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1: Only got a minute?





  Geology is the study of our four-and-a-half-billion-year-old planet – in particular of how the natural systems shaping its surface and interior work today and how they functioned in the past. It is far more than just rocks and fossils, though recognizing the different varieties of these and understanding the clues they can give you about the deep past is a crucial aspect of Geology. When you read this book, you will find that life has caused radical changes in the composition of the atmosphere, and that this in turn has affected how minerals and rocks weather and erode.




  Earth’s life-moderated temperature has allowed it (unlike Venus) to hang on to the store of liquid water that it inherited from its origin, maintaining surface conditions suitable for life and allowing rigid tectonic plates to glide around over the less rigid interior. You could argue ‘without water no life, without life no water, and hence without life no plate tectonics’. In reality, it is not as simple as that because the Earth system is complex. The essence of how the ‘rock cycle’ works (including the heating, melting, eruption, cooling, erosion, transportation, burial and deformation of rocks), and similarly the overlapping ‘hydrological cycle’ and ‘carbon cycle’ (exchange of water and carbon between the Earth’s interior and atmosphere by routes both direct and indirect) may seem straightforward enough, but there are many processes that are inadequately understood and interrelationships that await deeper exploration.




  I have tried to keep this book clear and relatively basic. It is, after all, an introduction. If you become sufficiently intrigued to want to look further into any part of my story, then I will have succeeded.




  
10: Only got ten minutes?





  If you do want to ‘teach yourself’ Geology, then this book will help you do so. Although it is a summary of a very large field, I have tried hard to make sure that it includes all the important aspects of what I hope you will find to be a fascinating subject.




  I begin in Chapter 1 by establishing the rock cycle as the main theme for the book. In Chapter 2 I describe the basic physical and chemical properties of the Earth, and say a little about how scientists think the Earth formed and how its atmosphere has changed over time. I discuss the radioactivity that keeps its interior hot, and how this allows the age of the Earth to be determined.




  In Chapter 3, I then turn to earthquakes, how they occur and what damage they can do. The dreadful 26 December 2004 tsunami, that claimed more than a quarter of a million lives on the shores of the Indian Ocean, was triggered by an earthquake. Earthquakes are a by-product of the fact that the Earth’s rigid outer layer (its lithosphere) is broken into tectonic plates. These grind past each other as they slide across the weaker interior, and this is described and discussed in Chapter 4 as plate tectonics. Plate tectonics is universally accepted as the mechanism that allows continental drift to happen, although the forces that actually drive plate movement remain debatable.




  Plate tectonics leads naturally to volcanoes in Chapter 5 because most – though not all – volcanic activity is related to plate movements. Here I describe processes of magmagenesis – how molten rock (magma) is generated inside the Earth, even though its rocky mantle is essentially solid (not molten as widely assumed by those who have not read a book such as this!). I also consider the styles in which volcanic eruptions can occur, and the resulting hazards that vary from local to global in scale.




  In Chapter 6, I discuss molten rock that solidifies below the surface to form intrusive igneous rocks. Here I introduce the minerals that crystallize while a magma cools down.




  In Chapter 7, having documented the melting and solidifying aspects of the rock cycle, I turn next to the recrystallization that happens when a rock is heated, but not enough to melt it. This is one kind of metamorphism – the term used for mineralogical and textural changes in solid rock, caused by either heat or pressure.




  Igneous and metamorphic processes both yield generally hard rock, but mountain-building (often associated with metamorphism) makes the rock vulnerable to erosion by water, ice, wind or even just extremes of temperature (however resilient it is). This is especially the case for rocks containing igneous or metamorphic minerals. They are not stable at low pressure and temperatures prevailing at the surface, and will therefore rot (or ‘weather’), albeit slowly. Chapter 8 therefore describes physical weathering, chemical weathering, the transport of eroded grains of rock and the types of landscape resulting from various kinds of erosion.




  Chapter 9 looks at ways in which transported material can become deposited as a sediment. It also looks at the clues you can find in ancient sedimentary rocks formed by these processes. You will see how the study of modern sedimentary environments helps geologists to infer the nature of ancient sedimentary environments from features preserved in the rocks.




  You will be about halfway through the book when you get this far. The only major aspect of the rock cycle yet to cover is what happens when rock is deformed. Deformation because of collision tends to lead to uplift, and hence erosion; whereas deformation related to extension can lead to the formation of basins, where thick accumulations of sediment can gather. In Chapter 10 you will learn about faults and folds (the results of brittle and ductile deformation, respectively), and how these relate to the overall story of regional deformation. Here you will also discover the significance of unconformities, for example where older rocks that have been tilted or folded, and then eroded and overlain by younger sediments. Simple logic tells us that a vast duration of time is required between the origin of the older rocks, and the deposition of the younger ones. The significance of this key observation, demonstrating the great age of the Earth, was grasped in the last decade of the eighteenth century, and heralded the birth of modern geological thinking.




  Because of the dynamism of the Earth’s rock cycle and the associated hydrological and carbon cycles, our planet is rich in physical resources (in particular hydrocarbons and metal ores) – upon which our civilization largely depends. Therefore Chapter 11 deals with the nature, origin, discovery and extraction of physical resources. It also discusses the implications of these resources being finite and non-renewable.




  The discussion then switches to fossils, which can give very important information about the environment in which they lived. Chapter 12 speculates on the origin of life, which can be traced back to nearly 4 billion years ago. It describes life’s subsequent evolution from the most basic microbes (living off chemical energy), to more complex cells (extracting energy from sunlight while using up carbon dioxide and releasing oxygen), to multicellular life and then the (apparently) sudden burgeoning of most of the modern phyla in the so-called Cambrian explosion (540 million years ago). You will read about life expanding its tenure beyond the oceans, with the evolution of vascular plants, and the colonization of the land by arthropods and vertebrates. Then comes the thorny issue of mass extinction events (when most varieties of life were wiped out), followed by adaptive radiation of the surviving species. The dinosaur-killing meteorite impact at the Cretaceous–Tertiary boundary is the best-known mass extinction event, but there have been several others whose causes are far less certain. Chapter 12 concludes with a description of what it takes to turn organic remains into fossils that can survive throughout geological time; and the value of fossils for determining the age of the rocks in which they are found.




  In Chapter 13, you will read about the history of the Earth, beginning with the problem of how the first crust formed, and progressing to the growth of continents and the onset of plate tectonics. There is enough evidence to assemble a fairly good account of the changing distribution of continents during the past 540 million years, and this is recounted before discussing various major changes that have affected global climate (including some very extreme ice ages). The chapter ends by extrapolating present-day plate movements 200 million years into the future, to see what the Earth might look like then.




  It is a foolish geologist who tries to understand the Earth without seeing what lessons we can learn from the nature and history of other planets. Chapter 14 tells you about the Moon, Mercury, Venus and Mars, and also about some large satellites of the outer planets where either geological processes can be observed in action, or their results can be seen etched onto the face of the globe.




  You can find out quite a lot from books, and this one is a good start. However, if you want to be a geologist, or even just to appreciate the nature of the evidence from which geologists work, then eventually you will need to go into the field. Here you can examine sequences of rock that were formed hundreds of millions of years ago, and also see sediments being deposited today that may become the rocks of the future. Therefore I conclude the main part of the book with Chapter 15, which gives you some guidance about fieldwork.




  
1




  Introduction: A mighty matter of legend




  In this chapter you will learn:




  

    	about the scope of this book, and how most chapters are intended to help you understand particular processes




    	the three main types of rock, and how they are related by the ‘rock cycle’.


  




  ‘The green earth, say you? That is a mighty matter of legend, though you tread it under the light of day!’* Although taken from a work of fiction, about a fictional situation, those words may be taken as the theme for this book. The Earth is a mighty matter of legend. Its origin and the events that have taken place in its history do indeed form a grand and epic tale. Moreover, various parts of this story have been interpreted in many ways; some of these are contradictory, and others are now thought to be untrue.




  I should also point out that some of what geoscientists now believe fairly firmly will undoubtedly turn out to be wrong, or only partly correct. However, I think it is fair to claim that we understand very well (for the purpose of an introductory book such as this) most of the processes that shape the materials at, and immediately, beneath the Earth’s surface.




  Probably, what we lack most is a fully developed understanding of the interdependence of all these processes. For example, over geological timescales, measured in tens of thousands or millions of years, the Earth’s climate has changed many times. It is changing today, and the consensus among scientists is that humans are to blame for the current rapid rate of global warming because of the gases we have released into the atmosphere, notably carbon dioxide through burning coal and oil and various industrial processes. However, other factors drive climate change too: changes in the tilt of the Earth’s axis and slight variations in the shape of its orbit, minor fluctuations in the energy output of the Sun, the slow drift of the continents that forces readjustment of the ocean circulation pattern, the rise and fall of mountain belts, catastrophes such as giant volcanic eruptions and impacts by asteroids and comets, and even the emergence and evolution of life itself. All these factors have played some role in driving the temperature and climate of the Earth in one direction or another. Just how significant human-induced global warming will be in the grand scheme of things remains to be seen, though I think it is likely to impact severely on ecosystems and human cultures in many parts of the globe.




  Climate, in turn, influences how fast and in what manner rock exposed at the surface is worn away, and where it is redeposited as sediment. Thus, all the factors listed above must leave some kind of imprint in the history of our planet, as revealed by a study of the rocks. The complexities are boundless, but nevertheless I believe we now have a fairly complete understanding of how the Earth as a whole functions, at least in broad outline.




  People may become interested in geology, which is the scientific study of the Earth, for a variety of reasons. Many are intrigued by fossils, or pebbles that they pick up on the beach, and wonder what they mean. Others want to know more about earthquakes and volcanoes reported in the news, and whether such events are likely in their own neighbourhood. Some may be curious about where the oil comes from that powers their car, or what their house bricks are made of. And some are just overawed by the grandeur of the mountains or impressed by the pictures of the Earth and of other Earth-like bodies sent back by space probes, and decide they want to find out more.




  Whatever your own reason for opening this book, I hope you will find what you want. I have tried to address all these concerns, and others. Most chapters aim to help you understand a particular type of geological process. You don’t have to read these chapters in the sequence in which they are printed, but it will be easier if you do. This is because I have attempted to build up the use of terminology (geology is riddled with strange-sounding words!) in a coherent fashion. Notable exceptions to the process-oriented approach are the next chapter (which is a descriptive account of the composition of the Earth), and the final chapter (which deals with fieldwork and the simple equipment you will find useful if you decide to go and look at rocks and fossils for yourself). At the end of the book is a glossary, where the most important terms (introduced in bold in the text) are defined.




  
Rock types and the rock cycle




  It is helpful at this stage to define terms that describe each of the three main kinds of rock:




   




  

    	
Igneous rock is material that was once molten; it usually contains crystals that grew within this molten material as it cooled.





    	
Metamorphic rock is made when heat or pressure (or both) causes a pre-existing rock to recrystallize, but without melting.





    	
Sedimentary rock forms at the surface, by deposition of detrital grains or by precipitation from solution in water.



  




  A simplified view of the origins of these rock types is shown in Figure 1.1, which illustrates what is known as the rock cycle. This includes the erosion, transport, deposition, burial, heating, deformation, melting, cooling and exhumation of rock or rock fragments. Rock on high ground is worn to fragments by frost, rain and wind, and transported downhill to a place where these fragments are deposited and buried. This is the erosional and depositional part of the rock cycle. If these processes were the sole agent of change, the ultimate fate of the Earth’s surface would be for hills and mountains to be worn away, until eventually everywhere was flat and buried by mud. However, the Earth is a dynamic planet, so forces of deformation and uplift are at work that continually bring igneous and metamorphic rock, and hardened sediment, to the surface. This provides an unending supply of material to be worked on by the forces of erosion, and so the rock cycle continues.




  [image: Image]




  Figure 1.1 Cross-section through the Earth’s surface to show the rock cycle.




  In nature, the rock cycle is not so simple as it may seem in Figure 1.1. If you were to attempt to trace the history of a particular volume of rock over hundreds of millions of years, you might find it tracing a loop to and fro within just part of the cycle, perhaps being alternately metamorphosed and melted at depth and never being brought to the surface. On the other hand, a grain of sediment may be deposited in a whole succession of sedimentary environments, being plucked out by erosion and transported to each new environment without ever becoming deeply buried.




  The rock cycle is the most important unifying theme in geology, and forms the main theme of this book. However, geoscientists recognize many other interrelated cycles too. For example, the water that does much of the erosion, that transports and shapes sedimentary grains, and (that carries in solution the chemicals that help to turn soft sediment into hard sedimentary rock) is part of a hydrological cycle involving evaporation and precipitation, interaction with the ocean floor, and even passage into the Earth’s interior and escape again during volcanic eruptions. Similarly there is a carbon cycle, involving an interplay between atmospheric carbon dioxide and carbon – stored short-term in living organisms and long-term in certain kinds of sedimentary rock (carbonates such as limestone and in coal and oil). This is an important influence on climate, because the more carbon dioxide there is in the atmosphere, the more solar heat is trapped and the warmer the planet tends to be.




  
Structure of this book




  There is no obvious point at which to begin describing the rock cycle. In this book I begin with the igneous parts of the rock cycle, near the surface (Chapter 5) and at depth (Chapter 6). Next I deal with metamorphism (Chapter 7); followed by the erosional and depositional parts of the cycle (Chapters 8 and 9); and then the remaining aspect of the rock cycle, related to the deformation of rocks (Chapter 10). Subsequent chapters consider the physical resources that are available to us as a result of the rock cycle (Chapter 11); the history of life on Earth and of the Earth itself (Chapters 12 and 13); and evidence that the processes I have described occur on other planets too (Chapter 14);. The final chapter provides an introduction to geological fieldwork (Chapter 15).




  First, though, I describe the Earth’s internal properties (Chapter 2); earthquakes (Chapter 3) – which are one of the most obvious manifestations of the unquiet Earth; and plate tectonics (Chapter 4) – which is a description of how wandering continents and widening or vanishing oceans are associated with the creation and destruction of rock on a huge scale.




  * Aragorn to Eomer, The Two Towers, J.R.R. Tolkien, 1954




  
2




  The solid Earth




  In this chapter you will learn:




  

    	about the Earth in cross-section, from the atmosphere to the core, and how some of this information has been obtained




    	about the Earth’s age and origin.


  




  Before exploring the geological processes that affect the Earth, I had better establish just what we are dealing with. As Table 2.1 shows, the Earth is the largest of several rocky planets in our Solar System. It is nearly spherical, measuring 12 714 km from pole to pole and 12 756 km round the Equator, and orbits the Sun at an average distance of 150 million km.




  [image: Image]




   




  Table 2.1 The Earth and similar planetary bodies. Although the Moon orbits the Earth rather than the Sun (and so is not a planet in the astronomical sense) it is included here because geologically it belongs to the same class of bodies.




  I will describe some of our Solar System’s other geologically interesting bodies in Chapter 14, but until then my focus is very much on the Earth.




  
The atmosphere and its development




  Compared with the size of the planet, Earth’s atmosphere is no more than a very thin layer. It is so sparse as to be virtually unbreathable at the tops of the tallest mountains (8–9 km above sea level), clouds rarely occur higher than at about 12 km, and at 200 km it is so tenuous that it offers little or no resistance to artificial satellites as they orbit.




  However, so far as living things are concerned, the importance of the atmosphere is out of all proportion to its size. This is not just because it contains the oxygen necessary for breathing, but also because the atmosphere moderates the temperature of the globe and shields the surface from radiation that would be harmful to life.




  Most familiar living things would have a hard time surviving on the Earth’s surface if the atmosphere were to become radically changed.




  This is not to say that the present atmosphere has been around since the Earth was formed. As you will see towards the end of this chapter, the Earth’s origin is reliably dated at just over 4.5 billion years ago. At that time the Earth’s primordial atmosphere (most of which is thought to have escaped from the interior by means of volcanoes) was probably largely water vapour, carbon dioxide, sulfur dioxide and nitrogen.




  The appearance and subsequent evolution of exceedingly primitive living organisms (bacteria-like microbes and simple single-celled plants) began to change the atmosphere, liberating oxygen while carbon dioxide and sulfur dioxide were broken down. This, in turn, made it possible for higher organisms to arise.




  When the earliest known plant cells with nuclei evolved about 2 billion years ago, the atmosphere seems to have had only about 1 per cent of its present content of oxygen. With the emergence of the first land plants, about 500 million years ago, oxygen reached about one-third of its present concentration. It had risen to almost its present level by about 370 million years ago, when animals first spread onto land.




  Today’s atmosphere is thus not just a requirement to sustain life as we know it – it is also a consequence of life.




  
The Earth’s interior




  This book is concerned mostly with things that occur upon, or at shallow depth below, the Earth’s surface. I will come back to the atmosphere from time to time, but first we need to investigate the deep interior. People living in regions where the soil is thin are well aware that the outside of the solid Earth is made of rock. The rest of us are reminded of this when we see a quarry or a cliff. But could the Earth be made of rocky material like this all the way to the centre?




  A simple way to determine whether that is possible is to consider the Earth’s density. The kind of rock you usually find at the surface has a density of about 2.7 tonnes per cubic metre. If the Earth were made of rock, it should have an overall density only a little greater than this value, to allow for compression, and hence greater density, at depth.




  You can work out the Earth’s actual density as follows. The Earth’s mass is known to a high degree of precision, because it can be determined from how long it takes the Moon or an artificial satellite to complete an orbit. It was shown in Table 2.1 column heading as 6.0 × 1024 kg. If you are not familiar with scientific notation, this translates as 6 million million million million kilogrammes, or 6 million billion billion kilogrammes, or 6 thousand billion billion tonnes. The Earth’s density can be found by dividing its mass by its volume. The result is 5.52 tonnes per cubic metre, which is about twice the density of surface rock. Clearly, therefore, the Earth is not just rock. Since the outer part is self-evidently rock, you can deduce that there must be something denser than the average value hidden away at depth. In fact, the centre of the Earth is believed to be composed mostly of iron, with a density of almost 13 tonnes per cubic metre.




  The picture geologists have formed of the Earth’s interior is not based merely on density arguments. Density just tells us that there must be something much denser than rock somewhere within the Earth, but not how this denser matter is arranged, let alone what it is made of. For example, Figure 2.1 shows two entirely different types of internal structure for the Earth, both of which are consistent with the Earth’s density, but only one of which makes sense when other evidence is taken into account.
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  Figure 2.1 Two possible arrangements of dense matter within the Earth. Either of these would account for the observed average density, but only the model on the right fits the observations discussed later in the text.




  
Seismic waves




  The most useful information for determining the internal structure of the Earth comes from the study of how vibrations travel through it. As you can imagine, it needs pretty powerful vibrations to be detected through the full thickness of the globe. Fortunately, the vibrations from large earthquakes, known as seismic waves, are sufficiently strong for this purpose (though this is a mixed blessing for people living in the most earthquake-prone areas, as you will see in the next chapter).




  The reason why seismic waves are so useful for probing the Earth’s interior is that the speed at which vibrations travel through a substance depends on its physical properties. As density increases, so the speed of seismic waves tends to decrease. On the other hand, vibrations travel faster through a more rigid substance than through a less rigid substance.




  Let’s see how this can help us determine the structure of the Earth, by supposing for now that the outer part of the Earth has a uniform (rocky) composition. How would we expect the speed of seismic waves to vary with depth? Rigidity should increase with depth, as a result of the ever-increasing pressure exerted by the overlying material. The effect of this should be for the speed of transmission of seismic waves to increase as depth increases. The contrary tendency for speed to decrease because of increasing density with depth is a much slighter effect, since rock is not compressed very much however high the pressure gets. We therefore expect the speed of seismic waves to increase with depth within the rocky part of the Earth, and this is indeed what we find.




  You can tell this when an earthquake happens at a known location, by timing the arrivals of the first vibrations received by sensitive vibration detectors, known as seismometers, at different distances. Figure 2.2 shows how this works. Note that the vibrations follow curved paths as a consequence of the speed of the transmission increasing with depth.
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  Figure 2.2 Because the speed of transmission of seismic waves increases with depth, the first vibrations detected by distant seismometers are not those that have travelled in a straight line, but those that have followed a curved track, shown here, taking them on a deeper but faster route. The first vibrations reach seismometer A about 27 minutes after the event, and seismometer C only about 35 minutes after the event, even though C is about one and a half times further away.




  Studies of this sort, based on hundreds of thousands of earthquakes detected at thousands of seismometers across the globe, have enabled the speed of seismic waves at different depths to be determined in considerable detail. The structure of the Earth’s outer few tens of kilometres varies considerably from place to place, and I will consider this shortly. The deeper interior is much more uniform, seismic speeds changing with depth but not varying much with location.




  What helps us to pin down the density distribution within the Earth is that at a depth of 2900 km the speed of seismic waves drops sharply. We can tell this because instead of continuing to follow an upward-curving track, the path of a vibration reaching this depth is deflected downward, as shown in Figure 2.3. At this depth, the composition evidently changes from rocky to something different, with about twice the density, causing a dramatic decrease in seismic wave speed. This marks the outer limits of the Earth’s core. The rocky material surrounding the core is known as the mantle.
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  Figure 2.3 Paths of seismic waves deep within the Earth. The density of the core is about twice that of the much more rigid overlying mantle, so seismic speed is halved. The direction of wave travel is deflected sharply downward at the core–mantle boundary, and there is a ‘shadow zone’ at a certain distance from the source within which seismometers cannot pick up directly transmitted waves. In addition to earthquakes, underground nuclear explosions cause seismic waves powerful enough to probe the deep structure in this way.




  
The Earth’s core




  A remarkable thing about the outer core at this depth is that, despite the immense pressure, it is not solid. This has been demonstrated by studying the transmission of different kinds of seismic waves, which so far I have glossed over. There are two sorts of seismic wave that concern us when considering the Earth’s interior: compressional waves and shearing waves. A compressional wave (or P-wave) is just like a sound wave in air; it consists of alternate pulses of compression and dilation. A shearing wave (or S-wave) can be observed by shaking a jelly; it is an alternate side-to-side wobble travelling through the body of the material. An important distinction between these two types of seismic waves is that compressional waves can travel through anything, but shearing waves cannot pass through a liquid. This is because a liquid offers no resistance to shearing motion. Seismometers can distinguish between the two types of waves, and from this we can tell that only P-waves are transmitted through the outer core, which must therefore be liquid.
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  Figure 2.4 Speeds of compressional waves (P-waves) and shearing waves (S-waves) within the Earth, and inferred density.




  That is not quite the end of the story, because an inner core can be identified whose limit is marked by a rapid increase in the speed of P-waves and within which we can tell (by indirect means) that S-waves are once again transmitted. Figure 2.4 is a plot showing the variation with depth of the speeds of P-waves and S-waves (which can be calculated) and density (which can then be deduced).




  Now you have seen the evidence needed to decide between the alternative models of density distribution given in Figure 2.1, and I hope you will agree that the right-hand model (symmetrical distribution), rather than the left-hand model (irregular distribution), has to be correct. In fact, we can go further than this, because we have enough information to propose what the dense stuff actually is. The solid inner core has the properties we would expect of solid iron mixed with a few per cent nickel. Its properties match that of other metals too, such as cobalt or titanium, but the iron core model is the only reasonable one because it fits with the Earth being rich in the same metallic elements as we find in the Sun and in meteorites. The liquid outer core has a density too low to be pure metal. About 10 per cent of its mass must be composed of one or more relatively light elements. What these are cannot be proved, but oxygen, sulfur, carbon, hydrogen and potassium (a light metal) are the most likely.




  
Evidence from magnetism




  There is one more factor bearing on the nature of the core that I should touch on here, and this is magnetism. The Earth has a magnetic field resembling one produced by a giant bar magnet (Figure 2.5). Both common sense and the seismic evidence you have just considered enable you to rule out a real bar magnet as the origin of this magnetic field. Instead, the field is regarded as the product of electrical currents generated by motion (a sort of self-sustaining dynamo) within the fluid outer core.
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  Figure 2.5 Cross-section through the Earth from pole to pole, showing the lines of magnetic field and an imaginary bar magnet at the Earth’s centre.




  
The Earth’s crust and mantle – compositional layers




  Now I will turn to the outermost few tens of kilometres of the Earth, where the variation in seismic speeds is most complex. Junctions between one rock body and another are sometimes manifested by sharp changes in seismic speed, but on a global scale the effect is one of gradually increasing speed with depth.




  This is because of the dominating effect of increasing rigidity when depth, and hence pressure, increases. P-wave speed increases gradually from about 2 km per second just below the surface to 6 or 7 km per second. Below this, a sharp jump to a P-wave speed of 8 km per second is recognized throughout the entire globe, at an average of 30 km below the continents, but usually 10 km or less below the ocean floor. This sharp change to denser rocks is known as the Mohorovicic discontinuity (after Andrija Mohorovicic, 1857–1936, the Croatian seismologist who first recognized it). It is usually called the Moho for short. Above the Moho are the rocks that belong to the Earth’s crust, and below it is the mantle, which extends all the way to the core.




  The crust is composed of slightly less dense rock than the mantle, having a greater proportion of silicon, aluminium, calcium, sodium and potassium, but less magnesium. It is easy to explain why the crust sits above the mantle; essentially it is just the light stuff that has worked its way to the top. For reasons that you will learn later, there are actually two distinct types of crust: continental crust (underlying virtually all the land surface and the shallow seas) and oceanic crust (forming the floor of the deep oceans). The compositions of these two types of crust are compared alongside the mantle composition in Table 2.2.
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  Table 2.2 Average compositions of continental crust, oceanic crust and the mantle. The names of the rock types most closely matching these compositions are shown. Elements are named in the first column, but compositions are expressed as the oxides of these elements (per cent by weight) whose chemical formula is shown in the second column; this is purely a convention and should not be thought of as indicating the chemical species actually present. Iron is listed twice, as Fe2O3 and FeO. SiO2 is commonly referred to as silica.




  The thickness of the continental crust varies from about 25 km in thin, stretched regions, to as much as 90 km below the highest mountain ranges. Oceanic crust is much thinner, ranging from about 6 to 11 km thick.




  The wide variation in the thickness of continental crust is manifested not so much by mountains tens of kilometres high (the highest mountain, Everest, reaches only 8848 m above sea level), as by giant downward protuberances of the base of the crust, which can be detected as variations in the depth of the Moho. This shows that mountains are not held up by the strength of the material on which they rest. Instead, crustal regions of different thickness may be thought of as floating on the denser mantle. The situation is illustrated in Figure 2.6.


  




  Insight




  Remember that the mantle cannot really be a liquid, because it transmits S-waves. However, much of it behaves like a liquid when considered over geological time.
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  Figure 2.6 Cross-sections showing crust of different thicknesses resting in equilibrium upon the mantle. In the situation shown, the weights of all five columns (crust plus mantle, and including water in the right-hand column) from surface to base are equal. This demonstrates how mountains of modest height (6 km in this example) are supported by buoyant roots (extending 57 km below sea level in this example). Average densities of water, continental crust, oceanic crust and mantle are 1.0, 2.7, 3.0 and 3.3 tonnes per cubic metre, respectively.




  The concept of blocks of crust floating in equilibrium upon the mantle is known as isostasy, and has been found to apply almost everywhere. There are few examples known where high or low regions are held up or pushed down by any force other than simple buoyancy (which is really what is meant by isostasy). Buoyancy shows us why oceanic crust is virtually never found on dry land. It is thinner and denser than continental crust, and so it floats lower.




  
Summary of compositional layers




  Figure 2.7 summarizes what I have said so far about the Earth’s compositional layers. The compositional difference between crust and mantle is relatively slight, but sufficient to account for the jump in the speed of seismic waves across the Moho. The most abundant elements in both are silicon and oxygen. Any compound made of a chemical combination of just these two elements is known as silica. The rocky materials dominated by silicon and oxygen are therefore commonly referred to as silicates. Some depth-related changes in seismic speeds within the mantle have been recognized (see Figure 2.4), but these are thought to represent pressures at which atoms within crystals become packed into denser, more rigid, structures, rather than being changes in chemical composition. Throughout, the mantle is thought to have a chemical composition similar to that of the rock type known as peridotite. The compositional distinction between the core and the mantle is much more fundamental than between the crust and the mantle. The core does not even consist of silicates, but is dominated by iron.
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  Figure 2.7 The compositional layers within the Earth. The lower mantle has a denser structure than the upper mantle, but is not thought to differ significantly in composition.




  
Another kind of layering – strong and weak




  When you consider how the Earth behaves, it is not always chemical composition that is the most important factor. You also need to bear in mind how strong the material is. You have already met this concept when we considered the crust as blocks ‘floating’ in the mantle. Mountain belts need deep buoyant roots only because the crust and underlying mantle do not have the strength to support them. Actually, the weakest zone in the mantle is not immediately below the crust, as you might think from a simple interpretation of Figure 2.6. Instead it begins at a depth of about a hundred kilometres. At this depth there is a slight drop in seismic speeds (discernible in Figure 2.4), which has been interpreted as due to the presence of a few per cent of molten material. However, the material as a whole must still be well and truly solid because S-waves can travel through it. This is known as the ‘low-speed layer’ (sometimes the ‘low-velocity layer’) and is weak enough to deform (over geological time periods) under the weight of mountain belts or ice sheets. For example, Scandinavia is still rising upwards at a rate of a few millimetres per year in response to unloading caused by the disappearance of a thick sheet of ice that covered the region until about 10 000 years ago. It is flow in the weak zone in the mantle that allows this slow rebound to happen.




  You will discover in Chapter 4 that the outer shell of the Earth is broken into large slabs or ‘plates’ that are gliding sideways. This, too, would not be possible but for this weak zone, which lubricates the bases of the plates.




  In terms of how the outer part of the Earth responds to forces, the crust and the uppermost part of the mantle constitute a single rigid unit known as the lithosphere (from lithos, the Greek word for rock). The lithosphere is rocky not just in its composition but also in terms of its mechanical properties. In contrast, below the lithosphere the mantle is relatively weak, although its chemical composition is the same. This weak zone has been named the asthenosphere (using the Greek word for weak). The relationship between crust, mantle, lithosphere and asthenosphere is summarized in Figure 2.8.
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  Figure 2.8 The mechanically distinct outer layers of the Earth: the rigid lithosphere and the relatively weak asthenosphere.




  The weakest part of the mantle lies in the few tens of kilometres immediately below the base of the lithosphere, and the term asthenosphere is often restricted to just this thin layer (coinciding with the low-speed layer). However, once you get below the lithosphere there has been an important change in the properties of the rock that persists all the way to the core. Although solid in respect of the transmission of seismic waves (which travel at many kilometres per second), the rock below the lithosphere is not at rest. It is circulating slowly, at speeds of a few centimetres a year. This is usually described as ‘solid-state convection’. Convection is what makes warm air rise and cold air sink, or water circulate in a saucepan (even before it boils). It is a way of transporting heat outward. Put simply, hot mantle rises upwards and transfers its heat to the base of the lithosphere. Circulating mantle that has lost heat in this way becomes slightly denser, and sinks downwards to complete the loop (Figure 2.9 and Plate 1). Most of the heat deposited at the base of the lithosphere trickles through to the surface by conduction, but some is carried higher by molten bodies of rock that can intrude high into the crust, or even reach the surface at volcanoes.
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  Figure 2.9 Possible arrangement of convection within the sub-lithospheric mantle. This model shows two layers of convection cells, meeting at the seismically defined transition zone (see Figure 2.7).




  
The Earth’s heat




  Considering the nature of the mantle has brought us to the question of the Earth’s heat. It is common knowledge that the interior of the Earth is hot, but most people probably think this means that below a certain depth everything is molten. You have already seen that such a notion is misconceived, because seismic data prove conclusively that the mantle – even the bulk of it that constitutes the asthenosphere – is virtually all solid.




  The mantle is hot, but not as hot as you would think by extrapolating from surface measurements. Heat is escaping to the surface at a rate of about eight-hundredths of a watt per square metre (0.08 W m–2), so you would need to collect all the heat escaping from an area greater than 1000 m2 to power a 100-watt light bulb. Near the surface of continents, the average rate of temperature rise with depth (the geothermal gradient) is about 30 °C per kilometre. From this you could infer, by extrapolation, a temperature of about 900 °C at the base of 30 km thick crust and about 2700 °C at the base of 90 km thick crust, but you would be wrong to do so. Temperatures over 1000 °C are not reached in the crust because crustal rocks would melt at about this temperature.




  The solution to this conundrum is that only about half the heat escaping to the surface of the continents comes from below, whereas the rest is actually generated within the crust. This means that the geothermal gradient becomes less as you go deeper.




  If fact, below the lithosphere, temperature rises at a rate of less than half a degree per kilometre. One factor contributing to this low value is that, as you have already seen, this part of the mantle is convecting. Convection is much more effective than conduction at transporting heat.


  




  Insight




  If convection could (magically) be stopped, then heat would build up within the mantle and its temperature would rise by a degree or so every million years until it melted. The action of solid-state convection within the mantle is actually what stops it becoming hot enough to melt.


  




  The very effective convection in the liquid outer core keeps the temperature gradient even lower there, so that the temperature of the inner core is estimated at a surprisingly low value of approximately 4700 °C.




  So where does the Earth’s heat come from? An unknown proportion, perhaps around 30 per cent, is heat that was trapped within the Earth as it formed. This primordial heat continues to leak out, but is not being generated today. The rest of the heat comes from processes that are continuing today. By far the most important of these is decay of radioactive elements, causing so-called radiogenic heating.
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