form the impression that the orbit of a planet is capable of changing either rapidly or dramatically. Claims that Venus and/or Mars passed close to the Earth during biblical times, triggering various myths and natural disasters, are completely untenable. The outer planet migrations I have described happened extremely slowly, and as a result of cumulative interactions with nebular gas and with vast numbers of small bodies that are no longer available.

Nevertheless, the planets and their mutual gravitational pulls are continuously changing configuration. Chaos theory says it is therefore impossible to predict planetary positions more than a few million years ahead. However, it can be shown that the Solar System is sufficiently stable that no planet is likely to collide or be ejected in the next few billion years. We are probably safe for at least 5 billion years, which is when astronomers expect the Sun to swell up into a red giant, whereupon the wanderings of Mars will be the least of the problems faced by any far future Earthlings.

Why all the satellites?

By now, you should not be surprised that there is no straightforward answer to the question of whether satellites somehow grew alongside their planets or were acquired later. The large prograde satellites of the giant planets are the easiest to explain. They are thought to have formed within a cloud of gas and dust surrounding each giant planet as it grew, rather like a miniature version of the solar nebula. Tiny prograde satellites only a few kilometres in size orbiting close to giant planets are probably fragments of larger satellites that came too close and broke apart. The outer satellites of giant planets are mostly in retrograde orbits, and these are probably captured bodies that began as asteroids, TNOs, or comet nuclei.

Theoretically, it is almost impossible for a planet to capture a passing visitor into orbit about itself. An incoming smaller body will be swung past a planet by the pull of its gravity, but it can’t easily be slowed down enough to be captured into orbit. However, if the visitor is a double object, one of the pair can be captured by transfer of momentum to the other member, which will scoot away even faster after the encounter. A currently favoured explanation for Neptune’s large retrograde satellite, Triton, is that Triton was formerly half of a double TNO that strayed close to Neptune. This seems plausible, because several TNOs are known to be twin bodies. Mind you, it leaves unresolved the issue of why so many TNOs (and indeed asteroids too) have satellites in the first place.

The Earth’s Moon has a different explanation, and seems to have condensed from debris thrown into orbit about the Earth by the final embryo-embryo collision of the series by which the Earth grew. The two tiny satellites of Mars (Phobos and Deimos) are asteroids, whose capture into close circular orbits is not understood.

Collisions and the cratering timescale
 

Although collisions between substantial objects are now extremely rare, there is still a large number of small objects that could eventually collide with a planet. Until about 3.9 billion years ago (an epoch called the ‘late heavy bombardment’), the rate at which asteroids and comets were hitting planets was much higher than today. Impact craters of that age are well preserved on the Moon (Figure 2), though cratering has continued at a slower rate ever since. An impact crater forms on a solid body when something hits it at a few tens of kilometres per second, and is excavated by shockwaves that radiate from the point of impact. Craters are circular, except for rare examples when the impacting body arrives at a grazing angle.

There is a well-understood hierarchy of crater morphologies depending on diameter, and which can be reproduced experimentally and in computer models. On the Moon, craters from microscopic size up to 15 kilometres across have simple bowl shapes. Then up to about 140 kilometres diameter, craters do not become deeper but have flat floors, and usually a central peak formed by rebound immediately after excavation. There is a nice example near the top of Figure 2. Larger craters may have a group of central peaks, and then craters bigger than 350 kilometres take the form of two or more concentric rings. The transitions from one type to another occur at slightly smaller diameters on bodies with stronger gravity.

Earth’s cratering record is poorly preserved, because it is an active planet where processes that erase or bury craters almost keep pace with the rate at which craters are formed. Fortunately, the vast tracts of ancient terrain surviving on the Moon allow us to count the density of impact craters on surfaces whose ages are known, thanks to datable samples returned to Earth by the Apollo programme of manned lunar landings, supplemented by a few Soviet unmanned sample-return missions. By this means, we know the date of the late heavy bombardment and also the average rate at which cratering has affected the Moon ever since. The Earth must have been exposed to the same flux of impactors as its satellite, and there are good reasons for believing that this is also a reasonable approximation for Mercury, Venus, and Mars. Counting craters is thus the best way we have to estimate ages on planetary surfaces. Even if the absolute age is in doubt, it is usually safe to assume that a surface with a lower crater density is younger than one with a higher crater density.
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2. A 470-kilometre-wide view of a heavily cratered region of the Moon. Most of these craters date from about 3.9 billion years ago, obliterating any older craters. Each crater was formed by the impact of a body about 20 to 30 times smaller than the crater itself. Parts of the Earth would once have looked similar
 

At present, the Earth is hit annually by about 10,000 meteorites greater than 1 kilogram, but most of those are too small to survive passage through the atmosphere, where they are heated and worn away by friction. The yearly supply of 1,000-kilogram meteorites is only about 10, and the average interval between impacts by 150-metre-diameter objects (which would produce a crater some 2 kilometres across) is about 5,000 years. Impactors about 1 kilometre in diameter arrive at random about once every 200,000 years, boring through the atmosphere as if it were not there, hitting the ground with undiminished speed, and forming a crater perhaps 20 kilometres across. Larger, and more devastating, impacts are even less frequent.

Collisions affect each body in the Solar System, but craters survive only where there is a solid surface and insufficient other activity to erase the record. Observers were fortunate to discover a string of fragments of a tidally disrupted comet shortly before they collided with Jupiter in July 1994. Several of the collisions were witnessed, and each left a brown scar in the giant planet’s atmosphere that lingered for several weeks, as did a scar found in July 2009 made by an unobserved single impact.

Planets as abodes of life
 

If Earth were not at a comfortable distance from the Sun, you would not be reading this book, because life may not have become established and we could not have evolved here even if it had. Scientists talk of a ‘habitable zone’ around every star, at a distance where the surface temperature on a planet would be neither too hot nor too cold for life.

By analogy with Goldilocks’ preference for baby bear’s porridge (whose temperature was ‘just right’), the habitable zone is sometimes called the ‘Goldilocks zone’. In this context, ‘habitable’ means somewhere that could sustain life of any kind, even just simple microbes. It does not imply that the environment would be inhabitable by humans.

Because our kind of life requires water, the habitable zone is usually equated with the distance from a star at which the surface temperature of a planet would enable water to exist in liquid state. The density and composition of a planet’s atmosphere influences the surface temperature, but the main control is heat received from the star. The habitable zone around the Sun is estimated to extend from about 0.95 to about 1.5 AU. These estimates put Venus (0.72 AU) well inward of the inner edge of the habitable zone, and Mars (1.52 AU) at its outer fringe. The Sun’s output has probably increased slightly since the planets were formed, nudging the habitable zone outwards over time, so Mars would seem to be a poor candidate for life, but it is not a hopeless case.

The idea of a habitable zone defined by planetary surface temperature has been criticized as too narrow. There are circumstances where heat generated within a planet may provide an environmental niche suitable for life, although the surface may seem inhospitable. Even on Earth, we know of ‘extremophile’ organisms living below 0°C or above 100°C. Thus, even if all life is, like that on Earth, based on chains of carbon molecules and dependent on water as a solvent, there are several places in the Solar System where it could exist (though only one, the Earth, where it is known to exist) and at least many millions of habitable places elsewhere in the galaxy. I shall return to that theme near the end of the book.

Space exploration
 

Telescopes are very useful, for example to measure the temperature and composition of a planet’s surface and atmosphere. The polar ice caps on Mars were correctly identified by William Herschel as long ago as 1781. Jupiter is sufficiently large and close that storms among its clouds can be monitored even with fairly modest telescopes. However, this book would be duller and more speculative were it not for half a century of space exploration when space probes from Earth have visited every planet in the Solar System. Soviet probes reached the Moon in 1959, and twelve American astronauts walked on its surface between 1969 and 1972. Unmanned American (NASA) and Soviet probes flew past Venus and Mars in the 1960s, and achieved orbit and soft landings during the 1970s. The first Jupiter and Saturn fly-bys were in the 1970s, and the other giant planets were visited in the 1980s. Since 1990, the terrestrial planets have been explored by increasingly capable orbiters, robotic rovers have crawled across the Martian surface, and complex orbital tours of both Jupiter and Saturn have been achieved.

The most famous missions include Vikings 1 and 2 that landed on Mars in 1976; Magellan that mapped the surface of Venus by radar 1990-4; Voyagers 1 and 2 that flew past the giant planets between 1979 and 1989; Galileo that orbited Jupiter between 1995 and 2003; and Cassini that began an orbital tour of Saturn in 2004 and sent a probe named Huygens to the surface of Titan in 2005.

Highlights in the years ahead include return to Earth of samples collected from Mars, asteroids, and comets, and a renewal of human presence on the Moon. The USA and Russia are no longer the only space powers. The European Space Agency has gone solo to Mars and Venus, to Saturn jointly with NASA, and will soon go to Mercury with Japan. The Japanese have sent probes to the Moon and to an asteroid, and China and India have each reached the Moon. Scientifically, there has been much cooperation (and most probes carry instruments contributed by several nations), but it is undeniable that there is also national pride at stake, together with long-term strategic and commercial interests.
  

Chapter 2
Rocky planets
 

Here, I will discuss the planet that we live on and other bodies like it, namely the three other terrestrial planets Mercury, Venus, and Mars, and also the Moon. To the astronomers of the IAU, the Moon is just a satellite, but its composition and internal structure place it among the terrestrial planets from the perspective of a geologist or geophysicist. Figure 3 shows these five at the same scale, and Table 3 lists some relevant data. Within this group, Mercury and the Moon have effectively no atmosphere. Venus has only slightly lower size, mass, and density than the Earth, so gravity at its surface is only slightly less than on the Earth. However, its atmosphere is considerably denser. Mars is larger than Mercury but less dense. These two effects offset each other so that their surface gravities are very similar, but being colder, Mars has been able to hold on to a thin but respectable atmosphere. The Moon has the lowest surface gravity of all – about one-sixth of the Earth’s – which is why Moon-walkers bound around so strangely. Mean surface temperatures obscure wide variations with latitude and, in some cases, between day and night. For example, the hottest daytime temperature on Mercury exceeds 400°C, whereas at dawn after a long Mercurian night the temperature is below –180°C.

Table 3 Basic data for the terrestrial planets
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3. Top: from left to right, Mercury, Venus, Earth, Moon, and Mars, shown at the same scale. Bottom: the much larger giant planets Jupiter, Saturn, Uranus, and Neptune, with the terrestrial planets inserted to the same scale
 

Cores
 

Terrestrial planets are distinguished by having rocky exteriors, made largely of silicate minerals. However, their densities are too great for them to be rocky throughout, and it is believed that each has an iron-rich core at its centre. No planet’s core can be seen or sampled directly, but there are several independent lines of evidence. Density is one, showing that the interior must be denser than rock even allowing for internal compression at high pressure, and analyses of the trajectories of orbiting spacecraft show that density increases symmetrically about each planet’s centre. Chemical models for what is likely to happen inside a rocky planet suggest that there is insufficient oxygen for all the iron to be oxidized and bound up in silicate minerals. Thus, if the interior had ever been molten this would have allowed metallic iron, which is denser than rock, to sink towards the centre. This is an example of a processes called differentiation.

The outer parts of the iron-rich cores of the Earth and Mercury must be molten today, because those two planets have strong magnetic fields, apparently generated by dynamo motion in an electrically conducting fluid. For such a small planet, Mercury’s density is very high, so its core must be exceptionally large, occupying about 40% of its volume and accounting for nearly 75% of its mass. Magnetic fields are not being generated inside Venus, the Moon, and Mars, so their cores are probably entirely solid.

In the case of the Earth, we have additional evidence about the core from studying how seismic waves, which are vibrations triggered by earthquakes (or underground nuclear tests!), travel through the planet. This confirms a solid inner core 1,215 kilometres in radius and a fluid outer core 3,470 kilometres in radius. Both seem to be mainly iron alloyed with 5%-10% nickel, but density arguments require something less dense than iron too, making up 6%-10% of the outer core and 2%-5% of the inner core. The likeliest explanation is some mix of oxygen, silicon, and sulfur.

In total, the Earth’s core occupies about 16% of the planet’s volume. Comparable values for Venus and Mars, which are estimates based largely on their average densities, are about 12% and 9%, respectively. There are some very limited seismic data from the Moon (from the Apollo programme), hinting at a relatively small core between about 220 and 450 kilometres in radius (less than 4% of the Moon’s total volume). About 1 in every 20 meteorites is made of an alloy of iron with 4.5%-18% nickel, corresponding to the cores of planetesimals from the asteroid belt that had differentiated internally before being broken up by collisions.

Mantles and crusts
 

The silicate part of a terrestrial planet surrounding its core is called the mantle. This makes up the majority of the total volume of each terrestrial planet, and most of their mass except for Mercury. The crust is a relatively minor unit overlying the mantle. It is also of silicate, though slightly different in composition to the mantle.

A planet’s present mantle evolved from the molten rock that would have covered the globe after the final giant impact collision, known to geologists as a ‘magma ocean’. While a magma ocean cools, its surface must radiate heat to space, causing it to chill to a solid skin. However, this skin would continually be broken and stirred back in, thanks to turbulence below and impacts from above. The magma ocean would continue to cool, but, unlike the freezing of a ball of water, there is no discrete temperature at which the whole of it would become solid. The nature of molten silicate material is such that minerals of various compositions crystallize out at different temperatures and pressures. Planetary scientists are unsure of the extent to which magma oceans crystallized in layers, or whether minerals denser than the melt were able to sink while less-dense minerals were able to rise, perhaps sticking together to form massive ‘rock bergs’ that could force their way up more effectively.

Aggregations of this flotation material, chemically different to the underlying magma ocean, formed the earliest true crust on the Moon, where it survives today as the lunar highlands (the pale areas on the Moon’s face). On the larger terrestrial planets, the nature of the oldest crust has not been determined, partly because it has largely been replaced (or, at least, covered over) by later kinds of crust. To see how this might happen, we have to turn our attention back to the mantle. As a young planet cools, eventually its mantle becomes fully solid. Two important characteristics of silicate materials now become relevant. The first is that sufficiently hot solids are neither completely immobile nor undeformable. Hot rock in a planet’s interior is capable of flowing at speeds of a few centimetres per year (the rate at which your fingernails grow), in much the same way as a block of pitch will deform over time. Within a solid mantle, motion will occur at a slow but geologically effective pace if there are any forces capable of driving it. Inside a planet, the necessary impetus comes from heat. Hotter mantle from deep down will be slightly less dense than the cooler mantle above, so there is a tendency to swap places. Motion of this sort is called convection, and is what you can observe in a pan of soup heated on a hob, except that within a planet it is much slower ‘solid state convection’.

Imagine a streamer or ‘plume’ of hot mantle welling upwards and displacing colder mantle downwards. As it gets closer to the surface, the pressure experienced by the rising mantle decreases, which brings into play the second relevant characteristic. As pressure falls, silicates begin to melt. The process is called ‘partial melting’, because only part of the solid melts, and the magma that forms is slightly richer in silica than the solid from which it was extracted. The resulting magma is also less dense than the solid, so buoyancy forces will squeeze it upwards towards the surface, especially if there are pathways where the overlying rock is under tension or fractured. Unless it stalls below ground as an intrusion, the magma will be erupted through volcanoes.

Rock formed in this way is described as igneous, and crust produced by igneous activity can replace the original crust of a planet by infiltration or burial. The dark patches on the Moon, the lunar ‘maria’, are low-lying regions where the paler primary crust has been buried by lava flows produced in this way. The present-day crust of the Earth results from partial melting of the mantle to make oceanic crust, and from melting and recycling of many generations of oceanic crust to make continental crust. The Earth’s oceanic crust is 6-11 kilometres thick, whereas continental crust varies from about 25 kilometres in thin, stretched regions to 90 kilometres below major mountain ranges. In total, crust occupies only about 1% of the Earth’s total volume. The Moon’s crust averages about 70 kilometres in thickness (13% of the Moon’s volume), ranging from >100 kilometres in some highland regions to <20 kilometres below some major impact basins.

In summary, crust is chemically related to the underlying mantle, but differs in ways depending on how it was extracted from it. Crust is lower in density and its average composition is richer in silica than the mantle. Crust is more varied than mantle, and includes rock that has reacted chemically with any atmosphere or liquid water, and that has been broken apart or dissolved, transported (by gravity, wind, water, or ice), and deposited elsewhere. Such deposits constitute sedimentary rock. Burial, deformation, and heating can cause sedimentary or igneous rock to recrystallize, in which case it is known as metamorphic rock.

Internal heat
 

Planets are hot inside partly because of heat left over from their accretion. For a bigger planet, the fraction of this ‘primordial heat’ remaining today is greater. This is because heat content is related to planetary volume, which depends on the cube of the radius, whereas heat leakage is limited by surface area, which depends only on the square of the radius.

Heat is also generated inside a planet, by decay of radioactive isotopes. There are many of these, but only four whose decay produces significant heating: potassium-40, uranium-238, uranium-235, and thorium-232. Because of their geochemical affinities, these elements are more abundant in crustal rocks than in the mantle. In the Earth, approximately the same amount of heat is generated radiogenially (that is, by radioactive decay) in the crust as in the whole of the volumetrically much larger mantle.

A terrestrial planet’s total content of heat-producing elements depends on its mass (and hence its volume). Just like primordial heat, radiogenic heat is retained more effectively in larger planets. In the case of the Earth, about half the heat leaking to the surface today is primordial, and almost all the rest is radiogenic.

Lithospheres
 

The transition in properties from cold and rigid to warm and convective generally occurs at some depth below the boundary between crust and mantle. Thus the crust and the uppermost mantle constitute a single mechanical layer, forming a rigid outer shell. This shell is called the ‘lithosphere’, using the Greek word lithos (‘rock’) to indicate that the layer has the mechanical properties of everyday rock. Below the lithosphere is where the mantle, although rocky in composition, is hot enough and weak enough to convect. This zone is sometimes called the asthenosphere (using Greek a-sthenos meaning ‘without strength’).

The Earth’s lithosphere is about 100 kilometres thick and is fractured into a number of plates, which are able to be shunted around thanks to the special weakness of the underlying asthenosphere. As part of a process known as ‘plate tectonics’, new lithosphere is created where plates pull apart (usually hidden from view below the ocean) and destroyed where one plate is drawn below another, at subduction zones marked by trenches on the ocean floor. The grinding of one plate against its neighbour is the cause of most earthquakes. If anyone tells you that the Earth’s plates are ‘crust sliding over the mantle’, they are wrong, repeating a persistent fallacy that appears in many school textbooks and examination syllabuses. The truth is that a plate consists of crust and the conjoined rigid uppermost mantle, which together slide across the deeper, less rigid, asthenospheric mantle.

The lithosphere, being brittle, is the layer where faults can occur, as one mass of rock grinds past another. Faults are common on the Earth, especially in the zones where two plates meet, and can be identified on other planets too (Figure 4).

Plate tectonics seems to be unique to the Earth. Greater lithospheric thickness in the more easily cooled smaller bodies of Mercury, the Moon, and Mars undoubtedly contribute to this, but a more important factor is that for plates to be mobile, the top of the asthenosphere needs to be especially weak. Within the Earth, this is accomplished because of a small amount of water within the rock, which weakens it and encourages the formation of a small amount of melt that lubricates grain boundaries. Venus has lost its water, so its asthenosphere is dry and lithospheric plates cannot slide freely across it.

[image: image]

4. A 500-kilometre-wide view of part of Mercury. Solar illumination is from the right. Shadow picks out a kilometre-high scarp with the shape of an open letter M on its side. This is an ancient thrust fault named Beagle Rupes, marking where the terrain on the right (east) has been pushed westwards over the terrain on the left (west). Some of the craters are older and others younger than this fault
 

A planetary asthenosphere that is dry, or very deep, is manifested principally by two effects at the surface. One is the height of mountains and depth of basins. If these are too great, the asthenosphere will flow and flex the overlying lithosphere, thereby reducing the topographic contrast until it is small enough to be supported by the strength of the lithosphere alone. The second is the pattern of fracturing caused by large impacts. An impactor several tens of kilometres in diameter arrives with sufficient force for the resulting crater-forming shockwaves to disrupt the lithosphere, and the crater will take the form of a basin marked by concentric rings of fractures. In a thinner lithosphere, the rings tend to be closer together, so these multi-ringed impact basins can be used to estimate the depth to the asthenosphere at the time of their formation. As a planet slowly cools, its lithosphere becomes gradually thicker.

Volcanism
 

Magma, the name given to molten rock before it erupts, can be generated inside a planet essentially by three different causes. Direct application of heat is only one of these, and is often the least important: slow build-up of heat trapped below a planet’s lithosphere may account for some episodes of widespread volcanism, and strongly varying tidal stresses inside a planetary body work against internal friction, leading to ‘tidal heating’. Alternatively, decreasing pressure in an upwelling zone in the mantle can cause partial melting (for example, leading to the generation of Earth’s oceanic crust). Also, it is possible that sudden reduction in pressure, as must happen to the mantle below where a major impact basin is excavated, could trigger a melting event. The third mechanism is to introduce water into the mantle or lower crust. Water reduces the temperature at which silicates begin to melt. The Earth has chains of volcanoes above subduction zones, because water that has been dragged down within the rocks of the subducting plate escapes upwards into the base of the over-riding plate. Here conditions are not hot enough for melting when dry, but partial melting will begin as soon as water is introduced even though there has been no rise in temperature.

The Moon

People began to speculate about volcanism on the Moon almost as soon as craters were seen through telescopes. They were on a false trail because, as we are now quite certain, almost all the craters on the Moon were made by impacts. In fact, the major volcanic areas of the Moon are the dark patches that were once thought to be dried-up sea beds. That is not the case, though they still bear the name ‘mare’ (pronounced mah-ray), which is Latin for ‘sea’. The plural is ‘maria’ (pronounced mah-ri-a). These cover about 17% of the Moon’s surface, mostly on the near side, which is the hemisphere that permanently faces the Earth. Here, lava with a composition similar to terrestrial basalt has flooded the major multi-ringed impact basins.

Specific vents where the mare basalts were erupted are hard to identify (Figure 5). Clearly, they did not take the form of conical volcanoes. Most likely, they were fissures through which fountains of incandescent molten lava were expelled by the force of expanding volcanic gas to heights well in excess of a kilometre. On falling to the ground, the lava was still hot enough to spread out, flowing downhill for hundreds of kilometres. Most of the fissure vents sealed themselves over as their rate of eruption waned, or were buried by later eruptions.

Four of the six Apollo Moon landings (1969-72) were on maria, which are flatter and so safer places to land than the highlands. Samples of mare basalt brought back for analysis can be dated with high precision by measuring radioactive decay products within them (radiometric dating), and the Apollo samples show a range of mare ages from 3.9 to 3.1 billion years. This long duration of volcanism put paid to the simplest volcanic explanation for the maria, which was that the volcanism was a direct product of the basin-forming impacts. Furthermore, work since the year 2000 has identified some patches of mare bearing sufficiently few superimposed impact craters that they must be younger than about 1.2 billion years. Conversely, in 2007 a fragment of lunar material found on Earth as meteorite (having previously been flung off the Moon as ejecta from an impact crater) was found to contain fragments of basalt dated at 4.35 billion years, half a billion years before the late heavy bombardment ended. No maria of such great age remain visible, having been buried by ejecta from subsequent basin-forming impacts. So now we know that lunar volcanism began early as well as finishing late.
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5. A 200-kilometre-wide view of the south-east edge of Mare Imbrium. The rugged terrain on the right is highland crust uplifted in part of the basin rim. The darker, smoother area in the upper left is mare basalts that have flooded the lower-lying ground. A 1-kilometre-wide trench named Hadley Rille winds from south to north across the centre of the view, and this is believed to be a pathway along which lava flowed from a source largely obscured by shadow. Apollo 15 landed close to Hadley Rille, near the middle of the image
 

Mercury

Mercury is much less well known than the Moon. Under half of it was imaged by NASA’s Mariner 10 in 1974-5, and the planet then remained unvisited until NASA’s MESSENGER probe began a series of fly-bys in 2008. This revealed details sufficient to overcome most people’s scepticism over the extent of volcanism on Mercury. For example, in Figure 4 the smooth terrain in the lower right and filling the 120-kilometre-diameter basin just above right of centre is now accepted as volcanic. Previous doubts were heightened by the fact that Mercury lacks the contrast in albedo (reflected brightness) between paler highlands and darker lavas that makes the maria so obvious on the Moon. This seems to be because the minerals making up Mercury’s lavas contain much less iron than is typical of lunar (and terrestrial) basalts. Plains formed by lava probably constitute the majority of Mercury’s surface. Some of them are old enough to date back to the era of the late heavy bombardment and are densely cratered, others are younger and have fewer craters superimposed on them.

MESSENGER imaged a few volcanic vents and also curious 10-kilometre-sized blotches – some bright, some dark – that may be sites of particularly young explosive eruptions. How long Mercury stayed volcanically active is likely to remain unresolved until a spacecraft achieves orbit about Mercury and records images systematically and in better detail. The first chance will be when MESSENGER begins the orbital phase of its mission in 2011, and if the issue remains unresolved it should be settled by the European Space Agency’s BepiColombo mission that is due to arrive at Mercury in 2020. At present, it is safe to say that extensive areas of lava were emplaced during a period covering at least 4 to 3 billion years ago, and possibly extending to within the past billion years. Such a long duration of volcanic activity on Mercury was not anticipated, and may result from the same mysterious heat source that keeps part of its core molten.

Venus

Venus is much bigger than Mercury. Its size and mass would suggest almost as much radiogenic heat production as the Earth, and hence a similar level of volcanic activity. However, because Venus lacks plate tectonics, its volcanism operates rather differently.

Venus has a dense, permanently cloudy atmosphere, which kept the surface a total mystery until it became possible to study it by means of radar. Figure 6 shows a radar image of part of Venus obtained by NASA’s Magellan probe, which mapped almost the entire planet between 1990 and 1994. Radar images are assembled by complex analysis of the echoes bounced back in response to a continual string of radar pulses beamed at the surface. For most purposes, you can treat radar images like the black-and-white optical images that they resemble, though in fact the brightness of each feature is controlled mainly by how rough the local surface is, rather than its albedo in visible light.

Figure 6 typifies much of Venus. It shows numerous individual lava flows – some rougher (brighter) and some smoother (darker) – that flowed from west to east across the image. The lobate pattern of the individual flows closely resembles that of lava flows on Earth and Mars, but which is hard to discern on the Moon and Mercury where the flow margins have become degraded by impacts.

As well as lava flows covering about half its surface, Venus has many clearly identifiable volcanoes. Figure 7 shows an example. In the background is a 5-kilometre-high volcano with gently sloping flanks of the kind known on Earth as a ‘shield volcano’ that results from repeated eruption of basalt through a single vent. Some individual lava flows can be made out on the flanks. No one is sure how long ago this volcano and others like it last erupted. There have been intriguing hints but no proof of recent or present-day activity on volcanoes such as this, and they are rather too small for reliable crater-counting statistics. This particular volcano is built upon an older terrain unit that is smoother, except for numerous fractures upon it. The impact crater in the foreground is probably unrelated to radar-bright lava flows immediately to its left.
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6. A 500-kilometre-wide Magellan image of part of Venus. The area is mostly lava, fed from a source 300 kilometres west of the image, but in the south-east corner is some rugged terrain representing the oldest surviving crust on Venus. Running from north to south in the west of the image is a mountain belt of ridged and fractured terrain that is breached by the lava flows
 

Circular or elliptical patterns of concentric fractures termed ‘coronae’, of which more than 300 have been identified on Venus, are not thought to share a common origin with the multi-ringed impact basins of the Moon and Mercury. They can be anything from 200 metres to over 2,000 kilometres across, and are usually associated with some form of volcanism. Probably each corona marks a site where an upwelling plume in the asthenospheric mantle impinged on the base of the lithosphere. Coronae where the plume is still present are uplifted as very broad domes, whereas older ones, no longer supported by a mantle plume, have sagged. The sagging, in particular, explains the concentric fractures.
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7. Computer-generated three-dimensional perspective view showing the volcano Maat Mons on Venus. This was made by draping a radar image over a model of the topography obtained by radar altimetry. Vertical scale is exaggerated tenfold. Both sets of data were collected by the Magellan orbiter. The impact crater in the right foreground is 23 kilometres across
 

Impact craters on Venus are more common than on the Earth, but considerably less abundant than on the Moon and Mercury (you will not find any in Figure 6). There are two factors at play here. Craters less than about 3 kilometres across are entirely absent from Venus, because its dense atmosphere shields the surface from small impactors. However, larger craters are formed by objects carrying too much energy to be affected by the atmosphere. Their lack of abundance has to be explained by the young age of the surface, which works out on average to be between about 500 million and 700 million years. There are no large tracts of terrain that seem to be very much older or very much younger than the global average. The standard explanation for this in the 1990s was that pretty much the whole planet was resurfaced in an orgy of volcanism that began 500-700 million years ago, and lasted no more than a few tens of millions of years. This would be consistent with Venus’s lack of plate tectonics leading to most heat from the deeper mantle being trapped below the lithospheric lid, until much of the uppermost asthenosphere had melted. Eventually, the cold, dense lithosphere would founder, and the buoyant magma from below would erupt. Something similar could have occurred half a dozen times since Venus was formed, and maybe it could happen again within the next 100 million years.

This model calling for catastrophic global volcanism has recently been challenged, on the grounds that the cratering statistics do not rule out a more gradual process. Progressively smaller areas could have been resurfaced by lavas at random intervals throughout the past half billion years.

Earth

On Earth, volcanism and plate tectonics combine to regulate the internal heat budget and thus prevent major asthenospheric temperature excursions of the kind postulated for Venus. Only about one-third of the heat generated below the lithosphere leaks out by conduction. Most of the heat is conveyed to the top of the lithosphere by eruption at mid-ocean ridges (where new material is added to diverging plates) and, to a smaller extent, by eruptions at volcanoes above subduction zones and at various ‘hot spots’ above mantle plumes. The asthenosphere is cooled by the reincorporation into it of the old, cold parts of lithospheric plates at subduction zones.

The closest we get to a Venus-like volcanic catastrophe is when, every few tens of million years, a region maybe a thousand kilometres across is buried by the eruption of up to ten cubic kilometres of basalt lava. This is known as a ‘flood basalt’. The ‘Deccan Traps’ of north-west India (66 million years), the Brito-Arctic flood basalts (Greenland and the north-western British Isles, 57 million years), and the Colombia River flood basalts (north-western USA, 16 million years) are among the better-known examples. These major but rare events could be capable of injecting so much volcanic gas, notably sulfur dioxide, plus fine fragments of volcanic rock known as ‘ash’, into the atmosphere that global climate could be severely affected. Figure 8 shows an example of lava flows on the Earth, for comparison with the images from other planets.

The way in which volcanism on the Earth probably differs most from the other planets is that expansion of gas within rising magma tends to make a substantial proportion of eruptions explosive in nature. This is for two reasons. The first is that recycled water, carbon dioxide, and sulfur dioxide escaping upwards above subduction zones adds greatly to the leakage from the deeper interior of primordial gases, so the Earth has more gas available to drive eruptions explosively. The second is that the existence of continental crust facilitates generation of magma with a higher silica content than basalt. These silicarich magmas are more viscous than basalt, so they fragment more easily. Classic ‘picture-book’ steeply conical volcanoes such as Mount Fuji in Japan are rare except on Earth, because they are symptomatic of relatively silica-rich and partly explosive eruptions.
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8. A 70-kilometre-wide view from space showing the ‘Craters of the Moon’ lava field in Idaho, USA. The source of the flows was a series of fissures near the edge of the rugged highlands in the north-west. Compare the lobate form of the lava flows with the flows on Venus in Figure 6
 

Mars

Compared to the Earth and Venus, Mars has relatively few volcanoes. However, their small numbers are compensated by large size. Major groupings of large basaltic shield volcanoes occur in the Tharsis region (much of which is included in Figure 9) and the Elysium region. Olympus Mons is the largest Tharsis volcano, measuring about 600 kilometres across its base and 24 kilometres from top to bottom, which makes it the largest volcano in the entire Solar System. There are two reasons why Mars has such big volcanoes. The first is that Mars is a ‘one plate planet’. Its lithosphere is an intact shell (a single plate) effectively stationary with respect to the underlying mantle asthenosphere. Unlike the Earth, where plates drift around relative to mantle plumes so that plume-fed volcanoes are carried away and cut off from their magma supply after only a few million years, a mantle plume on Mars supplies magma to the same spot in the lithosphere for as long as the plume remains active. Olympus Mons may have begun to be constructed more than a billion years ago. We have no way to tell, because we can only date (by crater counting) what is exposed at the surface today, and can’t see the older, buried, interior of the edifice. There are several overlapping calderas at its summit, whose floors are dated at around 100 to 200 million years, but the youngest lava flows on the flanks appear to be only about 2 million years old, and it is likely that Olympus Mons will erupt again one day. Other volcanoes in the Tharsis region are definitely older, and are probably now extinct.
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9. A 3,000-kilometre-wide mosaic of images showing several enormous shield volcanoes on Mars. On the left is Olympus Mons, the Solar System’s largest volcano. On the right-hand edge is Tharsis Tholus, and running north-east from the centre of the southern edge, a line of three: Pavonis Mons, Ascraeus Mons, and Ceraunius Tholus
 

The second reason why Mars has such big volcanoes is ‘because it can’. It has a cold, strong lithosphere, about twice as thick as the Earth’s. If you transplanted Olympus Mons to the Earth or Venus, their relatively thin lithospheres would sag beneath the load, and the volcano would lose height.

High-resolution images reveal details of lava flows on the plains between the large volcanoes and in several other regions of Mars. However, there are also features regarded by some as volcanic that have aroused considerable controversy. Figure 10 shows a notable example.
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10. A 50-kilometre-wide image of a controversial area of Mars obtained by ESA’s Mars Express orbiter. Some say the platy surface is a lava flow with a fractured cooling crust. Others see this as broken pack ice (now dust-covered) on the surface of a frozen sea. The two impact craters are older than the platy surface, and their rims were high enough to prevent their interiors from flooding. The craters are actually circular in outline, but are foreshortened in this oblique view
 

Over 30 fragments of impact ejecta from Mars have been collected on Earth as meteorites. They are all either basaltic lava or more coarsely crystalline intrusive equivalents, spanning a range of crystallization ages extending from 4.5 billion years to as young as 160 million years. We can infer that igneous rock makes up the bulk of the Martian crust at depth, even though large tracts of surface have a veneer of sediment of various kinds.

Surface processes
 

Regolith and space weathering
 

Volcanism is driven from inside a planet, but planetary landscapes can be sculpted just as much by processes that occur essentially at the surface. On a body that is airless and therefore unprotected from space, by far the dominant process acting directly on the surface is bombardment by meteorites and micrometeorites. Fragmented material (‘ejecta’) thrown out from craters blankets the surface to a depth of several metres, and sites where solid bedrock is visible at the surface are rare (Figure 11). The lunar soil, known as ‘regolith’, in which the Apollo astronauts left their footprints is composed of grains mostly a fraction of a millimetre in size, comprising fragments of crystal, tiny bits of rock, and glassy spherules that are frozen droplets of melt generated by the heat of the impact. Regolith is continually rearranged on a variety of scales by excavation of craters and dispersal of ejecta, a process known as ‘impact gardening’. On Mercury, where impact speeds are faster, regolith grain-size is expected to be about one-third that of lunar regolith.
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11. Telephoto view looking across Hadley Rille, taken by Apollo astronaut Dave Scott. The 2-metre-thick horizontal layer running across from the left is a rare example of bedrock (probably a lava flow), here exposed on a steep slope. Everywhere else is covered by regolith ranging in size from boulders down to dust
 

If there is no atmosphere, solar ultraviolet light can reach the surface, where it may, over time, break chemical bonds. Micrometeorite impacts and (if there is no magnetic field) charged particles from the solar wind can also affect surface chemistry, so airless bodies experience a suite of processes, collectively described as ‘space weathering’, that slowly alter the composition of the surface. For example, the bonds linking iron to oxygen atoms can be broken, allowing oxygen to escape and leaving submicroscopic grains of pure metal, called ‘nanophase iron’.

When a planet has an atmosphere, only the largest, and infrequent, impactors can reach the surface at high speed. For example, in the Earth’s atmosphere, stony asteroids less than about 150 metres in size are likely to be sheared apart. The resulting fragments are small enough to be slowed down by friction, so by the time they reach the ground they have lost almost all their initial velocity, and do not form craters. Meteoritic dust, which is mostly micrometeorites but also fragments frictionally ablated from larger meteorites, settles to the ground at an average accumulation rate of 0.1-1 mm per million years. This dust makes such a tiny contribution to the total rate of sedimentation that it is totally swamped by other sediment, except on deep ocean floor far from land.

Erosion and transport

Impact gardening aside, processes that can wear away rock and transport the resulting fragments are wind, flowing water, and moving ice (glaciers). Water can also dissolve rocks, during chemical weathering. Elements carried in solution by water may reappear elsewhere, being precipitated in new minerals. This applies especially to salt deposits, and also to many forms of carbonate rocks. However, on Earth most limestone (calcium carbonate) is formed from fragments of the shells of marine organisms, demonstrating an important biological step in turning dissolved carbonate (or dissolved carbon dioxide gas) into solid material that can become rock.

The dust storms on Mars are famous, having been first noted by telescope in 1809. At perihelion, when Mars receives 40% more solar energy than at aphelion, winds in excess of 20 metres per second can lift so much dust high into the sky that most of the surface is obscured for several weeks. Sometimes little can be seen poking through other than the summit of Olympus Mons. Because of the clouds that often congregate there, this often looks white, hence its former name of Nyx Olympica (Snows of Olympus), which was revised when images from spacecraft showed what was really going on.
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12. Some sand dunes, needing only camels or a palm tree for scale. In fact, this picture was taken by NASA’s Opportunity rover on the surface of Mars, looking obliquely down from the rim of a crater onto a field of dunes on the crater floor. The visible area is about 100 metres across
 

Many signs of the action of wind on Mars can be seen from orbit or on the ground (Figure 12) in the form of sand dunes and also smaller wind-ripples in the surface dust. Some of the dunes on Mars are being actively sculpted by the wind, but others have probably not changed their form for millions of years. Wind-blown sand is a powerful agent of erosion on Mars. The low atmospheric density means that a wind capable of transporting sand grains has to be blowing much faster than on Earth, and some exposed layers of rock have become curiously sculpted by abrasion.

Venus has a much denser atmosphere than Earth, with 92 times greater ground-level atmospheric pressure. Even sluggish winds can shift sand particles around, and Venus has several fields of sand dunes. However, here when a wind-blown grain strikes an exposure of bedrock its erosive power is limited, partly because of the slow speed and cushioning of the blow by the dense air, and partly because the high surface temperature of 480°C makes material deform plastically rather than abrading in a brittle fashion.

For Earthlings, flowing water is usually the most familiar agent for transporting sediment – in a river, or as waves on a beach. In the Solar System, nowhere other than Earth currently has surface conditions allowing liquid water to be stable. Venus is far too hot, and although the noontime temperature on Mars can creep well above 0°C, its atmosphere is so tenuous that ice at the surface turns directly to vapour rather than melting. However, there is abundant evidence that water once flowed in prodigious volumes across the surface of Mars (Figure 13). Mars has suffered extremes of climate at least the equal of Earth’s, and billions of years ago its atmosphere was sufficiently dense and wet to permit rainfall and catastrophic flooding. The largest canyon system in the Solar System, Valles Marineris (‘the Valleys of the Mariner’, named after being discovered on images returned by the probe Mariner 9 in 1971), is a 4,000-kilometre-long rift system initiated by fracturing of the crust, but widened by erosion when water flowed through it. At its deepest point, the floor is 7 kilometres below the rim (Earth’s Grand Canyon in Arizona is only 2 kilometres deep), and it is so wide that if you stood on one rim, the opposite side would be out of sight beyond the horizon.
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13. A series of east-west fractures attests to the tectonic origin of Mars’s Valles Marineris canyon complex, of which only a fraction is covered by this 800-kilometre-wide view. Note the winding and deeply incised channels feeding into it from the south, which show the role played by flowing water in widening the main canyon
 

Despite its vastness, Valles Marineris was not recognized by pre-Space Age telescopic observers. The notorious ‘canals’ of Mars mapped by the Italian Giovanni Schiaparelli in 1877, and subsequently championed by the American Percival Lowell who until his death in 1916 thought they were giant works of engineering by intelligent Martians, are illusory. They bear no relation to any of the many genuine channels on Mars. Of these, examples fed by a branching network of tributaries (including many much longer versions of those shown in Figure 13) are likely to have been supplied by rainfall. The water flowing along others probably leaked out of the ground, possibly when permafrost melted. The streamlined shapes of the ‘islands’ where channels debouch onto the plains show them to have been scoured by catastrophic floods. Robotic landers (Viking 1 in 1976 and Mars Pathfinder in 1997) that touched down in such places found an abundance of rocks dumped there by floodwaters.

All the major valleys on Mars have numerous impact craters superimposed upon them, so clearly they must be ancient, having last flowed well over a billion years ago. Since then, many have suffered landslips from their walls, and their floors now bear trains of sand dunes formed by the cold wind howling along their length. In the 1970s and 1980s, most scientists would have told you that although Mars experienced at least one wet epoch in its distant past, it is now extremely dry except at the poles where there are small caps of water-ice. Imagine everyone’s surprise when in 1999 a high-resolution imager called the Mars Orbiter Camera began to reveal gullies only a few metres wide and a few hundred metres long on steep slopes in several places on Mars. The lack of superimposed craters and the observation that in many cases debris fans at their downstream ends had begun to bury sand dunes showed they must be young features, but how young? Proof was not long in coming that some are still active today, when repeat images began to reveal changes (Figure 14).

The debate has now moved on from questioning the age of the youngest gullies, and now focuses on how they are cut. One theory is that water is responsible. There could be reservoirs of liquid groundwater under pressure in the Martian subsoil. Where a slope, such as the crater wall in Figure 14, cuts below the water table, a barrier of ice within the soil (‘permafrost’) would normally prevent its escape. However, if the barrier were temporarily to give way, water could come gushing out. The liquid would not be stable – it would be both boiling and freezing as it flowed – but it could traverse the length of one of these gullies before completely evaporating. Sceptics argue that liquid flow is not necessary to carve the gullies, and that they can be explained as a result of dry rock avalanches.
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14. Two views of the same 1.5-kilometre-wide area covering the inner wall of a 6-kilometre-diameter Martian crater, recorded in August 1999 (left) and September 2005 (right). The rim cuts across the top left, and the floor is towards the lower right. There are many gullies eroded into the slope of inner wall, one of which seems to have flowed between these two dates, carrying some pale debris onto the lower slope
 

Some Mars scientists see evidence for glaciers, especially at the eroded edges of highland plateaus. There is no ice exposed at the surface today (except that at the poles), but the rock-strewn ground revealed in high-resolution images from orbit could be debris covering (and insulating) underlying ice. Ground-penetrating radar data obtained from Mars orbit lend credence to this, which is one of the reasons why I am happier to accept the region shown in Figure 10 as a dust-covered frozen sea rather than as a lava flow.

Channels on the Moon such as Hadley Rille (Figure 5) were lava pathways and were certainly not cut by water, and the only lunar water is small quantities of ice in the regolith near the poles. More than 200 sinuous channels have been mapped on Venus, one of which is 6,800 kilometres long. It is very unlikely that Venus experienced sufficiently extreme climate change for liquid water to have existed recently enough to erode these channels, so they too were probably cut by lava.

Naming surface features
 

I have used names of surface features on other planets several times already: Olympus Mons, Valles Marineris, Hadley Rille, and so on. Without such names, I would be reduced to referring to them as ‘the biggest volcano on Mars’, ‘Mars’s giant canyon system’, and ‘that big trench near where Apollo 15 landed’. Less notable features would be even harder to describe, unless by a totally unmemorable coordinate system.

But nobody lives there, so who allocates names and how official are they? When astronomers first started to draw maps through their telescopes, some were sufficiently independently minded to invent their own names, often regardless of any previous work. An early task of the IAU (founded in 1919) was to sort out the mess, arrive at single official names for multiply named features, and to establish standards and conventions for allocating future names. This applied to the names of newly discovered bodies and also features on the surfaces of planetary bodies that it might become desirable to name or that would become visible thanks to improved imaging techniques. Originally, the latter meant simply bigger and better telescopes, and few founders of the IAU can have realized that they had established a means for supervising the nomenclature of features revealed by visiting spacecraft.

Some have castigated the IAU’s handling of Pluto’s reclassification, but I know of no one who thinks badly of the basis for the IAU-administered naming process. This is fair, non-political, and seeks to represent all the world’s cultures – not necessarily on any single body, but balanced across the whole Solar System.

Building on what had already become common practice for lunar features, IAU nomenclature assigns a single unqualified name to craters, whereas most other features are given a name plus a Latin descriptor term that denotes what kind of a feature it is. Thus ‘Olympus Mons’ means ‘Olympus Mountain’, telling you immediately that this feature is a mountain named Olympus. Note that although no one doubts that Olympus Mons is a volcano, the descriptor term does not say this. Descriptor terms intentionally avoid interpretation (which may turn out to be wrong) and stick to description.

Common descriptor terms that you may meet are: chasma (a deep, elongated, steep-sided depression), fluctus (a flow-like feature), fossa (long, narrow, shallow depression), mensa (flat-topped prominence with cliff-like edges), planitia (low-lying plain), planum (high plain or plateau), rupes (scarp), and vallis (branching valley). On the Moon, there is also mare (plural maria) which translates as ‘sea’ but had become too entrenched to be replaced by a more apt term.

There are also themes for names on each planet. Lunar craters are named after famous deceased scientists, scholars, and artists, whereas maria take Latin terms describing various weather conditions. Mars is the only place other than the Moon with significant heritage of names from before the IAU became involved. These, with modern descriptor terms added, come from telescopic mapping by Giovanni Schiaparelli and Eugenios Antoniadi in the late 19th century, and mostly refer to broad regions such as Tharsis and Elysium. Each large valley is given the name for Mars in a different language, whereas small valleys are named after rivers on Earth. On Venus, almost all names are female: craters are named after famous historical women and most other features after goddesses. On Mercury, craters are named after dead artists, musicians, painters, and authors, whereas scarps (rupes) are named after scientific expeditions or the ships that carried them. Beagle Rupes (Figure 4) is named after HMS Beagle on which Charles Darwin voyaged while amassing the observations that inspired his theory of evolution.

Similar principles apply to names of asteroids and the satellites of other planets. For example, Jupiter’s satellite Europa has craters named after Celtic gods and heroes, and most other features have names taken from the classical myth about Europa.

Atmospheres
 

After its birth, each terrestrial planet must have developed an atmosphere when internal gases leaked out via the magma ocean. These primitive atmospheres do not survive today, though the gases escaping from volcanoes show what they may have been like. The Moon and Mercury have too little gravity to hang on to a gas blanket, and the ‘atmospheres’ that you can sometimes find quoted for them, with pressures much less than a billionth of the Earth’s atmospheric pressure, consist largely of stray atoms knocked of the surface by micrometeorite and cosmic ray impact. So sparse are these atoms that each is more likely to drift off into space rather than collide with another atom. This condition defines the ‘exosphere’ of a planet. It is merely the tenuous outermost zone of most atmospheres, but is all that the Moon and Mercury can muster.

The stronger gravity of the more massive terrestrial planets enables them to hang on to gas more effectively, although the density and chemical composition have evolved out of all recognition as a result of numerous processes. In the early days, the more active solar wind may have stripped away most of each original atmosphere, but these would be replenished by volcanism. An important ongoing process is that short-wavelength solar ultraviolet light can split molecules of water vapour into hydrogen and oxygen. Hydrogen is very light, and can escape to space, which makes this ‘photodissociation’ of water an irreversible process. Venus and Mars have both lost much of their original water in this way. The compositions of the present-day atmospheres of Venus, Earth, and Mars are summarized in Table 4.

Having been split by ultraviolet light, atmospheric molecules can combine with others, by series of reactions described as ‘photochemistry’. This occurs especially in a planet’s ‘thermosphere’ which begins about 100 kilometres above the surface, so named because this layer is heated by the solar ultraviolet energy used in either splitting molecules apart or stripping them of some of their electrons. The latter process is called ionization, and ions (mainly of oxygen for the Earth and carbon dioxide for Venus and Mars) can be sufficiently common in the outer reaches of a thermosphere to make an electrically conducting layer referred to as the ‘ionosphere’. When a solar storm brings plasma from the Sun to the Earth, this distorts the magnetic field and causes unusual currents to flow in the ionosphere that can badly disrupt radio communications and even cause power failures.

Table 4 The present-day atmospheres of terrestrial planets, showing the abundances of the six most common gases expressed as a percentage of the total number of molecules (water is very variable in Earth’s atmosphere), and the surface pressure relative to Earth
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Deeper layers of an atmosphere, where the short-wavelength ultraviolet does not penetrate, are immune from photochemistry. Here the air is warmed mostly by contact with the ground (which is warmed directly by the Sun), and so in the lowest layer, called the troposphere, atmospheric temperature decreases upwards. Atmospheric pressure and density also decrease upwards, which means that the troposphere contains most of the mass of the atmosphere. In the troposphere, composition can evolve because of chemical reactions between air and rock (this is a corollary of chemical weathering) and especially (perhaps only) in the case of the Earth because of life. Here plants and primitive single-celled organisms use solar energy and atmospheric carbon dioxide to build their bodies, releasing gaseous oxygen that was vanishingly rare in the original atmosphere. Without plants, oxygen-breathing animals (like us) could not exist. The temperature would also be different, as I will explain shortly.

When air near the base of the troposphere is heated, it must expand, which makes it buoyant. It will then rise, to be replaced by colder air displaced from above. This is another example of convection (which you previously met within a planet’s mantle), and is what drives the weather on the Earth, Venus, and Mars. The pattern of circulation is different in each case because it also depends on such factors as the planet’s rate of rotation (slow for Venus), the rate of rotation of the atmosphere (much faster than that of the planet itself in the case of Venus’s upper troposphere), and the day-night temperature difference (high for Mars, small for Venus). Figure 15 shows the characteristic circulation above Venus’s south pole. In contrast, spiral storm systems in the Earth’s atmosphere tend to begin near the tropics.

The Earth’s atmosphere also differs from its neighbours in the complexity of its layering. At Venus and Mars, temperature decreases rapidly with altitude in the troposphere, then decreases more slowly with altitude in a (non-convecting) layer called the mesosphere, and then rises with altitude in the thermosphere because of the ultraviolet absorption. The Earth is unique among terrestrial planets in having a layer extending from about 10 to 50 kilometres altitude, between its troposphere and mesosphere, where temperature increases with altitude. This is the stratosphere, which is warmed by the absorption of 230-350-nanometre-wavelength ultraviolet photons (to which the thermosphere and mesosphere are transparent) by ozone molecules. Ozone is three oxygen atoms bound in a molecule (O3), as opposed to two oxygen atoms (O2) which is what is usually meant when referring to ‘oxygen’, and is assembled from oxygen by photochemical reactions higher in the atmosphere.
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15. The ‘eye’ of Venus’s 2,000-kilometre-diameter south polar vortex, imaged 24 hours apart. The dot indicates the south pole. These images, recorded in the mid-infrared, see the cloud-tops about 60 kilometres above the surface. The centre of the ‘eye’ is warmer (appearing brighter), showing that here the clouds are drawn downwards to warmer, deeper levels
 

Greenhouse effects and the hole in the ozone layer

Many people are aware of the ‘hole in the ozone layer’ and the ‘greenhouse effect’, but tend to conflate them as twin culprits of climate change. However, the two are very different.

The ozone layer occurs (only) in the Earth’s stratosphere, and is where 230-350-nanometre ultraviolet light is absorbed. This is very important for ourselves and other surface-dwelling life, because if it is not blocked out such radiation can cause skin cancers and genetic damage. It takes surprisingly little ozone to be an effective screen. If you gathered all the ozone that is dispersed in the stratosphere into a single layer at sea-level it would be only about 3 millimetres thick. This is a fragile veil, so when in the 1970s and 1980s it became apparent that over Antarctica the stratosphere had lost perhaps half its ozone, there was considerable concern, and talk of a ‘hole in the ozone layer’. The main cause was traced to reactions involving industrial chemicals called chlorofluorocarbons (CFCs) which, as a consequence, have now been banned from their former use in aerosol sprays and refrigerants so they cannot leak into the atmosphere. The Antarctic ‘ozone hole’ and a lesser one over the Arctic have now stabilized. Depletion of ozone is only a few per cent outside of the polar regions, and is undetectable over the tropics.

There is no simple link between ozone concentration and mean global temperature. A badly depleted ozone layer would make life unpleasant, but has little to do with climate change or global warming. The tropospheric temperature of a planet is controlled by how effectively the lower atmosphere absorbs infrared radiation. This is because visible sunlight warms the ground, and the warmed ground emits infrared radiation. The temperature of the atmosphere depends on two factors: the heat it picks up from contact with the ground, and how much of the outgoing infrared radiation it can absorb.

Most gas species are transparent to infrared radiation, but molecules consisting of two or more different elements absorb infrared quite strongly. Thus nitrogen (N2), oxygen (O2), and argon (Ar) do not absorb infrared, but water vapour (H2O), carbon dioxide (CO2), sulfur dioxide (SO2), and methane (CH4) do. By analogy with trapping warmth inside a greenhouse, this is called the ‘greenhouse effect’. There is a natural greenhouse effect in the atmospheres of Venus, Earth, and Mars. Thanks mostly to its enormous load of carbon dioxide, the atmospheric greenhouse effect on Venus maintains its surface temperature an impressive 500°C above what it would otherwise be. Water vapour and carbon dioxide warm the Earth by about 30°C, and greenhouse warming of Mars, which has a tenuous carbon dioxide-rich atmosphere, is only about 6°C.

Earth’s greenhouse effect keeps the temperature within a range to suit the life that has evolved here. Mediated by life itself, the strength of the greenhouse effect has changed to keep the temperature in the right range. Four billion years ago, the Sun was only about 70% as brilliant as it is today, so the Earth would have been very much colder, had its atmosphere been the same as today’s. However, before 4 billion years ago, it was probably mostly carbon dioxide, and 100 times denser than today, so the greenhouse effect would have been stronger. Thanks to primitive algae, the carbon dioxide content had decreased to about 10 times its present value by about half a billion years ago, so of course the greenhouse effect must have declined too. Free oxygen (O2) first appeared some time between about 2.7 and 2.2 billon years ago, and peaked at about 170% of its present concentration between 250 and 200 million years ago. Clearly, life on Earth has both influenced and benefited from changes in the composition of the atmosphere.

Since the beginning of the industrial era, human activity has affected the atmosphere in various ways: ozone depletion, industrial smog, and so on. However, what should concern us most is our release of carbon dioxide into the atmosphere, or, rather, back into the atmosphere, for most of this is carbon dioxide previously extracted from the atmosphere by organisms and sequestered as coal or oil. The amount of atmospheric carbon dioxide increased by about 20% in the 50 years since 1960 (faster than any natural process), and is still increasing. This ‘anthropogenic greenhouse effect’ will inevitably lead to warming of the global climate. A few degrees’ rise in temperature will affect ecosystems and will also tend to make local weather (including short-term temperature fluctuations) more extreme. Another consequence will be a rise in global sea-level, chiefly because water expands as it warms. So, although the natural greenhouse effect in our atmosphere is a good thing, human-induced rapid increases in the effect could have potentially disastrous consequences for our civilization.

Against a background of general gradual decrease in the natural greenhouse effect, which counterbalanced the slow waxing of the Sun’s luminosity, there have been several excursions in the Earth’s climate. Ice Ages, when much (in extreme cases all) of the surface water was frozen, are the best-known example. These are controlled not so much by the atmosphere as by variations in the tilt of the axis and the eccentricity of the orbit. Similar effects probably explain the drastic changes in the wetness of Mars’s surface over time.

Clouds

Clouds are highly reflective, so the cloudier an atmosphere, the more solar energy is reflected directly back into space. However, a cloudy sky increases the ability of an atmosphere to trap heat from the sunlight that does reach the ground, so the effect of clouds on global temperature is complex. The unbroken clouds of Venus have not saved its surface from being thoroughly cooked by the greenhouse effect.

Clouds form when the temperature and pressure make it favourable for some constituent of the atmosphere to condense as liquid droplets or ice particles. In the case of the terrestrial planets, the relevant constituent is usually water. Although water is only a small fraction of Venus’s atmosphere, there is enough to form a continuous layer of cloud at the top of its troposphere, between about 45 and 65 kilometres above the surface. There, water vapour condenses as droplets about 2 micrometres across. These remain suspended, being too small to fall, and are described as aerosol droplets. Atmospheric sulfur dioxide dissolves in them, so they turn into sulfuric acid. However, if anyone tries to tell you that it ‘rains sulfuric acid on Venus’, they are wrong. Wherever the droplets are drawn down below about 45 kilometres by atmospheric circulation, the heat causes them to evaporate again, and they never have the chance to become raindrops large enough to fall groundwards.

Above about 6 kilometres, Earth’s clouds consist mostly of tiny ice particles, and below that altitude they are mostly droplets of water. Rainclouds are not really grey, they just look that way because they are thick enough to blot out so much light. On Mars, clouds are comparatively rare. In most of its troposphere, they are made of water-ice, whereas around 80 kilometres, near the troposphere/mesosphere boundary, clouds of carbon dioxide particles have been observed.

Polar caps and oceans

As well as condensing to form clouds, atmospheric constituents may condense as either ice or liquid at the surface. The Earth is the only terrestrial planet to have oceans today, which of course are made of water. Near the poles, water is frozen to form polar caps. The young planet Venus may have enjoyed a brief epoch when oceans covered the globe, before the evaporated water vapour (subsequently lost by photodissociation) added to a burgeoning greenhouse effect leading to the current parched situation.

However, Mars is different. A vast ‘Oceanus Borealis’ occupying the whole of the low-lying northern plains about 3.8 billion years ago was in vogue in the 1990s. Although that remains contentious, many would accept the likelihood of lakes on Mars extensive enough to be called ‘seas’ at the time when channels such as those in Figure 13 were flowing, and some frozen relics may even survive, buried by dust (Figure 10). However, there is no doubt that ice exists at the surface today in Mars’s polar caps (Figure 16). These consist of ‘permanent’ water-ice with a fringe of carbon dioxide frost that grows and contracts seasonally.
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16. 1,500-kilometre-wide images of Mars’s northern polar cap in early spring (left) and high summer (right). In summer, most of the carbon dioxide frost has sublimed (turned from ice to vapour), leaving only the residual, ‘permanent’ cap of water-ice
 

Earth’s and Mars’s polar caps interact with the atmosphere. They are, in effect, deposits of gases that have ‘frozen out’ of the atmosphere, either falling from the clouds as snow or condensing directly onto the ground. When the temperature rises, material from the polar caps is returned to the atmosphere, either by melting and then evaporation (for water on Earth, and probably Mars in the past) or by subliming directly from ice to vapour (on Mars, for carbon dioxide and water today).

Equilibria like these cannot occur on airless bodies like the Moon and Mercury, and so polar caps are not to be expected. However, during the 1990s it was noted that radar signals are reflected with unusual strength from permanently shadowed regions inside craters near the poles of both bodies. This would be consistent with water-ice dispersed as grains within the regolith. A possible explanation is that the floors of these craters are so cold that any stray water molecules that wander into them tend to adhere to the surface in ‘cold traps’. This water need not be part of these bodies’ original inventory, it could have been supplied later by impacting comets. Finding a supply of water on the Moon is of great importance if a human colony, or even just a permanently occupied base, is ever to be established there. The poles are clearly the best bet, and in 2009 water was confirmed in an ejecta plume created when a spacecraft was crashed into a permanently shadowed polar crater. Infrared spectra obtained by other spacecraft revealed water and hydrated minerals dispersed in the regolith across broader regions, in minute concentrations but raising hopes that the Moon might not be so wholly inhospitable as formerly believed.

Cycles
 

Interplay between interior, surface, and atmosphere, and the cycling of components between them, is extremely important. The Earth’s ‘hydrologic cycle’ is the most familiar example. It is not a single cycle, but an array of interconnected loops. In essence, water in the oceans evaporates to form clouds, and later precipitates out as rain or snow that eventually finds its way back into the oceans (via rivers or seasonal polar caps). Water can be drawn into the interior (deeply at subduction zones or more shallowly by infiltration of the ground) and re-emerge via volcanoes. It can also react chemically with rock (chemical weathering) and be stored within minerals. There is also an important ‘carbon cycle’ with loops passing between atmospheric carbon dioxide, living plants and animals, dissolved carbon dioxide, marine limestones, hydrocarbon deposits, volcanic gases, and so on.

Mars is sure to have similar cycles, though acting more sporadically and over different timescales, and with different relative importances for each loop. There are probably even slower cycles involving carbon dioxide and sulfur dioxide on Venus, in which the atmosphere weathers the surface rocks, which eventually become buried by lava flows to depths at which the gases are liberated once more and escape back to the atmosphere through volcanic vents. Until we have explored and documented the complexities and timescales of these multi-looped and inter-related cycles, our understanding of what makes each planet ‘tick’ will remain naive.
  

Chapter 3
Giant planets
 

These are the bodies that dominate the Solar System – provided you think it is size that matters, and are willing to overlook the Sun itself. The four giant planets are illustrated to scale in the lower half of Figure 3, showing how comprehensively their size overshadows the terrestrial planets. The view of Uranus is from the Hubble Space Telescope in orbit about the Earth, whereas the other giant planets are as seen by visiting spacecraft. Their domination by mass is not quite so overwhelming, because they are less dense than the terrestrial planets. Jupiter’s density is only 24% of the Earth’s, and Saturn is even less dense and would float if dropped into a sufficiently large (and purely hypothetical) bucket of water. All of them have rings in their equatorial plane, though only those of Saturn and Uranus are sufficiently prominent to be visible in Figure 3. Although the rings look solid, they are made of myriads of orbiting particles and are extremely insubstantial. They are discussed, along with the giant planets’ satellites, in the next chapter.

By convention, the size of a giant planet is measured from the top of its clouds. These occur in the planet’s troposphere, above which are largely transparent and progressively less dense layers classifiable in the same way as for the Earth’s atmosphere. The base of a giant planet’s troposphere is hard to define and has never been explored even in the case of Jupiter, where in 1995 an entry probe released by the Galileo spacecraft reached a depth of 160 kilometres below the cloud-tops before pressure (22 atmospheres) and temperature (153°C) put paid to it. Probably, the troposphere of each giant planet merges seamlessly into a fluid interior at temperatures and pressures so high that there is no distinction between gas and liquid. Certainly, there is no solid surface that a human could ever stand upon.

Basic data for the giant planets are given in Table 5. The polar diameters quoted there are less than equatorial diameters, because rapid rate of rotation (see Table 2) flattens their shapes. Jupiter’s polar diameter is 6.5% less, and Saturn’s 10% less, than its polar diameter. The difference is only about 2% for the less gassy and more slowly rotating Uranus and Neptune (and is less than 1% for each terrestrial planet).

Interiors
 

There is no simple way to study the interior of a giant planet, but we can use atmospheric composition (99% hydrogen and helium) and our general knowledge of what the Solar System as a whole is made of to construct a model that is consistent with its measured density, and with the interior pressures that we can infer from this. Below the atmosphere, each giant planet must have a zone consisting mostly of hydrogen molecules (H2) and helium atoms (He), in a state that it is better to call ‘fluid’ rather than either ‘liquid’ or ‘gaseous’. At the very centre, there is probably a rocky inner core, of about three Earth-masses inside Jupiter and Saturn, and about one Earth-mass inside Uranus and Neptune. Surrounding the inner core, there ought to be an outer core of ‘ice’ composed of unknown proportions of water, ammonia, and methane, amounting to about twice the mass of the Earth inside Jupiter, maybe six Earth-masses inside Saturn, twelve inside Uranus, and fifteen inside Neptune. We do not know whether these outer and inner cores are molten or solid, because although we can estimate the pressure (a staggering 50 million atmospheres in the centre of Jupiter), we do not know the composition and have only a vague idea of the likely temperature (ranging from in excess of 15,000°C in the centre of Jupiter to about 2,200°C at the outer edge of Neptune’s core). Our understanding of how materials behave under such extreme conditions is sketchy, including whether metallic iron could differentiate from the rock and sink towards the centre to form an inner-inner core. The cores of Uranus and Neptune might even be undifferentiated mixtures of ice and rock.

Table 5 Basic data for the giant planets. Note that the mass units are a thousand times bigger than for the terrestrial planets in Table 3
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Accounting for the cores leaves little more than one Earth-mass for the hydrogen and helium exteriors of Uranus and Neptune, comprising shells about 6,000 kilometres thick. However, the ‘gas giants’ Jupiter and Saturn have much deeper envelopes of hydrogen and helium surrounding their cores, in excess of 300 and 80 Earth-masses, respectively. Hydrogen is easier to model than ice or rock, and scientists are pretty confident that at pressures greater than about 2 million atmospheres, hydrogen atoms are squeezed so tightly together that electrons are no longer confined about specific atoms. Instead, they are able to wander through a sea of hydrogen that behaves like a molten metal. This freedom of electron movement makes ‘metallic hydrogen’ an excellent conductor of electricity. A shell of metallic hydrogen (with some helium dissolved in it) surrounding Jupiter’s core probably accounts for about 260 Earth-masses (80% of Jupiter’s total mass), whereas around Saturn’s core it is thought to comprise a more modest 41 Earth-masses (just over 40% of Saturn’s total mass). Figure 17 illustrates the full internal structure of Jupiter.

The internal structure of the giant planets may still be evolving because, with the possible exception of Uranus, they all radiate more heat to space than they receive from the Sun. Jupiter is so massive that it could still be leaking out a significant amount of primordial heat trapped within since its formation, but for Saturn and Neptune this heat excess shows that heat must actually be being generated within. The discrepancy is too large to be radiogenic heat, so internal differentiation may still be occurring. The settling of denser than average material inwards (allowing an inner shell to grow while the surrounding shell becomes thinner but purer) would convert gravitational potential energy into heat. Such heat could come from continuing growth of cores (or inner cores) or, for Saturn only, from inward settling of helium droplets inside its metallic hydrogen layer.
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17. Cut-away diagram showing the proposed internal layers within Jupiter. The principal tropospheric cloud-top zones (bright) and belts (dark) are labelled
 

Atmospheres
 

Composition
 

In contrast to the reasoned speculation about giant planet interiors, understanding of their atmospheres can draw more on observation and measurement. The composition of clouds and the overlying layers can be measured by optical spectroscopy, which is the study of how sunlight of different wavelengths is absorbed at various depths within the atmosphere. In addition, the average molecular mass at each depth can be determined by the amount of refraction experienced by radio signals transmitted by a spacecraft while it disappears from view behind the planet. Also, the Galileo entry probe made various measurements inside Jupiter’s atmosphere during its descent. Table 6 compares the chemical composition of the four giant planets’ atmospheres. In addition to the species listed there, each contains smaller traces of ethyne (C2H2), Jupiter has ethene (C2H4), and Jupiter and Saturn both have phosphine (PH3), carbon monoxide (CO), and germane (GeH4).

The topmost layer of continuous clouds on Uranus and Neptune is of methane-ice particles. It is too warm for methane condensation at Jupiter and Saturn, where instead ammonia-ice particles condense to form the topmost clouds. These top cloud layers are about 10 kilometres thick, below which the ‘air’ probably becomes clear again. Calculations suggest that in the case of Jupiter, there should be a second layer of clouds made of ammonium hydrosulfide (NH4HS) about 30 kilometres below, and a third cloud layer, this time of water (ice at the top, liquid water droplets below) about 20 kilometres lower still. The Galileo entry probe found probable ammonium hydrosulfide clouds at about the right depth but did not find any water-ice clouds. Some say the models are wrong; others say that the probe penetrated into a gap between discontinuous water-ice clouds. The same cloud layers are expected at Saturn, but spaced about three times further apart because of Saturn’s lower gravity. Ammonia-bearing clouds are expected below the methane clouds of Uranus and Neptune.

Table 6 Gases detected in the atmospheres of the giant planets, showing the measured proportion made up by each
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The atmospheric pressure at the top of Jupiter’s ammonia clouds is a factor of two or three less than the sea-level atmospheric pressure on Earth, whereas on the other giant planets the cloud-top pressure is close to Earth’s sea-level pressure.

Circulation

A global pattern of cloud bands running parallel to the equator is visible on Jupiter even through a small telescope. A similar pattern is repeated less dramatically on the other giant planets. Solar heating must play some role in the circulation of this, visible, part of their atmospheres, but it appears to be powered mostly by internal heat and to be controlled by their rapid rotation.

Traditionally, the dark bands are referred to as ‘belts’ and the intervening bright bands as ‘zones’. The names given to the main belts and zones on Jupiter are indicated on Figure 17. Because there is no solid surface to act as a frame of reference, wind speeds on giant planets are measured relative to the planet’s average rate of rotation. On Jupiter, the cloud-top wind blows to the east at up to 130 metres per second across most of the Equatorial Zone. The adjacent edges of the North and South Equatorial Belts share this motion, but the wind speed decreases and ultimately reverses with distance away from the equator across each belt until the Tropical Zones are reached, where the wind direction reverses again, and so on with repeated reversals across each belt and zone until the polar regions.

In Jupiter’s zones, the atmosphere is mostly rising, leading to condensation of ammonia clouds high up, where they naturally appear bright. Conversely, in the belts the atmosphere is mostly sinking, drawing the cloud-tops lower, so to a depth where they look darker. Local exceptions to this pattern have been identified on Jupiter, and the general rule of rising zones and sinking belts scarcely seems to hold at all on the other giant planets, whose atmospheric circulation is harder to fathom. A complicating factor influencing the visibility of zones and belts is the poorly understood nature and abundance of whatever trace compounds add colour to the clouds, and which are expected to result from photochemical reactions. Jupiter’s various hues of yellow and red could be caused by sulfur (released photochemically from either hydrogen sulfide or ammonia hydrosulfide), phosphorous (from phosphine), or hydrazine (N2H4, made photochemically from ammonia).

Colour variations are less pronounced in Saturn’s atmosphere, and the pattern of zones and belts is less prominent. However, wind speeds are higher, with eastward-blowing winds in excess of 400 metres per second prevailing for 10° either side of the equator.

Rotating storm systems are well known on both Jupiter and Saturn. The most famous is Jupiter’s Great Red Spot. This can be seen in Figure 3, as an oval feature straddling the boundary between the South Equatorial Belt and the South Tropical Zone. It extends 26,000 kilometres from east to west, having a spiral structure and taking about six days to rotate anticlockwise. It has been apparent in telescopic observations since at least 1830. Smaller storms can be made out at a variety of scales on both Jupiter (look along the South Temperate Belt in Figure 17) and Saturn. About once every 30 years, during summer in its northern hemisphere, Saturn tends to be disfigured by a giant storm system that begins as a white spot near the equator, but within a month can spread to encircle the globe before gradually fading from view.

Whereas Jupiter and Saturn have a yellowish cast, Uranus and Neptune appear bluey-green. This is because we see their cloud-tops through a depth of overlying methane gas, which preferentially absorbs the longer (red) wavelengths of light.

The 82.1°C axial tilt of Uranus makes for extreme seasonal variations. For example, when Voyager 2, the only spacecraft yet to have visited Uranus, flew past in 1986, the south pole was in full sunlight and most of the northern hemisphere was suffering decades of darkness. Its southern hemisphere looked disappointingly bland on the Voyager images, but as the Uranian year progressed and the Sun began to rise and set over a wider range of latitudes, the globe began more to resemble the other giant planets (Figure 18). In 2007, Uranus passed through its equinox, and the south pole, followed gradually by the rest of the southern hemisphere, began to drift into long-term darkness, which will peak with southern midwinter in 2028.

When Neptune was revealed in detail during Voyager 2’s 1989 fly-by, it resembled a blue version of Jupiter. There was even a giant storm system in the form of a dark spot just south of the equator, which was dubbed the ‘Great Dark Spot’ in tribute to its famous Jovian cousin. However, it proved to be shorter-lived, and had vanished by 1994. Unlike at Jupiter and Saturn, the equatorial wind stream on Neptune blows west (opposite to the planet’s rotation), as can be seen by the westward drift of the Great Dark Spot relative to the smaller, more southerly spot in Figure 18.

Magnetospheres
 

Each of the giant planets has a strong magnetic field. The ‘magnetic dipole moment’ of Neptune, which is the conventional measure of a planetary magnetic field, is 25 times greater than the Earth’s. Uranus’s is 38 times, Saturn’s is 582 times, and Jupiter’s is 1,949 times greater. To generate these fields, each planet must contain a zone of electrically conducting fluid undergoing some kind of convective motion. In the two terrestrial planets with magnetic fields (Mercury and Earth), the explanation is a fluid shell of their iron cores. The magnetic fields of Jupiter and Saturn are probably generated in the metallic hydrogen layer, stirred into motion by the planets’ relatively rapid rotation. Pressures are too low for metallic hydrogen in Uranus and Neptune, so their magnetic fields are harder to account for, but are probably caused by motion within electrically conducting ‘ice’ of their outer cores.
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18. Top: Uranus seen by the Hubble Space Telescope in August 1998 (left) and July 2006 (right). The change in orientation of the planet’s axis relative to the Sun is apparent from the pattern of the atmospheric banding. The region around the south pole was still in sunlight in 1998, but the axis had become nearly edge-on to the Sun by 2006. High, bright clouds are apparent in the far north in the 1998 image, which also shows the rings and several of the inner satellites. The rings were edge-on and invisible in 2006, but instead we can see one of the regular satellites (Ariel) and its shadow. Bottom: two images of Neptune seen by Voyager 2 during its approach in 1989, recorded almost exactly one planetary rotation apart. The Great Dark Spot and associated wisps of high, bright nitrogen cirrus clouds are prominent. Note also the general banded structure, and a smaller dark spot further south
 

An important consequence of a planet having a magnetic field (which applies to Mercury and the Earth too) is that it cocoons the planet inside a zone into which magnetic field lines from the Sun cannot usually penetrate. This zone is called the planet’s ‘magnetosphere’. The paths of charged particles in the solar wind (chiefly protons and electrons) are controlled by the Sun’s magnetic field, until they hit the ‘bow shock’ of a planet’s magnetosphere, which diverts them past the planet.

Charged particles can get through sometimes, especially by leaking back up the long magnetotail, down-Sun from the planet. Near the poles, these can be channelled along field lines towards the top of the atmosphere, where their arrival causes glows in the sky called aurorae, well known on Earth and observed also on Jupiter and Saturn.
  

Chapter 4
Giant planets’ satellites and rings
 

Rings and a large family of satellites are features common to all four giant planets. There are variations in emphasis and scale, but the similarities between each ring-satellite system outweigh their differences.

Ring-satellite systems
 

Most outer satellites of each giant planet travel in eccentric orbits, usually in the opposite direction to the spin on their planet. Furthermore, many of these orbits are inclined at >30° relative to their planet’s equator. The typically eccentric, retrograde, and inclined nature of their orbits earns these bodies the name ‘irregular satellites’, quite apart from the fact that (being at most about 100 kilometres, and more often only a few kilometres, across) they have far too little gravity to pull themselves into spherical shapes. The irregular satellites are the most numerous class: at the last count, Jupiter had 55, with orbital semi-major axes ranging from 105 to 400 Jupiter radii; Saturn had 38, with orbits from 184 to 417 Saturn radii; Uranus had 9,167-818 Uranus radii; and Neptune had 6, 223-1,954 Neptune radii. The ‘regular satellites’ are the large ones in near-circular prograde orbits, much closer to their planets, and with very low inclinations. Jupiter has 4 (the ones discovered by Galileo) whose orbital semi-major axes range from 5.9 to 26.3 Jupiter radii. These are substantial worlds, and geologically have much in common with the terrestrial planets, though of course they do not satisfy the IAU definition of a planet. Saturn has 8 (all but one considerably smaller than Jupiter’s, and orbiting at 3-59 Saturn radii), and Uranus has 5 (at 5-23 Uranus radii). Neptune has one large satellite, Triton, orbiting at 14 Neptune radii, that would be regarded as ‘regular’, except for its retrograde orbit. An important characteristic, shared by all regular satellites (including Triton), is that tidal forces have such a grip on them that they are in synchronous rotation, rotating once per orbit, so that (like the Earth’s Moon) they keep the same face towards their planet.

Closer still, we find irregular-shaped lumps of debris that it is convenient to distinguish as ‘inner moonlets’. These have circular, prograde, equatorial orbits. So do the particles that make up the rings, and, given that some inner moonlets’ orbits lie within the rings, there is probably no fundamental difference between a large ring particle and a small inner moonlet. Jupiter has only 4 known inner moonlets, but Saturn has 14, counting 7 whose orbits lie among those of its innermost regular satellites. Uranus has 13 and Neptune 6.

The width and number of rings varies from planet to planet, Saturn’s being by far the most spectacular, but in general their thickness is no more than a few tens of kilometres. Mostly, they are closer to their planet than a distance known as the ‘Roche limit’, a boundary within which any large body should be ripped apart by tidal forces. Most rings are regarded as debris left over from the tidal disruption of a satellite or comet that strayed too close to the planet, but some less substantial rings are demonstrably supplied from nearby satellites by particles vented actively into space or thrown up by impacts.

Saturn’s rings are made of ice and reflect about 80% of the sunlight falling on them. Despite their prominent appearance (Figure 3), the material in them would suffice only to make a body about 100 kilometres in diameter if it could all be gathered together. Although individual ring particles have not been imaged directly, the rate at which the rings cool when the shadow of their planet falls across them shows that Saturn’s rings are mostly particles between about a centimetre and 5 metres in size. In contrast, Jupiter’s much less substantial rings are made largely of micrometre-sized particles that are also much less reflective than the bright icy lumps in Saturn’s rings. The ring-material at Uranus and Neptune reflects sunlight poorly (like Jupiter’s ring-material) but is mostly centimetres to metres in size (like Saturn’s ring-material).
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19. A 5,000-kilometre-wide view of part of Saturn’s ring system, seen by Cassini on 27 July 2009. At this scale, the curvature of the rings round the planet (out of view to the right) is scarcely discernible. The rings reflect most sunlight where particles are most densely packed, and black space shows through in particle-free gaps. Pan, a 28-kilometre-diameter shepherd satellite, can be seen orbiting in the widest gap. As well as sweeping most of this gap clear, Pan influences narrow and discontinuous rings within the gap. The exceptional length of Pan’s shadow on the rings to its right is because this image was recorded when the Sun lay very close to the plane of the rings
 

Orbital resonances lead to a complex gravitational interplay between rings and the inner moonlets that orbit among them (Figure 19). Those are often called ‘shepherd satellites’ because some sweep clear many of the gaps in the rings, and others form, deform, and maintain narrow rings with orbits just within or just beyond their own.

In general, rings occur closer to their planet than the regular satellites, but Saturn is an exception in that it also has a diffuse outer ring of dark, dusty material centred around the orbit of Phoebe, one of its innermost irregular satellites. The material in this ring, which was discovered in 2009 using a space-based infrared telescope, is presumably being supplied from Phoebe in some way yet to be understood.

Remarkable satellites
 

There was a time when pretty much everyone expected even the largest of the outer planets’ satellites to be dreary objects. Ancient ice-balls, heavily pock-marked by impacts, they would record the outer Solar System’s bombardment history, but would be of no further interest unless you wanted to study mutual orbital evolution. That was the standard view until 2 March 1979, when Stanton Peale, working at the University of California, published (with two colleagues) a paper pointing out that the exact 2:1 orbital resonance between Jupiter’s innermost Galilean satellites, Io and Europa, ought to result in so much tidal distortion of Io’s shape that its interior should be molten. From estimates of density plus spectroscopic analysis of their surfaces, it was already known that Io has a rocky crust, unlike the other satellites that are predominantly ice. To suggest a molten interior inside a rocky body (where the melting temperature is so much higher) was a particularly bold step. Few might have believed this claim if Voyager 1 had not flown past a few days later and transmitted pictures of explosively erupting volcanoes, topped by 300-kilometre-high eruption plumes.

Although tidal heating of Io is by far the strongest, the same process affects various other satellites, and many more bear signs of ancient episodes of tidal heating. This makes them varied, and intriguing to geologists. They don’t mind that in most of them only the core is made of rock, surrounded by a thick mantle of ice, with perhaps a chemically distinct icy crust at the surface. Under the low surface temperatures prevailing in the outer Solar System (ranging from –140°C for Jupiter’s satellites down to –235°C for Neptune’s satellites), the mechanical properties and melting behaviour of the ice are very closely analogous to how rock behaves in the inner Solar System. In other words, those bodies have both the behaviour and structure of a terrestrial planet, with rock in place of iron in the core, and ice instead of rock in the crust and mantle.

Io is an exception in being ice-free with a rocky crust and mantle surrounding an iron core, and would be classifiable as a terrestrial planet if it was orbiting the Sun instead of Jupiter. Europa is a hybrid, having a structure like Io buried below 100-150 kilometres of ice. Here I describe both of those and some of the other satellites that fascinate me most, concentrating on the more active examples, though even the crater-pocked ice-balls have turned out to be more interesting than the dull globes formerly imagined.

Io

Io is only slightly bigger (3,642 kilometres in diameter) and denser than our own Moon, but the two could hardly be more different. Io’s terrain is resurfaced so rapidly by volcanic processes that not a single impact crater is to be seen, despite the fact that the effect of Jupiter’s gravity in focusing stray projectiles inwards must mean that Io is struck more often than Jupiter’s heavily cratered satellites Ganymede and Callisto that orbit beyond Europa. When the first Voyager 1 colour close-ups of Io were studied in 1979, its yellow hue led many to suppose that the lobate lava flows that could be recognized on its surface were made of sulfur. However, it is now accepted that Io’s volcanism is molten silicate material (true ‘rock’). The temperatures recorded in the heart of erupting volcanic vents are well in excess of 1,000°C, despite the intense cold beyond the active areas. The gas that escapes to drive explosive eruptions such as those in Figure 20 is mostly sulfur dioxide (whereas on Earth, it would be mostly water vapour), and both sulfur and sulfur dioxide condense on the surface as ‘frost’ that imparts the colour to Io.

Io lies within a belt of charged particles confined by Jupiter’s magnetic field. The radiation there is so intense that NASA’s Galileo mission controllers did not allow the spacecraft to make repeat close fly-bys of Io, so only a small fraction of Io’s globe was imaged well enough to show details below a few hundred metres in size. On the most detailed images, the pixels are only 10 metres across, and even on those no impact craters have been found.

If Io’s present-day rate of volcanism is representative of the long term, then its entire crust and mantle must have been recycled many times over. Covering of older surfaces by lava flows and fall-out from eruption plumes, amounting to a globally averaged burial rate of a couple of centimetres per year, obscures impact craters too rapidly for any to be apparent. If lo ever had an outer layer of ice, volcanic activity has long since vaporized it, allowing it to be lost to space, because Io’s gravity is too weak to hold on to water vapour or other light gas. What a fantastic place for a volcanologist to visit, if only the harsh radiation environment did not make Io’s surface so thoroughly inimical to human exploration.
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20. Top: part of the crescent view of Io seen by the Pluto-bound New Horizons mission passing Jupiter in March 2007. The plume from a volcanic vent at a site called Tvashtar caldera on the night-side rises 300 kilometres so that its upper part is in sunlight. An incandescent glow can be seen at its source, and the shadowed lower part of the plume is faintly illuminated by light reflected from Jupiter. Bottom: A 250-kilometre-wide view of Tvashtar seen eight years earlier by the Galileo orbiter. Sunlight is from the left. The darkest material is recent lava flows, and the east-west bright streak near the upper left is incandescent lava being erupted from a volcanic fissure
 

Europa

Europa (3,130 kilometres in diameter) is my favourite. Voyager images from fly-bys in 1980 and 1981 showed its surface looking like a cracked eggshell, with very few impact craters to be seen. Clearly, tidal heating was somehow refashioning Europa’s icy outer layer, though not so rapidly as Io. Higher-resolution imaging by the Galileo mission revealed a complex surface history, and led to an unusually bitter controversy. It was already well known that Europa’s surface is predominantly water-ice, and the globe’s overall density shows that its icy carapace has to be about 100-150 kilometres thick, overlying a denser, rocky interior. However, density arguments cannot distinguish between solid ice and liquid water. The surface ice is strong and brittle, thanks to its low temperature. The controversy that emerged was over the state of the ‘ice’ below the surface. Was it frozen all the way down to the rock or was the lower part liquid, capped by a floating ice shell?

The latter requires a greater rate of internal tidal heating coupled with the exotic concept of a global ocean of liquid water below the ice. So far as I am concerned, evidence from images such as Figure 21 makes it clear that the ice is generally thin, only a few kilometres, and so must be floating on water. However, for several years of Galileo’s orbital tour of the Jupiter system, a powerful lobby group on the imaging team persisted in trying to explain the surface features as a result of processes driven by solid-state convection in the thick ice layer.

What is now the generally accepted basis of Europa’s geology is best explained by reference to Figure 21. This shows numerous high-standing ‘rafts’ of ice, bounded by 100-metre cliffs. The surfaces of the rafts are characterized by a pattern of ridges and grooves, running in a variety of directions. Between the rafts, the texture is more jumbled, and lacks a clear pattern. There are large expanses of Europa (beyond this region) that have not been broken into rafts and where the surface pattern is uninterrupted ridges and grooves. The rafts in Figure 21 are clearly broken fragments of this sort of terrain. The ridge and groove pattern is caused by the opening and closing of cracks, probably on a tidal cycle coincident with Europa’s 3.6-day orbital period. Globally, only a few cracks would be active at any one time. When an active crack is opened (to a width of perhaps just a metre or so), water is drawn up from below. The water temporarily exposed to the cold vacuum of space at the top of the crack simultaneously boils and freezes, but pretty soon becomes covered by slush. When the crack closes, some slush is squeezed out onto the surface, forming a ridge above the closed crack. The next time the crack opens, the ridge is split, and is added to by more slush when the crack closes again. A few years of opening and closing would suffice to surround central grooves by ridges of the size we see. Eventually, each crack seals permanently, but a new crack will begin to operate somewhere else, and so the pattern is built up, giving the ridge and groove terrain covering much of Europa, an appearance that has been likened to that of a ball of string.
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21. A 42-kilometre-wide close-up of part of the Conamara Chaos region of Europa, where ‘melt-through’ from the underlying ocean has allowed rafts of ice to drift apart before the area refroze. Sunlight is from the right
 

In Figure 21, ‘ball of string’ terrain has been disrupted by the other great process that affects Europa. This is ‘melt-through’, and results in a jumbled mixture of broken ice rafts described as ‘chaos’. Under a future chaos region, the ocean becomes unusually warm – maybe because of silicate volcanic eruptions on the ocean floor – and the base of the surface shell of ice gradually melts, so the ice becomes thinner. Eventually, melting reaches the surface, and rafts (or floes) of ice break away from the exposed edges of ice shelf and drift into the exposed ocean. Any exposed water would refreeze pretty quickly, and perhaps it is better to think of kilometre-thick ice rafts nudging their way into a sea covered by icy slush, rather than into truly open water like the summer thaw of pack ice in the Earth’s Arctic ocean. In the north-west part of Figure 21, you can see the way many of the rafts originally fitted together, because they have not drifted far apart and their ‘ball of string’ textures can be matched.

After the temporary heat excess dies away, the ocean refreezes and the rafts cease to drift. The ice of the refrozen sea surface and beneath the rafts begins to thicken again. When the refrozen area is sufficiently thick and brittle, new cracks may open, and a new generation of ‘ball of string’ texture begins to overprint the whole region. In Figure 21, there is a young crack, flanked by a narrow ridge on either side, running diagonally across. It looks unremarkable where it crosses rafts, but you can tell that it must be young because it cuts the refrozen sea lying between the rafts.

If this story is even remotely correct, then there are some very thought-provoking implications. Chemical reactions with the underlying rock would make the ocean salty – though the most abundant dissolved salt might be magnesium sulfate rather than sodium chloride as in Earth’s oceans. Any such ocean overlying tidally heated rock provides a habitat for life equivalent to where life is believed to have begun on Earth. Lack of sunlight is no hindrance, because the ‘primary producers’ at the base of the local food chain would derive their energy from the chemical imbalance supplied to the ocean at submarine hot springs (hydrothermal vents). Such life is described as chemosynthetic, as opposed to photosynthetic. On Earth’s ocean floors, the hottest vents are called ‘black smokers’ because of the plume of metal sulfide particles that forms when the vent fluid mixes into the ocean water. These vents are surprising oases of life, where communities of organisms (including some as advanced as shrimps and crabs) feed on chemosynthetic microbes that gain their energy by converting carbon dioxide into methane. If life on Earth began in such a setting, why not also on Europa?

Life sealed below ice that is normally kilometres thick would be extremely challenging to find, requiring Europa landers to drill or melt a hole through the ice in order to launch a robotic submarine probe that could home in on a ‘black smoker’ plume. However, such an ambitious mission may not be necessary if the ridges either side of a young crack are built of slush squeezed up from the ocean. While a crack is open, it could provide a niche for photosynthetic life such as plants or (more reasonably) marine algae. Like life on Earth, these could have evolved from chemosynthetic forebears. Radiation would render the top few centimetres of the exposed water column uninhabitable, but there would be enough sunlight for photosynthesis in the next few metres. If there are primary producers (plants, algae) living off sunlight, there could be animals feeding on them. To find out, the first step is to investigate a sample from the ridge squeezed out of a crack.

The next big NASA-ESA collaboration in outer Solar System exploration is likely to be a mission to the Jupiter system. Its primary goal will be to verify the existence of Europa’s ocean, using ice-penetrating radar and by measuring the amount of tidal flexing (which would be only about a metre in the case of ‘thick’ ice resting on bedrock, but about 30 metres for a ‘thin’ ice shell floating on an ocean). Sadly, a lander cannot be contemplated yet, but there will at least be high-resolution spectroscopy from orbit to look for biogenic molecules in the ridge material.

Enceladus

It would be much easier to find biomarkers if Europan ice could be sampled without having to go down to the surface. Enceladus, a satellite of Saturn, offers just that opportunity. It is only 504 kilometres in diameter and has too low a density to contain much rock. Voyager showed it to be a strange little world, heavily cratered in parts but elsewhere apparently lacking in craters. The higher-resolution images transmitted by Cassini, which began an orbital survey of the Saturn system in 2004, shows a surface cut by many families of cracks (though rather unlike the ‘ball of string’ regions of Europa). It also discovered jets of icy crystals venting to space from cracks near the south pole (Figure 22). Fortunately, Cassini carried a mass spectrometer intended for study of ions and neutral particles, so the spacecraft’s trajectory was adjusted to allow it to fly through the plume and capture some samples. These were found to contain water, methane, ammonia, carbon monoxide, and carbon dioxide. There were also probably some simple organic molecules, though that is a chemical term denoting carbon atoms linked together and does not imply a biological origin. If the plumes had been known in advance, instruments better suited for detection of biomarkers might have been included in Cassini’s payload.
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22. Two Cassini images of Enceladus. Left: an overexposed crescent view, showing a plume extending at least 100 kilometres above the surface. Right: an oblique view across part of Enceladus cut by several families of cracks, like those from which the plume is known to originate. A few small impact craters (too small for Voyager to see) show that this particular region is probably no longer active
 

Almost certainly, tidal heating (driven by 2:1 orbital resonance with Saturn’s next-but-one satellite Dione) drives the crack formation and provides the impetus for the plumes. However, no one expected Enceladus to be so active, and this is particularly baffling given that its similar-sized neighbour Mimas is an archetypical cratered ice-ball showing no history of activity. It is unlikely that Enceladus has a global ocean hidden below its surface, but there may be pods of liquid water beneath the plume sources. Liquid water is good for life, but the availability of nutrients within Enceladus is surely much more restricted than within a large body such as Europa, so Enceladus does not seem such a promising habitat.

Titan

Titan is Saturn’s only satellite that rivals Jupiter’s Galilean satellites in scale (5,150 kilometres in diameter). Voyager showed it only as a fuzzy orange ball, because – alone among satellites – it has a dense atmosphere. This is 97% nitrogen but is made opaque by methane and its photochemical derivatives that turn the stratosphere into an opaque smog. Titan has a crust and mantle made of ice (mostly water-ice) occupying the outer one-third of Titan’s radius and overlying a rocky core. There could be an iron inner core, in which case, to balance out the average global density, the base of the icy mantle would have to be deeper. Titan’s rotation period is affected by seasonal winds, showing us that the lithosphere must be decoupled from the interior, most likely by an internal ocean. This could be mostly water or a mixture of water and ammonia (which can remain liquid at a considerably lower temperature than pure water). Most models place it as a layer within the icy mantle, rather than situated immediately on top of the internal rock.

The Cassini mission tackled the problem of seeing through to Titan’s surface in three ways: it obtained blurred but usable images of the surface in some narrow bands of the near-infrared spectrum where the smog is least opaque, it used imaging radar like the Magellan Venus orbiter to see the ground irrespective of clouds, and it carried a landing craft, named Huygens, that provided images from below the clouds during parachute descent to the surface. Titan’s surface geological processes revealed by this array of imaging techniques are superb analogues to many of the processes that occur on Earth. The crust is dominantly water-ice, very rigid and rock-like in its behaviour in Titan’s –180°C surface environment. Huygens came to rest near the equator on a sandy plain strewn with pebbles. It looked like Mars except that both sand and pebbles were made of ice. The sand could have been wind-blown, and indeed radar images reveal vast fields of wind-blown sand dunes in other parts of Titan. However, the pebbles must have been transported by flowing liquid, which, given Titan’s atmospheric composition and surface temperature, must be methane (CH4) or ethane (C2H6). As it descended, Huygens saw branching drainage channels near to the landing site, and radar imaging reveals complex valley systems in many other regions, starting in highlands where the ‘bedrock’ of icy crust is exposed and draining into lowland basins where sediment accumulates. Better than that, it found lakes of ethane-tainted liquid methane near both poles (Figure 23). Some lake-beds were dry, and others had shallow or marshy fringes, and it is likely that they vary seasonally. Titan is clearly geologically active. A few deeply eroded impact craters have been recognized, and there are some sites of suspected ‘cryovolcanism’, where icy ‘magma’ is erupted analogously to terrestrial lava flows.
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23. A 1,100-kilometre-long mosaic of Cassini radar images, near Titan’s north pole. The dark areas are lakes, the largest of which exceeds 100,000 square kilometres, 20% bigger than Lake Superior in North America. Dendritic drainage channels can be seen feeding the lakes. Lines of longitude have been added; blank areas are unimaged
 

The extent to which cryovolcanism and tectonic processes contribute to the sculpting and resurfacing of Titan’s surface is unknown. However, it is clear that erosion of bedrock (in this case, ice, of course) followed by transport and deposition of sediment are major players. Rainfall on Titan must consist of droplets of methane that, like rainfall on Earth, infiltrates the ground and feeds springs that supply streams and rivers. The capacity of methane to react chemically with the icy ‘bedrock’, its erosive power, the rate at which it evaporates back into the atmosphere, and how long it remains there before raining out again are uncertain. All these must be factors in a methanologic cycle that mimics Earth’s hydrologic cycle. Mars had rainfall, rivers, and lakes long ago, but Titan is the only other place where they occur today. One day, we will send another probe to explore Titan more thoroughly – perhaps including a balloon to drift below the smog, with variable buoyancy so it can touch down in interesting places. Such a mission could sample the lake fluid, and obtain pictures of waves breaking on a thoroughly alien shore.

Miranda and Ariel

Although present-day cryovolcanism on Titan remains controversial, ancient cryovolcanism cannot be doubted on two of Uranus’s five regular satellites, Ariel and Miranda, where the surface temperature is –200°C. Its effects can be seen on images sent back by Voyager 2, which flew through the Uranus system in January 1986.

Ariel is the larger of the two (1,158 kilometres in diameter). It is a complex globe, whose oldest cratered terrain is cut by numerous faults bounding high-standing blocks. Most of the faults define flat-floored valleys of the kind denoted by the descriptor term ‘chasma’. However, rather than preserving down-dropped highland surface, the floors of most chasmata have been covered by smooth material, or at least by something that appears smooth at the 1-kilometre resolution of the Voyager images.

Probably in the distant past (more than 2 billion years ago), tidal heating led to fracturing of Ariel’s surface and the effusion of cryovolcanic lava. This covered the floors of the chasmata, and in places can be seen spreading beyond them to partly bury some older impact craters. At the distance of Uranus from the Sun, its ice is expected to be a more complex cocktail than the slightly salty ice found on Jupiter’s satellites. The most likely melt to be extracted by partial melting is a 2:1 mixture of water and ammonia. This is liquid at –100°C and so can be generated by much more modest heating than would be required to melt pure water.

Individual ‘lava’ flows can also be seen on Miranda, which is Uranus’s smallest regular satellite (472 kilometres in diameter). For such a tiny body, it has a remarkably diverse surface, probably more varied even than Enceladus, although the number of superimposed impact craters shows that its last activity was probably billions of years ago. Voyager 2 saw only half the globe. Half of that is heavily cratered, but is unusual in that most craters (the older ones) have smooth profiles, as if they have been mantled by something falling from above, and only younger craters are pristine. The other half of the imaged area comprises three sharp-edged terrain units described as coronae. Each is different, but they all contain complex ridged or tonally patterned terrain, including features identified as cryovolcanic lava flows (probably water-ammonia lava, as on Ariel), and pocked by pristine craters equivalent to those in the heavily cratered terrain.

An early theory about Miranda that each corona represents a fragment from catastrophic global break-up and re-accretion has been discounted. Most likely, the coronae are sites of cryovolcanism, of which only the waning phase has left recognizable flow-like traces. Mantling of the older craters in the terrain beyond the coronae may demonstrate explosive eruptions, spraying icy particles into space, some of which settled, snow-like, to subdue pre-existing topography. When and why this happened, we do not know. We are unlikely to find out until there is another mission to Uranus, which is not likely before mid-century.

Triton

Triton is Neptune’s largest satellite (2,706 kilometres in diameter). Its outer part is icy, but it is dense enough to have a substantial rocky core. When Voyager 2 flew past in 1989, it found polar caps of frozen nitrogen ice (previously detected spectroscopically from Earth). Like the carbon dioxide in Mars’s polar caps, these probably shrink in summer, by sublimation rather than by melting, adding their content to Triton’s thin but respectable atmosphere which is made largely of nitrogen. The stable ‘bedrock’ ice forming Triton’s crust appears to be a mixture of methane, carbon dioxide, carbon dioxide, and water. There may be ammonia too, which is almost invisible to optical spectroscopy.

The best images of Triton have a resolution of about 400 metres per pixel. They reveal a geologically complex surface beyond the polar cap, including various landforms that may have been created cryovolcanically (Figure 24). Impact craters occur everywhere, but not in vast numbers, and it is possible that much of the surface is less than a billion years old. Triton is also remarkable for having geysers that erupt through the polar cap, lofting dark particles to a height of about 8 kilometres. There are a few high-altitude clouds made of nitrogen crystals, analogous to cirrus clouds in our own atmosphere.

Only the south polar cap was seen by Voyager 2, because most of the northern hemisphere was in darkness. Triton’s seasons are peculiar, resulting from a combination of Neptune’s 29.6° axial tilt added to the 21° inclination of Triton’s orbit. Further to this, Trion’s orbital plane precesses about Neptune’s axis so that a full seasonal cycle on Triton equates not to Neptune’s 164-year orbital period, but to a 688-year cycle, with 164-year subcycles superimposed. During the full cycle, the subsolar latitude on Triton ranges between 50° north and 50° south. By chance, when Voyager 2 made its fly-by, Triton was approaching extreme southern summer, with the Sun overhead at nearly 50° south, so a large part of the northern hemisphere was in darkness and could not be seen. The sunlit southern polar cap showed signs of being in retreat, and its sublimation to gas was verified by observations from Earth in 1997 showing that atmospheric pressure had doubled in the eight years since the Voyager encounter. Meanwhile, the unseen north polar cap was probably growing, as atmospheric nitrogen condensed onto the frigid surface.
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24. A mosaic of Voyager images covering a 2,000-kilometre-wide region of Triton. South is towards the top, and sunlight is coming from the upper right. The ragged edge of the south polar cap runs diagonally across the top of the image. Long, narrow, curved ridges (sulci) may be fissures where cryovolcanic icy magma was erupted. The smooth plains and basins in the lower left are probably expanses of cryovolcanic lava. The dimpled area in the centre and lower right is called ‘canteloupe terrain’, by visual analogy to the skin of a melon, but its origin is unknown
 
  

Chapter 5
Asteroids
 

No book about planets would be complete without a discussion of asteroids, because these are the most common objects to hit planets in the inner Solar System (where asteroid impacts are about ten times more common than comet impacts). In addition, the largest asteroid, Ceres, is officially classified as a dwarf planet.

Shapes, sizes, and compositions
 

Ceres is the goal for NASA’s Dawn spacecraft, which will spend five months orbiting it in 2015, having already spent the year beginning in July 2011 at Vesta, the second most massive asteroid. A few smaller asteroids have already been visited by spacecraft, providing images (Figure 25) that confirm their irregular shapes. Visualize a pock-marked potato scaled up to any size between tens of metres and a few hundred kilometres, and you should have a serviceable mental image of a typical asteroid. Telescopically observed periodic variations in asteroids’ brightness show that mostly they take only a few hours to rotate. Generally, rotation is at right angles to their length, so they rotate like sausages twirled on a cocktail stick.

About 1 asteroid in 50 probably has its own satellite, and it was lucky that Ida, the second asteroid to be visited by a spacecraft when Galileo flew past in 1993, turned out to be one of these. That was the first confirmed discovery of an asteroid satellite, but subsequently many more have been found using advanced telescopic techniques, such as adaptive optics to compensate for the shimmering of the Earth’s atmosphere. Asteroid satellites range from the comparatively tiny up to sizes similar to the main asteroid. In fact, the asteroid named Antiope appears to consist of two mutually orbiting bodies of indistinguishable 110-kilometre size, whose centres are only about 170 kilometres apart. So far, there are two asteroids known to possess two small satellites each. Some asteroid satellites may be fragments from a collision, and others may be captured objects. Neither case is readily explicable, because it is hard to end up with objects orbiting rather than flying apart.
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25. Images of asteroids at different scales. Top: Ida, a 54-kilometre-long main belt asteroid, with its tiny satellite Dactyl to its right. Lower left: Eros, a 33-kilometre-long near-Earth asteroid. Lower right: Itokawa, a 0.5-kilometre-long Earth-crossing asteroid. There are many impact craters visible on Ida and Eros, but the much smaller Itokawa is boulder-strewn
 

Asteroid densities have been measured between 1.2 and 3.0 g/cm3. However, stony meteorites, which are clearly bits of asteroid, have densities of about 3.5 g/cm3 and stony-iron meteorites have densities close to 5.0 g/cm3, so none of the measured asteroids can be an intact solid body. Rather, they must be porous rubble piles. Some, such as Itokawa, visited by the Japanese probe Hayabusa in 2005 (Figure 25), and others whose shape has been determined by radar, appear to be ‘contact binaries’ consisting of two main masses joined at a narrow waist. However, the numerous boulders on much of Itokawa’s surface show that the two main masses are themselves composed of many pieces.

Asteroids are not strongly coloured, but can be grouped into several classes according to their reflectance spectrum. There are three main types. S-types have the characteristics of silicate rock, and are evidently the same material as stony meteorites. They make up the majority of asteroids with orbits between about 2.0 and 2.6 AU from the Sun, whereas from 2.6 to 3.4 AU, C-types, having the characteristics of carbonaceous chondrite meteorites, are the most common. Beyond 3.4 AU, asteroids tend to be dark and somewhat red in colour. These are dubbed D-type, and may be coloured by a tarry surface residue formed from carbonaceous material during prolonged exposure to solar radiation (space weathering). These tarry substances are usually referred to as ‘tholins’, a term coined from the ancient Greek word for ‘mud’ by the American astronomer Carl Sagan (1934-96).

Scattered here and there are asteroids that appear largely metallic (M-type), clearly related to iron meteorites, and a few that appear to have basalt on their surface, notably Vesta, from which they take their designation V-type. These, or their now fragmented parent body, may have once been hot enough for internal melting and volcanic eruptions.

Asteroid orbits
 

Most known asteroids (equivalent to about 4% of the Moon’s mass) have orbits lying between the orbits of Mars and Jupiter, in the so-called ‘asteroid belt’. Over 3,000 main belt asteroids have been documented. More than half the total mass of these resides in the four largest examples, Ceres, Vesta, Pallas, and Hygeia, with diameters of 950, 530, 540, and 430 kilometres respectively (Vesta is denser than Pallas, so is more massive despite being slightly smaller). Undiscovered objects range down in size through individual lumps of rock to dust particles. Nevertheless, the asteroid belt is virtually empty space, and you should not think of it as replete with jostling rocks. All space probes that have been sent through the asteroid belt have survived without mishap, and even have to be steered carefully to come close enough to any asteroid to study it in passing.

Jupiter’s gravity has considerable influence on main belt asteroid orbits. Notably, it prevents asteroids settling into orbits whose periods would be in resonance with its own. There are virtually no asteroids whose orbital periods are simple 4:1, 3:1, 5:2, or 2:1 ratios of Jupiter’s. These correspond to average distances from the Sun (orbital semi-major axes) of 2.06, 2.50, 2.82, 3.28 AU, respectively, which are known as the Kirkwood gaps, after Daniel Kirkwood, an American astronomer who discovered and explained them in 1886. Not all orbital resonances are unstable with respect to asteroid orbits, and in fact there is a small family of asteroids whose orbital periods are two-thirds that of Jupiter (a 3:2 orbital resonance).

There are a great many more asteroids with the same orbital period as Jupiter. There may be more than a million of these greater than 1 kilometre in size, with a combined mass about one-fifth that of the main belt. These occur only close to locations 60° ahead of, and 60° behind, Jupiter in its orbit. Those are special places where the combined gravitational force from the Sun and Jupiter allows small objects to orbit stably, and are known as the leading and trailing Lagrangian points. Asteroids in these orbits are by convention given names of heroes from the Trojan War (Greek names 60° ahead of Jupiter and Trojan names 60° behind), but are collectively referred to as ‘Trojan asteroids’.

We’re all doomed!
 

A few asteroids are known in similar ‘trojan’ relationship to Mars, but Earth has no trojan companions. However, there are asteroids whose orbits cross ours, known as Earth-crossing asteroids. If you are worried about collisions, this may sound alarming, but asteroid orbits tend to be inclined to the ecliptic, so they almost always pass either ‘above’ or ‘below’ us when they cross our orbit. Only a subset of Earth-crossers are regarded as Potentially Hazardous Asteroids (PHAs), being those that can pass within 0.05 AU of the Earth (a range sufficiently close that perturbations caused by various third bodies could bring about a collision) and that are larger than about 150 metres in diameter (big enough to survive passage through the atmosphere with undiminished speed). By the end of 2009, about 1,100 PHAs had been documented, plus fewer than 100 Potentially Hazardous Comets.

The closest calculated approach by a PHA is by Apophis (350 metres long) that will come very close on Friday 13 April 2029. Soon after its discovery, in 2004, its orbit was sufficiently poorly known that there was a chance (estimated at 2.7%) of a collision, but subsequently a longer series of observations showed that it will pass safely about 30,000 kilometres above the surface. It will be back again on 13 April 2036, and because we do not know exactly how close it will pass in 2029, we do not know exactly how much its trajectory will be affected by the Earth’s gravity during that encounter. However, the chances of collision in 2036 are vanishingly small.

An asteroid that penetrates Earth’s atmosphere with undiminished speed is very dangerous. On hitting the ocean, it could cause a tsunami, and if it hits land, it excavates a crater much larger than itself and devastates the surrounding area. A 2.2-million-year-old, 130-kilometre crater named Eltanin has been discovered under the floor of the Bellinghausen Sea, in the southernmost Pacific ocean, apparently caused by an asteroid several kilometres in diameter. This would have barely been slowed by the ocean, let alone the atmosphere, before striking the sea bed. According to computer models, the resulting tsunami would have devastated the coast 300 metres above sea-level in southern Chile and 60 metres above sea-level in New Zealand. The quantity of water and dust thrown into the atmosphere might even have been the trigger for climate change leading to the migration of our ancestors, Home erectus, out of Africa, at about this date. The most recent collision between the Earth and a 10-kilometre ‘dinosaur-killer’ asteroid happened 65 million years ago, creating the 200-kilometre-diameter Chicxulub crater, now buried beneath sediment in the Yucatan peninsula of Mexico. This caused a global environmental upheaval that is widely credited as the cause of a ‘mass extinction event’ when about 75% of species of life on Earth were wiped out.

Catastrophes of that magnitude are mercifully rare, but statistics show that asteroid impacts rank alongside volcanic eruptions, earthquakes, and extreme weather events as potential causes of death. A 1-kilometre asteroid able to devastate coasts 3,000 kilometres from the point of impact strikes the ocean on average about every 200,000 years, whereas a 200-metre asteroid with a significantly smaller tsunami danger radius might be expected about every 10,000 years.

To categorize the hazard posed by each PHA, astronomers use a numerical system called the Torino Scale (agreed at a meeting in Turin, hence the name). This combines the energy that would be delivered and the probability of collision into a single number from 0 to 10, where 0 means negligible chance of collision and/or too small to penetrate the atmosphere, and 10 is certain impact by a ‘dinosaur-killer’ causing global catastrophe. Most PHAs exceeding 150 metres in diameter are ranked either 0 or 1 when they are discovered, and the is are usually downgraded to 0 when their orbit has been more adequately determined. Apophis holds the record for having temporarily held a Torino rating as high as 4 (‘Close encounter, meriting attention by astronomers; >1% or greater chance of collision capable of regional devastation’), but was downgraded to 0 in 2006.

A semi-formal linking of observatories known as Spaceguard has assumed the task of locating and categorizing all PHAs. This is important because, unlike most sorts of natural disaster when all we can do is mitigate the effects, it would be possible to prevent a collision by a PHA. To achieve this, it is necessary to change either the PHA’s speed or its direction of travel. The longer in advance this is done, the smaller the required change. There are various ways to do it, ranging from the brute-force method of equipping the PHA with a rocket motor, to the more subtle ploy of coating of one side in a reflective substance so that solar radiation-pressure does the job for you. Using a nuclear bomb to blast apart an incoming PHA is not a smart idea, because unless you could guarantee that all the fragments would be too small to penetrate the atmosphere, you might make the problem worse by causing multiple impacts.

Asteroid mining
 

There is a silver lining, in that asteroids could be valuable sources of raw materials. A 1-kilometre M-type asteroid contains more nickel and iron than the world’s annual consumption, and the most massive example, Psyche, contains enough to last for millions of years. Asteroids, especially M-types, also contain precious metals like platinum.

The investment to begin mining the first asteroid would be very great, but the potential returns are immense too. It remains to be seen whether the main value of asteroids turns out to be supply of raw materials to Earth or to space-based industries. Some near-Earth objects are probably defunct comets with remnant water-ice surviving beneath their dusty surfaces, which could be valuable as propellant and radiation shielding, as well as for drinking.

Names and provisional designations
 

By 1891, 332 asteroids had been discovered visually, but photography had boosted the tally to 464 within 10 years. There are now over 100,000 known objects of all types, each of which needs to be identified in some way. The IAU oversees a system of provisional designations given to each new discovery. This consists of the year of discovery plus a two-letter code coupled with numerical subscripts, corresponding to the date and sequence of discovery. The first letter (A–Y, omitting I) specifies which half-month the discovery was made in (A for January 1-15, B for January 16-31, and so on, up to Y for 16-31 December), the second letter (A–Z, omitting I, which gives 25 options) is awarded to each discovery in sequence, and a numbered subscript allows the cycle of 25 to be repeated as many times as necessary. Thus, 2011 BA would be the first body discovered in the period January 16-31 2011; 2011 BB would be the 2nd; 2011 BA1 would be the 26th, and so on. When an object’s orbit has been well determined (which may take several years), it can be awarded a permanent name, which replaces the provisional designation. For example, Apophis originally had the provisional designation 2004 MN4 (signifying the 113th discovery during 16-30 June 2004).

The privilege of suggesting a permanent name is given to the discovery team, though some automated surveys reveal so many new objects that managers are glad of suggestions. Permanent names are a name preceded by a number, added in sequence as each new name is added. So formally we have (1) Ceres, (4) Vesta, (99942) Apophis, and so on. Available mythological names are too few for all these objects, and pretty much anything is allowed, except that names must be inoffensive and unconnected with recent political or military activity. I know several astronomers who have had asteroids named after them (by colleagues; you can’t name one after yourself), and there is one called (5460) Tsenaat’a’i, which means ‘flying rock’ in the Navaho language. The only asteroid that I have had a hand in naming is (57424) Caelumnoctu, named in 2007 to commemorate the 50th anniversary of BBC television’s long-running programme The Sky at Night, which in Latin is Caelum Noctu. We picked it from a list because its number reflects the date of the first broadcast, which was 1957 April 24 (57/4/24).
  

Chapter 6
Trans-Neptunian objects
 

A relatively sparse population of asteroids, known as Centaurs, exists between Jupiter and Neptune. Some are dark and red, similar to the tarry (tholin-covered) D-type asteroids, but others are bluer, suggesting that much of their surfaces may be freshly exposed ice. Because their orbits cross or come close to the giant planets, they are not stable, persisting for no longer than about ten million years. Probably, Centaurs are TNOs that have been scattered inwards, perhaps by a close encounter with Neptune. Further interactions with giant planets probably nudge them inwards until they become short-period comets, spending perihelion in the inner Solar System, where they are heated by the Sun and lose their volatiles in sometimes spectacular tails.

Six trojan objects have been discovered close to Neptune’s leading Lagrangian point. Dynamical arguments suggest that vast numbers await discovery (in both Lagrangian points) and that Neptune trojans may be ten times more numerous than Jupiter’s.

Beyond Neptune, we reach the Kuiper belt and all the other TNOs. One family of Kuiper belt objects travel in 3:2 orbital resonance with Neptune. Members of the class, which includes Pluto, are known informally as ‘plutinos’, not to be confused with Plutoid, which is the official IAU term for any TNO large enough to be ranked as a dwarf planet. Plutoids can be plutinos, classical Kuiper belt objects (lacking orbital resonance with Neptune), or Scattered Disk objects beyond the main belt. Classical Kuiper belt objects are known alternatively as ‘cubewanos’ (‘QB1-os’) because the first Kuiper belt object to be discovered after Pluto bore the provisional designation 1992 QB1.

Pluto and Charon

The properties of most TNOs are poorly known. However, Pluto and its satellite Charon are sufficiently large and nearby to have been studied telescopically for several decades. Frozen nitrogen, methane, and carbon dioxide have been detected spectroscopically on Pluto, and the sharpest telescope images reveal dark patches that are probably tholin-rich residues. Pluto’s density suggests that rock must be about 70% of its total mass, and most likely it is internally differentiated with a rocky core (and feasibly an iron-rich inner core) overlain by a mantle made mostly of water-ice topped by a more volatile-rich crust.

Near perihelion (which happened most recently in 1989), Pluto has a nitrogen-rich atmosphere possibly denser than Triton’s. Because Pluto’s gravity is so weak, an imaginary shell enclosing 99% of its atmosphere would extend to 300 kilometres above the surface, whereas for the Earth the equivalent height is only 40 kilometres. Much of Pluto’s atmosphere is expected to condense onto the surface while distance from the Sun increases from 4.5 billion kilometres at perihelion to 7.4 billion kilometres at aphelion in 2113. It is a pity that we missed the chance to study Pluto from close range during perihelion. The fly-past by NASA’s New Horizon mission to Pluto will occur in 2015, by which time much of the atmosphere may have condensed and hidden the ‘permanent’ surface beneath a seasonal shroud of nitrogen-ice.

Pluto’s 6.4-day rotation period is the same as the orbital period of its largest satellite, Charon, which also rotates synchronously. This relationship is a result of strong tides, and means that Pluto and Charon permanently keep the same faces towards each other. Pluto is more evenly matched in size and mass to Charon than any other planet or dwarf planet to its own largest satellite. Charon’s mass is about 12% of Pluto’s, and it orbits at a distance of only about 17 Pluto radii from Pluto’s centre. For comparison, the Moon’s mass is only 1.2% of Earth’s and its orbital radius is 60 Earth radii. Charon’s proximity to Pluto explains why it remained undetected until 1978. Pluto’s two smaller satellites, Nix and Hydra, were discovered in 2005. These orbit in Pluto’s orbital plane in close to 4:1 and 6:1 orbital resonance with Charon.

Seen from Pluto’s surface, Charon would look eight times wider than the Moon does from Earth. Because their relative masses are so similar, their common centre of mass (their ‘barycentre’) is not inside Pluto but at a point in space between the two bodies. Although double asteroids such as (90) Antiope and double Kuiper belt objects such as 2001 QW332 (200-kilometre diameter twins) are known, Pluto-Charon is the most evenly matched pair among bodies large enough to count as planets or dwarf planets.

Charon’s surface is dominated by water-ice with traces of ammonia. Its density is less than Pluto, but still sufficient for a substantial rocky core. Charon may turn out to be a relatively passive, heavily cratered globe, whereas Pluto might impress us all by being geologically active, as the variety in its surface materials suggests.

On the other hand, there may be a reason for Charon to be more active than its larger cousin. This is because Pluto’s axial inclination is 119.6° (being greater than 90°, this means its rotation is retrograde). Charon’s orbit is exactly in Pluto’s equatorial plane, so shares the high inclination relative to their joint orbit about the Sun. Competing tidal pulls on Charon from the Sun and Pluto might feasibly be strong enough to cause melting somewhere within Charon’s icy mantle. If this is the case, then we are faced with the intriguing prospect of a Europa-like surface for Charon and even a potentially life-bearing ocean beneath it. The best hint we have so far comes from infrared spectra of Charon obtained in 2007 which found water-ice on Charon that is still in pristine crystalline form, in contrast to the amorphous submicroscopic state of ice that has been exposed to solar ultraviolet radiation and cosmic ray bombardment for more than a few tens of thousands of years. The simplest explanation for this is geysers, spraying out fresh ice from the interior, like the plumes on Enceladus.

The rest

Table 7 lists Pluto and the ten largest other TNOs as ranked at the time of writing. Of these, Eris, Makemake, and Haumea are officially recognized as dwarf planets. The latter is flattened, either because of its rapid rotation (less than 4 hours) or resulting from collision. These are classical Kuiper belt objects, except Eris and 2007 OR10 (Scattered Disk objects), 2002 TC302 (5:2 orbital resonance with Neptune), Ixion (plutino), and Sedna, which is an oddity way beyond the Scattered Disk, in a highly elliptical orbit with aphelion at 975 AU.

Table 7 The largest trans-Neptunian objects
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Apart from Pluto, the sizes of these objects are poorly known (even those for which a single round number is given in the table). Their dimensions are estimates based on assumptions about their albedo (the percentage of the incident sunlight they reflect). If they are less reflective than assumed, they must be larger, but if they are more reflective, then they must be smaller. Size estimates can be improved by measuring thermal radiation from their surfaces, but they are so cold (−230 °C or less) that this can be achieved only by telescopes in space, above the Earth’s atmosphere. Given the uncertainties, it is unlikely that all of these objects will survive into future ‘top ten’ lists.

TNOs range in colour from red (probably widespread tholins across their surfaces) to blue-grey (exposed ice or amorphous carbon). Haumea is one of the blue-grey ones, and its mass (derived from the orbits of its satellites) shows that its density is greater than Pluto’s, so it must have a relatively high non-ice content. On Quaoar, crystalline ice and ammonia hydrate have been detected spectroscopically, suggesting recent resurfacing (using arguments similar to those advanced for Charon). This would require either geological activity or a major impact event to generate ejecta sufficiently widespread to dominate the spectrum.

Between 2% and 3% of TNOs are known to have satellites, which is similar to the abundance of asteroids with satellites. The proportion is higher among the larger TNOs and poses problems in trying to account for their origin.

If NASA’s New Horizon mission remains healthy after its 2015 fly-by of Pluto-Charon, it will be directed onwards to a more distant TNO. The target has yet to be determined, but ideally will be a blue-grey object to contrast with Pluto’s reddish nature.

A trans-Neptunian planet?
 

Most astronomers accept that we have discovered all the large objects belonging to our Solar System. Certainly, there can be nothing of planetary size hiding in the Kuiper belt. If such an object were present, then the Kuiper belt would be unstable. However, there remain two possibilities for an outlying planet (popularly dubbed ‘Planet X’) that have not yet quite gone away. One is that there is an Earth-mass object in an inclined and eccentric orbit between 80 and 170 AU from the Sun. The presence of such a large body (perhaps originally ejected outwards by a close encounter with Neptune) could explain an observed sudden drop-off in the population of the Kuiper belt beyond 48 AU, known as the ‘Kuiper cliff’. It might also account for the extreme scattering evidenced by objects such as Sedna.

The second possibility arises because long-period comets originate preferentially from a particular region of the sky, rather than coming in from random directions. It has been suggested that these were dislodged from the Oort Cloud by a Jupiter-mass body about 32,000 AU from the Sun. This would be hard, but not impossible, to detect by telescope. A ‘planet’ so far out need not be gravitationally bound to the Sun, but could be just a chance wanderer through interstellar space, possibly escaped from the planetary system of another star.
  

Chapter 7
Exoplanets
 

There is no longer any doubt that planets are common around other stars. Until comparatively recently, this was a matter for speculation, but by 2010 the number of stars proven to have at least one planet orbiting them had exceeded 400. Allowing for how difficult it is to make these detections, it is clear that the majority of Sun-like stars must be accompanied by planets. To avoid confusion, professionals usually refer to them as ‘extrasolar planets’ or ‘exoplanets’. The exoplanet tally excludes exotic dim objects exceeding 13 Jupiter-masses, which is the threshold above which nuclear fusion of deuterium (heavy hydrogen) can occur. Those are called ‘brown dwarfs’ and are regarded as more star-like than planet-like.

Detection methods
 

Evidence that most young Sun-like stars have a surrounding ring of dust began to accumulate in the late 1970s. Initial clues came from the influence of dust on a candidate star’s infrared spectrum, then images of dust discs began to be obtained in the 1980s. Irrespective of whether these discs are like the solar nebula before planets formed or are remnant dust surviving in the equivalent of a star’s Kuiper belt, their mere existence showed that there ought to be plenty of planets out there too. The first definite exoplanet discovery was made in 1995, after which discoveries gathered pace year by year.

Radial velocity

The first discovery, and the majority ever since (more than 300 by 2010), was made by detecting slight changes in a star’s radial velocity. This is the speed at which a star is travelling towards or away from the Earth, irrespective of any movement across the line of sight. Radial velocity changes can be determined to a remarkable precision of one metre per second by measuring shifts in the exact wavelength at which characteristic absorption lines appear in a star’s spectrum. These shift to shorter wavelengths (‘blue shift’) if the star is moving towards us and to longer wavelengths (‘red shift’) if the star is travelling away, in a phenomenon called the Doppler effect. Variations in radial velocity had long been used to measure orbital speeds (and hence to infer masses) of double stars, but the tiny influence of a much less massive exoplanet on a relatively much more massive star requires very sensitive modern instrumentation. Radial velocity changes caused by the Earth’s own orbital motion have to be accounted for before the more subtle changes attributable to the tug of the exoplanet on its star become apparent.

The gravitational attraction between star and exoplanet depends on the sum of their masses. Fortunately, for Sun-like stars there is a well-understood relationship between stellar spectral type and mass. Knowing this, we can use the period and magnitude of radial velocity changes to determine the mass of the exoplanet responsible for the forward and back motion of the star. Usually, there is no independent measure of the orientation of an exoplanet’s orbital plane, and unless the orbital plane is exactly edge-on to our line of sight, the true change in velocity must be greater than what we detect. However, statistical arguments (based on assuming randomly oriented orbital planes) show that the majority of masses can be no more than twice the estimate based on assuming that the orbit is edge-on to us.

The radial velocity method works best for large planets orbiting close to their star, because large mass and close proximity both lead to the greatest changes in the star’s radial velocity. Thus it should have been no surprise that the first exoplanets to be detected tended to be more massive than Jupiter but orbiting only a fraction of an AU from their star.

Discovery of these so-called ‘hot Jupiters’ caused quite a stir, because they are well inside their stars’ ice line and cannot have formed where we now see them. It is now accepted that they grew further and then migrated inwards, and this has reopened the debate about the extent of planetary migration in our own Solar System’s early history. If Jupiter’s migration had continued inwards, it would have either destroyed or scattered each terrestrial planet in turn. For a while, ‘hot Jupiters’ opened the prospect that such an outcome was normal, and that planetary systems like our own are exceptionally rare. However, improved and additional techniques for exoplanet detection have begun to find rocky planets, showing that the preponderance of ‘hot Jupiters’ in the early discoveries was merely a selection effect resulting from ease of discovery.

Transits

The second most prolific method for discovering exoplanets, likely soon to outpace the radial velocity method, is to search for ‘transits’, when a tiny fraction of a star’s light is cut off during passage of an exoplanet in front of it. Most transits are discovered by repeated scans of likely stars using automated telescopes, originally from the ground but now also by dedicated telescopes in space.

A transit can happen only if the exoplanet’s orbital plane lies almost exactly in our line of sight, which statistically should apply to only about half a per cent of all exoplanetary systems. The dimming of the starlight is slight, but is greatest for the largest exoplanets and occurs more often (and so is more likely to be detected) for exoplanets orbiting close to their star. Once again, discovery of ‘hot Jupiters’ is favoured over any other kind of planet. The exact amount by which the starlight dims can be used to deduce the size of the planet compared to its star. The duration of the transit gives us clues to orbital speed and orbital radius, but follow-up radial velocity measurements can better characterize the system. Because a transit demonstrates that the orbital plane lies in our line of sight, masses derived by the radial velocity method are true values rather than minimum estimates.

Imaging and other methods

Exoplanets are exceedingly challenging to image, because they are so much fainter than their stars. Single exoplanets have been imaged at only a handful of stars. As you might expect, these are all Jupiter-sized or larger, mostly orbiting at tens or even hundreds of AU. In 2008, an adaptive optics image obtained from infrared telescopes in Hawaii showed three exoplanets orbiting a young Sun-like star (catalogued as HR 8799) at 24, 38, and 68 AU. Beyond them is a dust disc at about 75 AU.

Another method for exoplanet detection, called ‘astrometry’, has great potential for the future. This is based on very precise measurement of a star’s position in the sky. Any unseen orbiting companion will tug the star from side to side. Astrometry seeks to detect this, instead of radial velocity changes along the line of sight. The motion is greatest if caused by a massive planet in a large orbit, so is complementary to methods more sensitive to small orbits. The first confirmed success of the astrometric method was in 2002, when the Hubble Space Telescope documented sideways wobble of the star catalogued as Gliese 876, refining what we knew about a 2.6 Jupiter-mass planet orbiting at 0.20 AU already detected by radial velocity changes. The first astrometric discovery of a previously unknown exoplanet came in 2009, when a red dwarf star catalogued as VB 10 was found to be dancing out of position because of a 6 Jupiter-mass exoplanet.

A wholly different technique takes advantage of random (and never to be repeated) exact alignment between a foreground star and a background star. The foreground star acts as a ‘gravitational microlens’ that amplifies the light from the background star. The detected brightness of the background star rises and then falls over a duration of several weeks. If the foreground star has a fortuitously placed exoplanet, this will cause a brief spike in the brightness (lasting a few hours or days) superimposed on the slower rise and fall. By 2010, microlensing had discovered a total of ten exoplanets.

Naming exoplanets

Names are not given to exoplanets. They are identified by adding lower-case letters after the name or catalogue designation of their star. The first to be discovered is b, the second is c, and so on (a is not used). Thus, the first exoplanet of Gliese 876 is Gliese 876 b, and two subsequently discovered exoplanets in the same system are Gliese 876 c and Gliese 876 d. This convention is messy, with letters bearing no relationship to the positions of exoplanets in multiple systems. However, it works, and perhaps it is wise for us not to impose names. Maybe the natives already have perfectly good names for their homes.

Multiple exoplanet systems

Multiple exoplanets are known orbiting nearly 50 stars. Sometimes a combination of detection techniques provides this information, but radial velocity alone can do the job: it is just a matter of unravelling progressively more subtle periodic variations. Table 8 lists some of the larger multiple systems. Among these, the system of Gliese 581 (a red dwarf about 20.5 light years away) is particularly noteworthy. It includes the least massive known exoplanet, Gliese 581 e, which could be only 1.9 Earth-masses (and is almost certainly less than 4 Earth-masses), and also what is possibly a (large) ocean-covered terrestrial planet, Gliese 581 d, of more than 7 Earth-masses. Gliese 581 e is far too hot to support life, or even to retain an atmosphere, but Gliese 581 d appears to lie in its star’s habitable zone.

Table 8 Some multiple exoplanetary systems. Some of the masses quoted are minimum estimates. MJ = Jupiter-mass

[image: image]
 

The nearest star known to have an exoplanet is epsilon Eridani, which is only 10.5 light years away. Epsilon Eridani b, discovered by the radial velocity method, is a Jupiter-mass giant in a 3.4 AU orbit. Infrared telescopes show that the star is accompanied by zones of rocky debris (asteroid belts) centred at about 3 AU and 20 AU, plus an outer dust disc extending from 35 to 100 AU. Structure in the dust disc has been cited as evidence for an unconfirmed one-tenth Jupiter-mass planet, epsilon Eridani c, at about 40 AU.

Study

We have little direct information about any exoplanet. If we determine mass (by radial velocity or astrometry), we can infer size by assuming a likely density. A transit will reveal size, which can also be deduced by imaging (based on brightness and assumed albedo). From size, we can deduce mass if we assume a density. Distance from its star gives us a fair idea of surface (or atmospheric) temperature, but this depends also on albedo and the mixture of greenhouse gases in any atmosphere, so there is a considerable margin for error.

The next major advance in the study of exoplanets will probably come as we improve our ability to analyse their atmospheric composition. This is best done by telescopes in space, capable of isolating and analysing the visible and infrared spectra of individual exoplanets – most importantly terrestrial ones. Several abundant atmospheric gas species can be identified by their characteristic absorptions. Detection of a pair of gases that ought not to co-exist under conditions of simple chemistry, such as oxygen and methane, may be the first evidence we obtain of life affecting an exoplanet’s atmosphere in the same way that the Earth’s atmosphere has been radically changed.

Life on exoplanets
 

There are about 10,000 million Sun-like stars in our galaxy (about 1 in 10 of the total stars). Exoplanets must be abundant, having been found orbiting about half of the adequately studied Sun-like stars. Most discoveries so far have been giant planets, because those are the easiest to find, and there is no proof yet that terrestrial planets are common. Planetary systems are clearly diverse, and no terrestrial planet is likely to have survived the inward migration of a ‘hot Jupiter’ such as ψ And b, currently orbiting less than 0.06 AU away from its star (Table 8). However, because we are beginning to find terrestrial planets, it is likely that they occur in a significant proportion of exoplanetary systems.

The question of how many exoplanets might host life is a vexing one. Let’s take a very conservative estimate that on average only 1% of Sun-like stars have a terrestrial planet orbiting in a long-duration habitable zone. That would give 100 million habitable terrestrial planets in our galaxy, and there are probably at least as many habitable satellites orbiting giant exoplanets.

The next step in the chain of logic is far less certain. Given the conditions required for life, how likely is it that life will begin? The building blocks for life are not a limiting factor. We know that space is awash with organic molecules, and that water is abundant too, so most exoplanets in a habitable zone will have all the necessary ingredients for carbon-based life. That means the Star Trek cliché of ‘life as we know it’, without delving into speculation about other forms of life that are reliant on exotic chemistries.

The ease or difficulty with which life can spontaneously arise is a big gap in our understanding. Many (myself included) hold that with countless trillions of appropriate organic molecules in an exoplanet’s ocean, and with millions of years to play with, life will inevitably start. Once life has spread, it is hard to see how it can be completely eradicated, but if it was, it could presumably restart just as readily.

We know that it took life on Earth less than 500 million years to establish a permanent footing. The abundance of life in the galaxy (and, by implication, in the cosmos beyond) will remain unproven until we detect signs of life on exoplanets. Even if we were to find current (or past) life on Mars, Europa, or Enceladus, we could not leap to the conclusion that life had begun there independently, because objects in the Solar System are not totally isolated from each other. Microbes could survive transport from one to another inside fragments of impact ejecta. Europan life could have come from Earth; it is conceivable that life on Earth arrived on a meteorite from Mars.

Is anybody out there?

If there is life around other stars, what about intelligent life? Let’s speculate rationally. So far as we know, biological intelligence requires multicellular life. If microbial life begins, how likely is it that subsequent evolution leads to multicellular organisms? You can take your pick on this issue. It took a couple of billion years to happen on Earth.

After multicellular life appears, will competition for survival drive Darwinian evolution as on Earth? Intelligence is one factor that confers an advantage, so how inevitable is intelligence?

Even on my conservative figure of 100 million habitable terrestrial planets in the galaxy, plus a pessimistic view that life has only a 1 in 100 chance of starting, that still leaves a million worlds with life, of which the Earth is one. It would be strange (and awe-inspiring) if Earth were the only or first planet out of all that number ever to host intelligence. But if life is so abundant, and if intelligence is a common outcome of life, then where is everybody? Unless it arises exceedingly rarely, or does not last long (for example, our own civilization could succumb to wars, various natural disasters, or self-made climate change), then the galaxy ought to be teeming with intelligence.

Intelligent life would not have to be indigenous to where we find it. Although the distances between stars are vast, it is perfectly feasible to travel between them. You do not need faster-than-light travel – all you need is determination and patience. Imagine a spaceship big enough to house hundreds of people, which would take 100 years to travel to a habitable exoplanet of a star 10 light years away. We could build such a ship ourselves, using technology foreseeable in the next few decades. One or two generations of the crew would live and die en route (unless some kind of suspended animation is used), and it would be very much a one-way trip. If we were to send such colonists to all the nearby habitable exoplanets (we expect to identify and characterize these by the end of the century), it would not be long before successful colonies had the capacity to launch their own colony ships, and so on. The galaxy is 100,000 light years across. Even if a wave of colonization takes 1,000 years to spread 10 light years, the entire galaxy could be colonized in only 10 million years. Catastrophes wiping out whole worlds or failures of individual colony ships would be insufficient to derail the process once it was underway.

The galaxy is more than 10 billion years old. If intelligent life is abundant, there has already been ample time for countless previous species to have colonized the galaxy. This is the Fermi Paradox, named after comments made by the American physicist Enrico Fermi in 1950. Extraterrestrial civilizations ought to be numerous, but there is no sign of them: no artificial signals detected from space (despite scans of the sky by teams working under the banner of SETI – Search for Extra-Terrestrial Intelligence), no sign of great works of astronomical engineering, and no credibly documented alien visitors to Earth. Is intelligent life rare, after all, or are we too stupid to see the evidence? One day, I hope we will find out.
  

Further reading
 

There is a rich literature associated with astronomy and planetary science. The trouble is that, the longer or more specialized the book, the faster it goes out of date. On the other hand, some (not all!) websites are frequently updated. To help you discover more about planets, I suggest a few of the best books and several appropriate entry points to the internet.

General

J. K. Beatty, C. C. Peterson, and A. Chaikin (eds.), The New Solar System, 4th edn. (Sky Publishing Corporation and Cambridge University Press, 1999). This covers the lot. Each chapter is written by a specialist author. Badly dated in parts, but it remains a highly accessible classic.


I. Gilmour and M. A. Sephton (eds.), An Introduction to Astrobiology (Cambridge University Press, 2003). Updated in 2007, this is the second of two volumes based around an Open University course on planetary science, written at early undergraduate level. This one covers life, Mars, Europa, and Titan as potential habitats, and exoplanets. New edition expected 2011.


N. McBride and I. Gilmour (eds.), An Introduction to the Solar System (Cambridge University Press, 2003). Updated in 2007, this is the first of two volumes based around an Open University course on planetary science, written at early undergraduate level. It covers all the major components of the Solar System, except the Sun. New edition expected 2011.


S. A. Stern (ed.), Our Worlds: The Magnetism and Thrill of Planetary Exploration (Cambridge University Press, 1999). Easy but informative reading. Each chapter is a personal account by one of the leading practitioners.


D. A. Weintraub, Is Pluto a Planet? (Princeton University Press, 2007). If you’ve read this far, then you already know the answer to the question posed by this book’s title. However, it covers much more than that, being an historical account of human perception of planets from ancient times right up to the recent squabbles over the classification of TNOs.


Terrestrial planets

M. Hanlon, The Real Mars (Constable, 2004). A science writer’s perspective on Mars, simply written and beautifully illustrated.


J. S. Kargel, Mars: A Warmer Wetter Planet (Springer Praxis, 2004). One leading scientist’s personal view of the role of hidden water on Mars.


R. M. C. Lopes and T. K. P. Gregg (eds.), Volcanic Worlds: Exploring the Solar System’s Volcanoes (Springer Praxis, 2004). A popular account, with chapters by specialist authors dealing with volcanism on each terrestrial planet, the Moon, Io, and icy satellites.


R. G. Strom and A. L. Sprague, Exploring Mercury (Springer Praxis, 2003). This is the best review of Mercury that I know, but written before MESSENGER began to study the planet.


Asteroids

J. Bell and J. Mitton (eds.), Asteroid Rendezvous: NEAR Shoemaker’s Adventures at Eros (Cambridge University Press, 2002). A well-illustrated and popular account of the findings of the first probe to orbit and then crash onto an asteroid.


Giant planets

F. Bagenal, T. Dowling, and W. McKinnon (eds.), Jupiter: The Planet, Satellites and Magnetosphere (Cambridge University Press, 2004). A fat volume with 26 chapters written by specialist authors. Will take you much further than the current book.


E. D. Miner and R. R. Wessen, Neptune: The Planet, Rings and Satellites (Springer Praxis, 2002). A much slimmer and more simply written volume. Unlikely to date badly.


Satellites

R. Greenberg, Unmasking Europa (Springer, 2007). A clear and authoritative account of Europa, including some scathing passages about how Greenberg’s research team had to struggle against the establishment to gain acceptance for their thin ice interpretation.


R. Lorenz and J. Mitton, Titan Unveiled (Princeton University Press, 2008). The first author is a key member of the Cassini-Huygens team that explored Titan, so this is an insightful account. However, it was written before Titan’s lakes were fully recognized.


D. A. Rothery, Satellites of the Outer Planets, 2nd edn. (Oxford Unversity Press, 1999). Written by myself, this is an account of large satellites from Jupiter to Neptune at a level that should suit if the current book has left you wanting more. It includes some Galileo findings, but pre-dates the Cassini-Huygens mission to Saturn so is out of date in parts.


Exoplanets

H. Klahr and W. Brander (eds.), Planet Formation (Cambridge University Press, 2006). More technical than most others in this list, this volume is based on papers presented at a conference in 2004. It looks at planet formation in the light of modern theories for our Solar System and discoveries of exoplanet systems.


F. Casoli and T. Encrenaz, The New Worlds: Extrasolar Planets (Springer Praxis, 2007). The most up-to-date popular account of exoplanets that I could find.


Websites

The following websites were accessed 4 July 2010.


General

www.nasa.gov


NASA’s home page. Click on the links here for news about missions or individual Solar System bodies.


Images

pds.jpl.nasa.gov/planets/


NASA’s ‘Welcome to the Planets’ site, offering a simple introduction to each body and a small selection of images.


photojournal.jpl.nasa.gov/


A fuller archive of NASA images of Solar System bodies.


http://www.esa.int/esa-mmg/mmghome.pl


Multimedia gallery provided by the European Space Agency.


http://www.isas.ac.jp/e/index.shtml


Japan’s Institute of Space and Astronautical Science (ISAS), with links to images and movies from Japanese missions.


arc.iki.rssi.ru/eng/index.htm


The Russian Space Research Institute (IKI). Follow the link to Planetary Exploration for access to images and information from Russian (and former Soviet) missions.


hubblesite.org/gallery/


Gallery of images from the Hubble Space Telescope, searchable by name of planet.


Maps and nomenclature

http://www.mapaplanet.org/


A site where you can create your own maps of whatever region of a planet you choose, operated by the United States Geological Survey, Astrogeology Research Program.


planetarynames.wr.usgs.gov/


A gazetteer of nomenclature on planets, satellites, and asteroids. Hosted by the United States Geological Survey, Astrogeology Research Program on behalf of the International Astronomical Union (IAU). Contains all you need to know about naming conventions, and up-to-date searchable lists of names of all kinds of features on each body.


News and data

http://nssdc.gsfc.nasa.gov/planetary/


Has links for each planet and other classes of body, taking you to fact sheets and much more.


http://www.minorplanetcenter.org/iau/mpc.html


Website of the IAU Minor Planet Center (at the Smithsonian Astrophysical Observatory). Especially good information on near-Earth objects.


www.boulder.swri.edu/ekonews/


Electronic newsletter about the Kuiper belt, plus various useful links.


www.exoplanet.eu


The Extrasolar Planets Encyclopedia. Includes a frequently updated catalogue tracking the current tally of known objects, and also tutorials on the various methods of detecting exoplanets.


http://www.planetary.org/home/


The Planetary Society. An international (US-based) society promoting planetary exploration. A good source of relevant news and comment.
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COSMOLOGY

A Very Short Introduction

Peter Coles


What happened in the Big Bang? How did galaxies form? Is the universe accelerating? What is ‘dark matter’? What caused the ripples in the cosmic microwave background?

These are just some of the questions today’s cosmologists are trying to answer. This book is an accesible and non-technical introduction to the history of cosmology and the latest developments in the field. It is the ideal starting point for anyone curious about the universe and how it began.

‘A delightful and accesible introduction to modern cosmology’


Professor J. Silk, Oxford University

‘a fast track through the history of our endlessly fascinating Universe, from then to now’


J. D. Barrow, Cambridge University

www.oup.co.uk/isbn/0-19-285416-X
  

GLOBAL WARMING

A Very Short Introduction

Mark Maslin


Global Warming is one of the most controversial scientific issues of the twenty-first century. This is a problem that has serious economic, sociological, geopolitical, political, and personal implications.

This Very Short Introduction is an informative, up-to-date, and readable book about the predicted impacts of global warming and the surprises that could be in store for us in the near future. It unpacks the controversies that surround global warming, drawing on material from the recent report of the Intergovernmental Panel on Climate Change (IPCC), and for the first time presents the findings of the Panel for a general readership. The book also discusses what we can do now to adapt to climate change and mitigate its worst effects.

http://www.oup.co.uk/isbn/0-19-284097-5
  

PARTICLE PHYSICS

A Very Short Introduction

Frank Close


In this compelling introduction to the fundamental particles that make up the universe, Frank Close takes us on a journey into the atom to examine known particles such as quarks, electrons, and the ghostly neutrino. Along the way he provides fascinating insights into how discoveries in particle physics have actually been made, and discusses how our picture of the world has been radically revised in the light of these developments. He concludes by looking ahead to new ideas about the mystery of antimatter, the number of dimensions that there might be in the universe, and to what the next 50 years of research might reveal.

http://www.oup.co.uk/isbn/0-19-280434-0
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