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GEOLOGY


A Complete Introduction


David Rothery




Preface


I am grateful to all who helped with or commented upon the previous editions of this book. Those would probably never have been written without the stimulus of teaching geology to enthusiastic students out in the field, which is by far the best environment in which to inspire them about the record of our planet’s past preserved in the rocks. Let those short-sighted bean-counters who would reduce fieldwork teaching beware!


For this fifth edition, I have taken the opportunity to clarify the text in many small instances. I have also interpolated ‘key ideas’, ‘case studies’ and a few other devices into the text that I hope will be helpful as aids to learning. Each chapter, except the first, now concludes with some simple multiple-choice questions to help readers test and consolidate what they have learned. Answers will be found near the back of the book. I have increased the number of references (to online and print resources) and distributed them at the end of the most relevant chapter, under the heading ‘Digging deeper’.


I have updated various items relating to rapidly changing topics (such as volcanic eruptions, earthquakes, climate change, physical resources and Solar System geology), expanded the glossary and the index, and rectified various minor errors or omissions.
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Introduction: a mighty matter of legend
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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’.
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‘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. These include 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 a 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 that is exposed at the surface becomes worn away, and where it is redeposited as sediment. Thus, all the factors listed above must leave some kind of imprint on the history of our planet, as revealed by a study of the rocks. The complexities are boundless, but nevertheless we now have a reasonably complete understanding of how the Earth as a whole functions.


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 that 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:


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


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


3    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.
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Figure 1.1   Cross-section through the Earth’s surface to show the rock cycle.


In nature, the rock cycle is not as 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 idea in geology, and it 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.


The structure of this book


There is no obvious point at which to begin describing the rock cycle. In this book I begin with its igneous parts, first near the surface (Chapter 5) and then 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 and its atmosphere (Chapter 2) to give you the information you need to set its geology in context. Then I discuss 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.
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Dig deeper








The rock cycle can be explored at http://www.geolsoc.org.uk/ks3/gsl/education/​resources/rockcycle.html and via an animation at http://www.pbslearningmedia.org/resource/ess05.sci.ess.earthsys.rockcycle/​rock-cycle-animation/


A site at the Smithsonian Museum of Natural History (Washington, DC) has lots of good things to explore if you select the topic ‘Earth and Planetary Sciences’ http://www.si.edu/Encyclopedia/Search/Science and Technology


http://www.usgs.gov/ The home page of the United States Geological Survey; complicated but you can find information on most geological topics here.


http://www.bgs.ac.uk/ The home page of the British Geological Survey.


http://www.gsi.ie/ The home page of the Geological Survey of Ireland.


http://www.ga.gov.au/ The home page of Geoscience Australia.


http://www.gns.cri.nz/ The home page of New Zealand’s Institute of Geological and Nuclear Sciences.


http://www.geolsoc.org.uk/ The home page of the Geological Society of London, the organization to which most professional geologists in the UK belong.


http://www.geologists.org.uk/ The home page of the Geologists Association, representing amateur geologists in the UK.


http://ougs.org The home page of the Open University Geological Society, a Europe-wide self-help group for serious or casual students of geology. News of local meetings and field trips.


http://geosociety.org The home page of the Geological Society of America, a largely professional society.


http://geology.about.com/ A free commercial site (with advertising) offering up-to-date news and web links across the full range of geology, including pictures of rocks, minerals and fossils.
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____________


*   Aragorn to Eomer, The Two Towers, J.R.R. Tolkien, 1954
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Inside and outside: the solid Earth and the atmosphere
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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.
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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.


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.
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Spotlight: What is a planet?








In 2006 the International Astronomical Union formally defined a planet as a body that orbits the Sun, that is large enough to take on a nearly spherical shape, and that has been able to ‘clear its orbit’ of other bodies of comparable size. Pluto crosses the orbit of the much more massive planet Neptune, and so Pluto is no longer officially a planet. It was put into a new category called ‘dwarf planet’ to denote bodies orbiting the Sun that are big enough to be spherical in shape but which have not ‘cleared their orbits’.
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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 and breaking down carbon dioxide and sulfur dioxide. This made it possible for higher organisms to develop.


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 on to land.


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








Without the Earth’s atmosphere, conditions at its surface would be radically different. Atmospheric composition has evolved over time, notably because of interactions with living organisms.
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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 its 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 a 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 tells us only 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 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 becomes. 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 demonstrate 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 2,900 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 dense 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 specific range of distances 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.
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Key idea: Seismic waves and the Earth’s interior








The way that seismic waves (vibrations triggered by earthquakes) travel through the Earth enables its internal structure to be mapped out.
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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 small percentage of 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.
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Key idea: The Earth’s core








The Earth has a dense core made largely of iron. The inner core is solid, but the outer core is liquid. The core makes up 27.5 per cent of the Earth’s mass, but only 9.25 per cent of the Earth’s volume.
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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.
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Key idea: Magnetism








The Earth’s magnetic field is generated electrically by dynamo motion in the liquid outer core.
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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, and has 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.


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.
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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 the 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.
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Remember this!








Remember that the mantle cannot really be a liquid, because it transmits S-waves. Much of it behaves like a liquid when considered over geological time, but it is not molten rock.
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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.
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Key idea: The mantle








The mantle makes up 68.4 per cent of the Earth’s mass and 49.5 per cent of the Earth’s volume.
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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 that 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.
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Key idea: Crust and mantle








The Moho is the interface between the denser, silica-poor rocks of the mantle and the less dense, relatively silica-rich rocks of the overlying crust. Oceanic crust is thinner and denser than continental crust, and the base of the continental crust is deepest beneath mountain belts.
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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 small percentage 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 it 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 causes water to 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 works 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).
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Key idea: Strong versus weak








The Earth’s rocky part is layered by strength (strong lithosphere and weaker asthenosphere) and by chemistry (core and mantle). Even the asthenosphere is solid, not molten. However, it is mobile – flowing by solid-state convection at a few centimetres per year.
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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 m−2 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.


In 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.
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Spotlight








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.
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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.


Radiogenic heating


Many elements have radioactive isotopes, but only three of these are important heat sources in the Earth today. These are potassium, uranium and thorium. Most potassium atoms are stable and non-radioactive. Each of these contains a total of 39 heavy particles (protons and neutrons) in its nucleus, and is described as potassium-39, or 39K (using the chemical symbol for potassium, K). However, about one potassium atom in every 10 000 contains an extra neutron, making a total of 40 heavy particles. These atoms of potassium-40 (40K) are unstable, and undergo radioactive decay. All atoms of uranium and thorium are unstable; thorium occurs as 232Th, and uranium has two radioactive isotopes, 235U and 238U.


Although it is impossible to predict when any individual radioactive atom will decay, there is a measurable probability of it happening during a given time. When dealing with large numbers of nuclei, probability takes on a deadly certainty. It is therefore possible to determine the time it takes for half the nuclei of a particular isotope to decay, which is known as the half-life. Because the number of radioactive nuclei halves over a fixed time, it never actually reaches zero (although it can get very close to it for isotopes with much shorter half-lives than those discussed here). The half-life of 238U is 4.5 billion years. This, coincidentally, is roughly the age of the Earth, so it means that the abundance of 238U in the Earth must now be very close to half what it was when the Earth formed. The half-life of 232Th is over three times the age of the Earth, so about 80 per cent of the 232Th that the Earth started with still remains.


Of the four heat-producing isotopes, 40K (half-life 1.3 billion years) probably produces the greatest amount of heat today and 235U the least. However, 235U has the shortest half-life of the four, about 710 million years, which is about one-sixth the Earth’s age. To determine the rate of heat production by 235U when the Earth was very young you have to multiply the present rate by 26 or 64 times, from which it can be deduced that 235U was the second most important heat-producing isotope during the Earth’s first half-billion years.


All three of these elements tend to be concentrated into the relatively light rocks of the continental crust, rather than the mantle, which explains why as much as half of the Earth’s radiogenic (radioactively produced) heat is generated in the crust, although this makes up less than 0.1 per cent of the Earth’s total volume. However, one of the great unknowns is whether potassium is abundant in the outer core, where it is a contender for the unknown light element. What is not in any doubt at all is that the Earth’s radioactive power source must be running down, though at a rate that is too slow to concern us for most purposes.
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Key idea: Radiogenic heating








Heat is generated inside the Earth by radioactive decay of uranium, thorium and potassium.
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Radiometric dating and the age of the Earth


Apart from heat production, radioactive decay is important to the geologist because it is a physical process that occurs at known rates. The time since a rock or crystal was formed can be determined by measuring the relative proportions of the surviving parent isotope and its decay products trapped within the same rock or crystal. This is called radiometric dating. For example, 40K (the parent isotope) decays to 40Ar (its decay product). Argon is not commonly trapped within minerals when they are formed, so it is usually assumed that any argon found within a mineral is the product of decay of 40K. Unfortunately, argon can escape from within a crystal, so potassium-argon dates are sometimes unreliable.


The decay of uranium (to lead) offers an important dating technique, but 232Th is not used much because of its extremely long half-life. There are other radioactive isotopes that are insignificant producers of heat but whose decay products enable radiometric dating to be performed. The most important of these is the decay of rubidium-87 (87Rb) to strontium-87 (87Sr). Radiometric dating techniques can be used to determine the time since a crystal grew from molten rock or by recrystallization within rock without melting (a process known as metamorphism). Extensions of these techniques have enabled the age of the oldest components of meteorites to be determined as 4.567 billion years, with the Earth being fully formed by about 4.5 billion years.









	
[image: image]



	

Case study








No reputable scientist today doubts the age of the Earth, as deduced from radiometric dating. Eighteenth-century geologists mixed careful observation of the record of past events evidenced in successive deposits of sedimentary rock and deduced that the Earth must be immensely old. Notable among these was Scottish geologist James Hutton, who wrote in 1788 that ‘we find no vestige of a beginning, – no prospect of an end’. However, it took a physicist, the Belfast-born William Thomson (later Lord Kelvin), working at the University of Glasgow, who placed a credible number on the age. In 1862 he published calculations that showed that it would have taken somewhere between 20 and 400 million years for the Earth to have cooled to its present temperature from an initially molten state. He was right, but he didn’t know about radiometric heating and based his sums on primordial heat only. In the 1920s and 1930s radiometric dating became available and showed that the Earth must in fact be a few billion years old, and an age of 4.55 billion years was accepted, based on meteorites, in 1956.
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The origin of the Earth and the Solar System


Now that you have completed this brief survey of the Earth’s interior and gross composition, it is time to look at how scientists think the Earth came into being. This takes us back to the birth of the Sun, which grew by the collapse of a slowly rotating interstellar cloud of gas (mostly hydrogen) and dust. This cloud is referred to as the solar nebula. As it contracted, the solar nebula spun faster and faster. The material that was not drawn into the central point, where the Sun was forming, became concentrated in a disc around the Sun. It was within this disc that the planets grew. At first the cloud would have been very hot, because of the gravitational energy converted to heat by the contraction. As it cooled, things began to condense out of the gas as tiny solid grains. The first grains to condense would have been made of substances able to form at temperatures above 1000°C. These would have included nickel-iron metal and some of the silicate minerals. As the temperature declined to a couple of hundred degrees centigrade, the minerals growing could begin to trap water within their structure, but ice crystals would not begin to grow until the temperature reached about –90°C.


The tiny grains that formed within the solar nebula would tend to stick together whenever they happened to come into contact, and so progressively larger chunks would collect. Once the process had begun, it may have taken as little as a few thousand years to form centimetre-sized pieces. Throughout the sequence of events the timescales are poorly understood, but the following is a reasonable summary. After about 100 000 years, the biggest blocks had probably grown to about 10 km across and are dignified with the name ‘planetesimals’. These were now big enough to make their gravitational influence felt, and their growth would now proceed at an accelerating rate until after about a further 50 000 years, most of the planetesimals had collided and accreted into a few dozen bodies a few thousand kilometres across, now known as ‘planetary embryos’.


Collisions (sometimes referred to as ‘giant impacts’) between these surviving bodies would have been violent, sometimes shattering both bodies, but more often pasting the debris of the smaller body across the face of the larger one and liberating sufficient heat to cause melting to a very great depth. After about 100 million years all the planetary embryos that were going to collide had probably done so, leaving the Solar System with four inner rocky planets (see Table 2.1). There were also four giant planets (Jupiter, Saturn, Uranus and Neptune) further out from the Sun where it had become cold enough for large quantities of water, methane, ammonia and similar volatile substances to condense. In the outer fringes, where the density of material was too sparse to collect into large bodies, there are only relatively tiny icy objects, of which Pluto is the most famous – but only the second most massive – example.


The Earth probably acquired the Moon rather late. It probably formed from the debris of the last planetary embryo collision to affect the Earth. In this case, some fragments of the impacting body bounced back from the Earth and collected together in orbit around the Earth.


The irregularly shaped rocky and iron-rich bodies known as the asteroids, which are up to a few hundred kilometres across and found mostly between the orbits of Mars and Jupiter, were once thought to be the remains of a planet that was broken up by a giant collision. However, it now seems that they are surviving planetesimals that never stuck together when they hit each other, because their orbits were stirred up by their proximity to Jupiter so that they hit each other too hard to allow accretion. Most meteorites (which are chunks of rock or nickel-iron that fall from the sky) are thought to be made of the same material as the asteroids.


A warning


The origin story as outlined above may sound rather glib. It is important to realize that you stand on the threshold of the realm of legend here. Most scientists would accept this story in outline, but there are many important details still in dispute. There is good evidence that the majority of Sun-like stars have their own planetary systems. Curiously, many of the documented ‘exoplanets’ are in orbits very close to their stars, which has earned them the apt name of ‘hot Jupiters’. Such ‘solar systems’ are clearly unlike our own, and it is believed that giant exoplanets such as those must have formed farther away from their star and then migrated inwards, a process that would almost certainly destroy any intervening Earth-like exoplanet. However, these examples are probably unrepresentative, because giant exoplanets close to their stars are the easiest ones to find. The first Earth-sized exoplanet with a surface cool enough for liquid water was discovered as recently as 2007, and there are hopes that within a further decade or two we may be able to determine at least the atmospheric composition of such worlds, even though details of their geology must remain a mystery.


Closer to home, the temperature history of the solar nebula is uncertain. It could have remained too hot for much rocky material to have condensed until substantial-sized bodies of nickel-iron had formed. In this case, the later-formed rock would have collected around these pre-grown cores, and planetary bodies would develop with an inbuilt layered structure. On the other hand, the temperature may have fallen swiftly enough for chunks of a wide range of compositions to have been around at the same time. Planetary bodies would then have grown with a thoroughly mixed composition, and internal layering would then have to be generated by some later process.


It is not too difficult to envisage how compositional layering could develop from initially well-mixed material, especially if a planet like the Earth grew by ‘giant impact’ collisions between planetary embryos of similar size. As noted above, these impacts would have been violent enough to cause global melting, and this would have provided the opportunity for dense components, such as iron, to sink and form the core. At the same time, lighter materials, such as the silica-rich minerals characteristic of the crust and mantle, would have risen. However, a variant of the above story omits the planetary embryo stage, and has each planet developing from the largest planetesimal in its vicinity, growing by accreting other planetesimals that were always much smaller than itself. In this scenario, the heat released by impact energy may not have been enough to cause global melting, in which case differentiation into a compositionally layered structure would have to depend on internal sources of heat, such as radioactive decay.


In the next chapter I will put speculation aside, and turn to much firmer ground (metaphorically speaking!) and look at what happens in an earthquake.
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Dig deeper








Material about the Earth’s interior can be found at


http://www.bbc.co.uk/science/earth/​surface_and_interior/inside_the_earth


If you want to explore the difference between P-waves and S-waves, try http://www.bgs.ac.uk/discoveringGeology/hazards/​earthquakes/seismicWaves.html


There is some complex information about the Earth’s magnetic field at http://www.geomag.bgs.ac.uk/education/​earthmag.html
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Fact-check








  1  Which of these is liquid?


a    The mantle


b    The asthenosphere


c    The inner core


d    The outer core


  2  Which of these is richest in silica?


a    The continental crust


b    The oceanic crust


c    The mantle


d    The outer core


  3  Which of these is the least dense?


a    The continental crust


b    The oceanic crust


c    The mantle


d    The outer core


  4  What is the main role of convection in the mantle?


a    It generates heat


b    It drives the internal rotation of the core


c    It transports heat outwards


d    It carries silica to the crust


  5  What was the main reason why oxygen appeared in the initially oxygen-free atmosphere of the Earth?


a    Sunlight


b    Microbial activity


c    Volcanic eruptions


d    Temperature decrease


  6  Which layer of the Earth does not allow S-waves to propagate through it?


a    The crust


b    The mantle


c    The outer core


d    The inner core


  7  Which of these produces most radiogenic heat in the Earth today?


a    40K


b    232Th


c    235U


d    238U


  8  What is isostasy?


a    Different numbers of neutrons in nuclei of the same element


b    A way of looking at relative buoyancy


c    The way that the core generates the Earth’s magnetic field


d    The way that planets grew from the solar nebula
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Earthquakes
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In this chapter you will learn:


•  about earthquakes and how they are measured and predicted


•  about the dangers posed by earthquakes, and how risks can be minimized.
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You have already seen that earthquakes are useful for probing the interior of the Earth. This is because the seismic waves generated by earthquakes can travel right through the planet. However, earthquakes themselves do not happen deep down, and are pretty much confined to the lithosphere. It is their very shallowness that makes the larger ones so devastating. In this chapter I will concentrate on describing earthquakes. Their fundamental causes will become apparent in the next chapter.


How earthquakes happen


There are many fault lines in the Earth’s crust. The San Andreas fault in California is probably the most famous. A fault is a fracture between tracts of crust that are moving relative to one another. The typical average rate is around a millimetre per year. If this movement were to happen gradually it would pose few problems for people living nearby. Unfortunately, faults do not behave that way. Instead, they tend to stick. Strain builds up for decades or centuries until it reaches a critical level, and then everything gives at once. The principle is shown in Figure 3.1. An imperfect analogy to what goes on at the break-point of an earthquake happens if you stack a house brick on top of another. If you hold the lower one while gradually tilting it, you will find that the upper one does not move at first. As the angle of tilt increases, the force tending to make the top brick slide gradually increases until it is great enough to overcome friction, and suddenly it will slide off.
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