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Meet the author


Welcome to Volcanoes, Earthquakes and Tsunamis!


 


Much of my research career has been as a volcanologist, and I have witnessed both explosive and effusive volcanic eruptions. This has been a privilege. A geologist can encounter fewer spectacles more beautiful and exciting as he goes about his work. My travels have taken me to places where earthquakes are common, and I have felt the ground shaking both at home and abroad. Volcanoes and earthquakes can be deadly, and can ruin the lives of even more people than they kill, hence this book, in which I explain why and how eruptions and earthquakes occur, what can be done to monitor and predict them, and how to protect people. I wrote the previous edition of this book in the shadow of the Indian Ocean tsunami of 26 December 2004, which killed nearly 300,000 people and was caused by an earthquake. This made it natural to include tsunamis in the title and to explore the various ways in which tsunamis can happen. While I was preparing this new edition an almost equally deadly earthquake struck Haiti, but this time most of the dead and injured suffered because poor-quality buildings collapsed on top of them. The need to understand what happens and what can be done has never been greater.


 


David Rothery, 2010





1: Only got a minute?



Most volcanoes and earthquakes happen where they do because of how the Earth’s outer layers behave. The outer rigid shell is broken into mobile plates, whose migration and interaction is referred to as ‘plate tectonics’. Sporadic grinding action between plates as they move causes most of the large earthquakes. Interactions between plates are also responsible for producing molten rock (magma) and allowing it to rise to the surface where it can erupt through volcanoes, although not all volcanoes are related to plate boundaries. Earthquakes and volcanic eruptions have many consequences, which can be fatal to humans, destructive to property and harmful to the environment. At worst, a really bad eruption can change the climate of the whole globe.


Tsunamis are powerful waves in the ocean that can be devastating when they come ashore. Unlike most volcanoes and earthquakes, tsunamis are not direct consequences of plate tectonics. The most common tsunami trigger is submarine earthquakes, but they can also be set off by a volcanic eruption under, or next to, the sea. Thus volcanoes, earthquakes and tsunamis are part of the same story. By the time you have finished this book you will understand where, why and how they occur, how they are studied, what can be done to predict them, and to what extent people and property can be protected against their worst consequences.





5: Only got five minutes?



The Earth’s outer shell is less than 150 km thick and is known as its lithosphere. This is broken into plates that slide around thanks to the weakness of the underlying material. Most earthquakes occur when one plate grinds against another, notably edge-to-edge where they are sliding past each other, or top-against-base where one plate is being forced down (subducted) below its neighbour in a subduction zone.


Plate boundary effects also stimulate the production of magma (molten rock), which rises upwards to feed volcanoes. There are two main ways in which magma is generated: hydration melting where water and other volatiles escape from a subducting plate and lower the melting temperature of the overlying rock, and decompression melting where mobile (but solid) rock wells up within the mantle until the confining pressure drops sufficiently to cause melting. This can happen along linear zones where plates are spreading apart, drawing up replacement material from below, or remote from plate boundaries where a pipe-like upwelling (a ‘mantle plume’) occurs.


As magma rises, the growth of crystals and the engulfing of surrounding rock can change its chemistry, and various gases will come out of solution and form bubbles. Magma chemistry and degassing both play major roles in affecting the style of volcanic eruptions and the shape of volcano that develops around the vent area. Magma that is effused across the ground is described as a lava flow, but violent gas escape can drive an explosive eruption that flings fragmentary material (volcanic ash) skywards. Fragmented material falling back to the ground or created when an oversteepened part of a volcano collapses can supply a pyroclastic flow, travelling at >100 km per hour. Volcano shapes include steep-sided symmetric ‘composite cones’ several kilometres high, calderas tens of kilometres across on the site of destroyed composite cones, gently-sloping shield volcanoes up to several kilometres high, vast fields of ‘flood basalt’, and a wide variety of smaller edifices. They can grow on continental crust and along island arcs above subduction zones, or can sit directly on oceanic crust. In this book you will meet examples of notable eruptions at volcanoes of each sort.


Hazards associated with volcanic eruptions include lava flows that destroy property but from which people can usually escape, pyroclastic flows that are faster and more lethal, and fallout of ash from the sky that can kill crops and cause roofs to cave in unless they are swept clean. Rainfall can transform ash or a fresh pyroclastic flow deposit into a dense mobile slurry called a lahar, which can have devastating consequences. A volcanic landslide entering the sea, or a submarine explosion (like Krakatau in 1883) can cause a tsunami. Gases escaping from volcanoes are dangerous too, to humans, to livestock and to vegetation. Volcanic ash and gas injected high into the sky can seriously affect the climate, and appears to be responsible for several episodes of famine in historic times. Infrequent but high-volume caldera-forming eruptions of supervolcanoes are capable of causing collapse of the global ecosystem.





10: Only got ten minutes?



Unlike major earthquakes, which do not usually have smaller precursors, volcanic activity typically builds up towards a crescendo, giving weeks’ or even years’ warning of a catastrophic eruption. Volcano monitoring techniques include seismic monitoring to detect and locate migration of magma and gas, studies of ground deformation to record inflation and deflation as magma is pumped into, or is withdrawn from, a volcano’s interior, and measurement of the amount and composition of gas being emitted. Instruments for these and other measurements are deployed on the ground by the staff at volcano observatories, but apart from seismic monitoring there are ways to make similar measurements from space, which is useful for remote volcanoes or for tracking the dispersal of large ash and gas clouds.


Anyone living near a volcano is at risk, and so are air travellers whose flight path might take them into a cloud of volcanic ash – hence the closure of much of European airspace for six days in April 2010 in response to an explosive eruption in Iceland. Volcanic eruptions cannot be prevented, but the risk of death or damage can be lessened by reducing the vulnerability of people and property to the likely hazards. In this book you will meet examples of many lives being saved by adequate volcano monitoring accompanied by sensible evacuation decisions, and also some examples where the situation was not so well handled.


Tectonic earthquakes can be much more powerful than the tremors associated with magma and gas migration inside volcanoes. You will learn about faults in the Earth’s crust, and how continuous gradual motion of plates is translated into long periods of ‘stick’ punctuated by sudden episodes of ‘slip’ at plate boundaries and other major faults. The kinds of seismic waves that travel through the interior of the Earth are the ones used in monitoring volcanoes and for pinpointing earthquakes, but the damage done during a major earthquake is caused by much more powerful waves travelling along the ground surface. You will learn how surface shaking depends upon factors such as the depth at which an earthquake rupture occurs, distance from the epicentre, and upon the nature of the local rock or soil. You will also discover the extent to which buildings and other structures can be made ‘earthquake proof’, and meet examples where poor construction made death tolls far higher than they need have been, such as in the 12 January 2010 earthquake in Haiti.


You will meet examples of notable earthquakes, and learn the reasons why some rank among the largest natural catastrophes of our time, whereas others pass off with little harm. Whether earthquakes or volcanoes pose the greater threat is not a simple matter, and depends on the timescale that you wish to consider.


Earthquakes are local in their effects, except when they jerk the seabed and thereby displace the sea surface and cause a tsunami. This is what happened on 26 December 2004, when a major earthquake at a subduction zone near Sumatra triggered a tsunami that travelled across the Indian Ocean and killed nearly 300,000 people on the shores of many coastal and island nations. By studying this and other examples you will learn what can be done to protect vulnerable shorelines, and about how earthquakes and tsunami waves can be monitored in order to give adequate warning when a tsunami might be heading shorewards. You will also meet examples of tsunamis caused by landslides and by comets and asteroids striking the ocean, which fortunately for us is a rare event.
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Introduction


In this chapter you will learn:




	about the interrelatedness of volcanoes, earthquakes and tsunamis


	what this book will tell you about them.





Volcanoes, earthquakes and tsunamis pose the most frightening ‘geological’ hazards that we inhabitants of planet Earth have to contend with. Probably, few people reading this book will be able to recall the occasion when they first heard the words ‘volcano’ and ‘earthquake’, because these are part of the common currency of everyday speech, imbued within us since early childhood. Even if you have never witnessed a volcanic eruption or experienced an earthquake, you probably have a clear (though not necessarily accurate) mental picture. On the other hand, the word ‘tsunami’ may be a much more recent acquisition to your vocabulary, perhaps as a result of the tragic events of 26 December 2004 when a submarine earthquake near Sumatra displaced seawater into a devastating series of waves – a tsunami – that claimed nearly 300,000 lives around the shores of the Indian Ocean.


In this book, I try to help you understand the nature, causes and consequences of these natural phenomena. I begin by discussing the underlying mechanism whereby the Earth’s surface is in motion. Essentially this is what causes both volcanoes and earthquakes, and is the reason why volcanoes and earthquakes tend to be concentrated in specific parts of the globe. I then look at how and why volcanoes erupt, and strategies to predict eruptions and to minimize the associated risk. Many famous cities lie beside volcanoes that have erupted in the past thousand or even the past hundred years, and that are certain to erupt again. For example, Auckland, the largest city in New Zealand, is built among a group of low-lying volcanoes whose most recent eruption was only 800 years ago. In the USA, parts of Seattle are on land liable to be devastated by mudflows that could be triggered by the next major eruption of Mount Rainier, only 35 km away. In Italy, Naples is built within range of Vesuvius, whose most recent eruption was in 1944, and which famously destroyed the Roman cities of Pompeii and Herculaneum in 79 AD.


Volcanoes undeniably produce impressive landscapes (Figure 1.1), and those of us who are fortunate enough to have witnessed an erupting volcano will carry to our graves indelible memories of the spectacle, the noise, the smell and the drama. For me, my sense of awe has always been accompanied by a desire to find out more about what is happening. This knowledge is all the more precious, and tinged with sadness, because in some cases it has been bought at the cost of the lives of friends or colleagues who were in the wrong place at the wrong time. For other people – whose lives, health, homes and livelihoods are being destroyed or put at risk by an eruption – any sense of scientific curiosity is understandably displaced by more pressing personal concerns. ‘Why me?’ is what they want to know. ‘Why did nobody stop it?’ ‘When will it be safe to go home again?’ I try to answer these questions by describing what degree of eruption prediction scientists can offer, what can be done to limit the damage caused by an eruption, and how communities at risk from volcanoes can prepare themselves.


In learning about volcanoes, you will discover that eruptions are usually associated with small earthquakes, and that in some circumstances the eruption of a volcano can displace seawater and cause a tsunami. For example, most of the fatalities attributed to the famous 1883 eruption of Krakatau (popularly referred to as Krakatoa) were caused by the associated tsunami. You will also discover that it is not just the people living close to a volcano who are at risk from volcanic activity. In addition to generating an ocean-crossing tsunami, a volcanic eruption can reach up and pluck aircraft from the sky. Worse, the most violent eruptions, of a kind that happen on average about once in 50,000 years, can cause global famine and ecosystem collapse by blotting out the Sun for months on end. Therefore, this book also considers the interactions between volcanoes, on the one hand, and the environment and climate, on the other.
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Figure 1.1 New Zealand’s most active volcanoes. Right foreground Tongariro, middle distance Ngauruhoe (usually pronounced ‘Naraho-ee’, and which was digitally enhanced to represent Mount Doom in the ‘Lord of the Rings’ movies), far distance (with snowcap) Ruapehu (2797 m high).


Later in the book the focus shifts to tectonic earthquakes. These are earthquakes that involve rupture and slippage of the Earth’s crust, as a result of the internal mobility of the Earth rather than being directly associated with volcanic activity. In contrast to volcanoes, no earthquake is likely to be capable of causing devastation on a global or continent-wide scale. However, the largest examples can cause much more violent shaking of the surface than occurs during a volcanic eruption and, during the twentieth century, earthquakes claimed many more lives than volcanic eruptions. Several of the world’s great cities are in regions prone to earthquakes (San Francisco, Los Angeles, Istanbul, Tokyo …). The rural populations of many mountain belts are at risk too, as shown by the 8 October 2005 Muzaffarabad (Kashmir) and 12 May 2008 Chengdu (China) earthquakes, each of which claimed over 80,000 lives. Submarine earthquakes can trigger tsunamis capable of wreaking havoc upon coastal communities. Here, you will find out about earthquake prediction, and the measures that can be taken to limit the damage caused by earthquakes.


Finally I will discuss tsunamis in their own right, including those triggered by means other than volcanic eruptions and earthquakes, the most frightening being a tsunami caused by the impact of a comet or asteroid hitting the ocean. This is a dangerous planet that we live on, but (for the time being) it is the only one that we have!


I am aware that many readers may already have some knowledge of geology in general, but I have not assumed that this is true of everybody. I have therefore kept the vocabulary as non-technical as possible. However, in describing the natural world it is often important to use terms that have clear and precise meaning. For this reason I have used the language of volcanologists, seismologists and other specialists when it seemed appropriate to do so. I have defined such terms on their first appearance (where they are shown in bold), and have also gathered them together in a Glossary (pp. 338–351) for ease of reference. For those who wish to find out more, especially about current volcanic eruptions and earthquakes, I have provided information about some useful websites in the Taking it further section (pp. 336–337).


 





THINGS TO REMEMBER




	
Volcanoes and earthquakes are each consequences of the Earth’s internal mobility.





	
Many cities are at risk from volcanic eruptions, and the largest (very rare) volcanic eruptions can cause global devastation.





	
Volcanic eruptions are usually associated with small earthquakes, but major earthquakes are caused by tectonic ruptures.





	
Damage from a large earthquake is more localized than devastation from the worst kind of eruption, but during the twentieth century earthquakes killed more people than eruptions.





	Tsunamis can be caused by eruptions and earthquakes, and by comets or asteroid impact.
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How the Earth moves


In this chapter you will learn:




	about the mobility of the Earth’s interior


	about the Earth’s internal layers and the processes that can cause melting to begin


	how and why volcanoes and earthquakes tend to be concentrated near the edges of the rigid plates that make up the Earth’s surface.





It is a common misconception that the interior of the Earth is molten. Science fiction movies are probably to blame for fostering the related mistaken belief that if you were to drill a deep enough hole you would inevitably tap into a subterranean reservoir of molten rock and thereby trigger an eruption that would engulf both the drilling rig and anyone unlucky enough to be nearby.


The inside of the Earth is indeed hot, and (as you will see shortly) sufficiently mobile to trigger earthquakes and volcanic eruptions, even though it is not actually molten. This internal heat is a result of the continual decay of radioactive isotopes, particularly of the elements uranium, thorium and potassium (radiogenic heating), supplemented by heat left over from the Earth’s violent origin 4.5 billion years ago (primordial heat). However, despite the internal heat, almost all the rock in the Earth is solid. Even in those rare places where molten rock does occur within the Earth, the creation of a pathway towards the surface will not necessarily cause it to erupt. This chapter and the next explain why.


Magma, minerals and rocks


Molten rock at depth is known to geologists as magma. Depending on its composition, magma solidifies when its temperature drops below about 1200–800°C. A solid rock formed by solidified magma is described as an igneous rock. The term ‘igneous’ is derived from the Latin word ignis meaning ‘fire’. This is descriptive of the heat and the incandescence associated with molten rock but should not be taken to imply burning in the sense of combustion. You could make an artificial igneous rock by melting some stones in a furnace, and then cooling the resulting magma until it solidified. You could then re-melt it and cool it as often as you liked, whereas you can only burn a stick of wood or lump of coal once.


An igneous rock made by solidification of magma below the Earth’s surface is described as intrusive and is said to form an ‘igneous intrusion’. If the magma reaches the surface the resulting rock is described as volcanic. Molten rock at the surface is generally called lava rather than magma, and if it flows in a stream across the surface this is described as a lava flow.


Rocks of all types usually consist of crystals of various kinds of minerals. A rock’s overall chemical composition determines the nature of the minerals of which it is likely to be composed. You do not need to be familiar with the names and properties of the minerals in volcanic rocks in order to make sense of this book. Magmas consist mostly of the liquid that is produced when rock melts, but they may have small crystals dispersed within them and also (especially when they reach shallow depths) bubbles of gas. It is sometimes useful to distinguish ‘melt’, meaning just the liquid, from ‘magma’, meaning the liquid plus its load of crystals and/or bubbles.


A magma will tend to rise upwards only if it is less dense than the solid rock that surrounds it. Furthermore, the ability of magma to move is restricted by its viscosity, which is a measure of how freely it is able to flow. Even the least viscous (in other words, most fluid) common variety of magma, basalt, is about 100,000 times more viscous than water. This gives it the consistency of very thick porridge, so it would not be able to escape up a narrow borehole. I will explore the factors that control how magma rises in more detail in the next chapter, but first I need to establish a correct description of the interior of the Earth. Then I will document where earthquakes and volcanoes occur, and show you how the magma feeding volcanoes can be generated even within our largely solid planet.


Compositional layering of the Earth’s interior


SEISMIC WAVES AND THE CORE


The Earth, like other planets, has a concentrically layered structure, which is illustrated in Figure 2.1. In the middle is the core. This occupies only 16 per cent of the Earth’s volume but contains nearly a third of its mass. The discrepancy between the core’s volume and its mass is because the core is made of material that is naturally denser than the rest of the planet, and which sank inwards during the Earth’s formation.


There are two distinct parts to the core. The inner core consists mostly of iron mixed with a small proportion of nickel. Although the inner core’s temperature is around 4700°C, the immense pressure at such depth causes it to be solid. It is surrounded by the outer core, which has a lower density and is probably mostly iron mixed with about 10 per cent of a lighter element, which could be one or several out of oxygen, sulfur, carbon, hydrogen and potassium.





Insight


I am aware that many people still prefer to spell ‘sulfur’ as ‘sulphur’. If you are offended by my choice, please forgive me! I went for the shorter option.





Although the outer core’s chemical composition is uncertain, we can be sure that it is a liquid rather than a solid because of its effects on seismic waves. These are vibrations of various sorts emanating from earthquakes or underground explosions, which travel through rock at speeds of several kilometres per second. The biggest earthquakes and underground nuclear detonations generate seismic waves strong enough to pass right through the globe. When seismic waves encounter the outer core, those waves consisting of shearing vibrations (as inside a wobbling jelly), which are called S-waves, cannot travel through it and are either reflected or absorbed. This demonstrates that the outer core offers no resistance to shearing motions, and so must be liquid. Conversely, seismic waves that consist of alternating pulses of compression and dilation (like sound waves in air or water), called P-waves, can travel through it. There are other sorts of seismic waves that can travel only near the Earth’s surface, which are discussed in Chapter 9.
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Figure 2.1 The compositional layers within the Earth. Only the outer core is liquid, and this is too deep to be associated with volcanism. Most volcanoes are driven by processes affecting the upper mantle. The lower mantle has a denser structure than the upper mantle, but is not thought to differ significantly in chemical composition.


Although the molten iron stew of the outer core has a surprisingly low viscosity (little more than that of water), it is much too dense to find its way up to the surface at volcanoes. However, it does make its presence felt at the surface through the Earth’s magnetic field. This is a product of electrical currents in the outer core, which are generated because the molten material is in rapid circulation and is a good conductor of electricity.


THE MANTLE


The core is surrounded by the mantle. The density of this, even at its base where pressure is greatest, is only about two-thirds of the density of the outer core, and this inhibits mixing between the two. The mantle is made of rocky material, and makes up two-thirds of the Earth’s mass. The most abundant elements in the mantle are silicon and oxygen, so the most common minerals are compounds involving silicon and oxygen combined with other elements. Such minerals are described as silicates.


It is conventional when listing the chemical composition of a rock or magma to quote the proportion of silicon dioxide (SiO2, referred to as silica) that the rock would contain if all its silicon and oxygen occurred in this simple compound rather than being chemically bonded with other elements. Expressed in this way, the mantle consists of about 45 per cent silica. Overall it has the composition of the type of rock known to geologists as peridotite. Magnesium and iron are the third and fourth most abundant elements in the mantle, and so the common minerals actually found in the mantle are silicates consisting of magnesium and iron (and usually other elements too) combined with silicon and oxygen.


THE CRUST


Overlying the mantle is the crust. This is a relatively thin skin at the Earth’s surface, accounting for less than 0.5 per cent of the Earth’s mass. The crust is richer in silicon and certain other elements than the mantle, so the varieties of silicate minerals that are most common in the crust differ from those that characterize the mantle. However, the compositional difference between mantle and crust is trivial compared to the difference between mantle and core.


The Earth has two distinct kinds of crust: oceanic and continental. Oceanic crust is only about 6–11 km thick. It is mostly basalt in composition and constitutes the floor of the deep oceans. Continental crust makes up the continents and the floors of the shallow seas that are adjacent to most major land masses. It can be as thin as 25 km where it has been thinned and stretched, and as much as 90 km thick below the highest mountain ranges where it has been buckled and compressed. It is highly variable in composition, consisting of igneous rocks that tend to be richer in silica than those forming the oceanic crust, and also of rocks not formed by igneous processes. Some of these are sedimentary rocks, which are mostly formed from accumulations of detrital fragments produced by the chemical and physical decay of rock exposed for a long time at the surface. Others are metamorphic rocks, which were originally igneous or sedimentary rocks that became recrystallized (without melting) as a result of either heat or pressure. The chemical compositions of continental crust, oceanic crust and the mantle are summarized in Table 2.1.
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Table 2.1 Average compositions (% by weight) of continental crust, oceanic crust and the mantle. The names of the common 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, 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 (because it can bond with oxygen either in the proportions 1:1 or 2:3). SiO2 is commonly referred to as ‘silica’.


Volcanoes generally occur where magma that has been generated at isolated patches in the mantle collects into sufficient volumes to be able to rise into the crust and make its way to the surface. Often, but not always, such volumes of magma are generated near places where earthquakes are especially common. To see how this comes about, we need to consider the mechanical layering of the Earth.


Mechanical layering of the Earth’s interior


Many people are aware that the outer layer of the Earth is broken into several ‘tectonic plates’ that are gradually but continually rearranging themselves by sliding around (at speeds of a few centimetres per year) over the Earth’s interior. This causes the widening of the Atlantic Ocean together with other gradual reorganization of the Earth’s geography, and the biggest earthquakes naturally tend to happen where the plates grind past each other. The theory of plate tectonics describes the way in which the plates slide around, and explains why most volcanoes occur where they do and the nature of the ground displacement during earthquakes.





Insight


I will elaborate on plate tectonics in the next section. First, though, it is important to be clear that these tectonic plates are not rafts of crust moving over the mantle.





The Earth’s crust is firmly joined to the mantle that lies immediately beneath it. In many places, the top 100 km or so of the mantle is just as strong and rigid as the crust, so that the crust and this uppermost mantle constitute a single mechanical layer. This is known as the lithosphere, a term based on lithos, which is the Greek word for rock. The lithosphere is rocky (in the familiar sense) in terms of both its composition and its strong and rigid nature. It ranges between 20 and 50 km thick in the oceans, and is typically about 150 km thick under the continents.


Each tectonic plate is a slab of lithosphere that can move around because the part of the mantle immediately beneath it is much weaker. This zone of the mantle is called the asthenosphere (using the Greek word for weak). The relationship between crust, mantle, lithosphere and asthenosphere is summarized in Figure 2.2. The weakest part of the mantle lies in the few tens of kilometres immediately below the base of the lithosphere, where there is evidence that a few per cent of molten material may permeate along the interfaces between crystals. This layer is sometimes described as ‘partially molten’, and is the only element of truth in the myth of a global layer of molten rock that you could drill into. However, the proportion of melt is so small that it is no more valid to think of this zone as molten than it would be to describe a water-sodden brick as a liquid.
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Figure 2.2 The outer part of the Earth’s most important layers, as defined by mechanical properties; the rigid lithosphere and the plastic asthenosphere. Moho is the name given to the crust–mantle boundary.


The term asthenosphere is often restricted just to the mantle’s thin partially molten zone immediately below the lithosphere. However, below the lithosphere there is an important change in the properties of the Earth’s rock that persists all the way to the core – although it is solid the deep mantle is not at rest. It is circulating at speeds of a few centimetres a year. However, that does not mean it is a liquid, certainly not so far as the transmission of seismic waves is concerned. The deep mantle’s slow flow 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 outwards. In the Earth’s solid mantle, convective forces cause it to circulate and thereby transfer the Earth’s internal heat outwards much more effectively than could be achieved simply by conduction through a motionless mantle. In fact, it is the efficiency of solid-state convection in the mantle that actually prevents the temperature getting quite hot enough to allow widespread melting.


Put simply, hot mantle rises upwards and transfers its heat to the base of the lithosphere. Mantle that has lost heat in this way becomes slightly denser and sinks downwards again. Most of the heat deposited at the base of the lithosphere trickles through to the surface by conduction, but some is carried higher by pods of magma that can intrude high into the crust, or even reach the surface at volcanoes.


However, most volcanoes occur independently of convection in the mantle, and are a result of movements of the tectonic plates. These movements are possible only because the top of the asthenosphere is weak enough to allow them to happen. The next section describes the arrangement of moving tectonic plates and how this relates to the global distribution of volcanoes and earthquakes. It also introduces the local melting processes that generate the magma to feed volcanoes.


Plate tectonics, earthquakes and magma generation


A glance at a map showing the global distribution of earthquakes (Figure 2.3) reveals that they tend to be concentrated in well-defined belts. Mapping these belts, and then taking account of the directions of displacement revealed by analysis of the seismic waves generated by earthquakes in each location (see Chapter 9), is the principal means by which we can make a corresponding map of plate boundaries such as Figure 2.4. This shows that the lithosphere is broken into seven major plates and several minor ones. Most plates carry areas of both continental and oceanic crust.
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Figure 2.3 Global map showing the locations of earthquakes over a six-year period.
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Figure 2.4 Global map showing plate boundaries and the rates of plate motion (expressed relative to Africa, which is almost stationary). The three types of plate boundary are discussed in the text.


The Pacific plate is a notable exception in having no large areas of continent.





Insight


I had to simplify the plate boundaries in Figure 2.4 because of its scale, and some minor plates are omitted (notably in the south-west Pacific).





Each plate is in contact with its neighbours on all sides, but the plates are moving relative to one another, and the grinding motion of one plate against another is the cause of most large earthquakes. It is important to realize that there are no gaps between these plates, and so there are no chasms down to the asthenosphere. To see how plates are able to move around without any gaps appearing, we will look at processes near the boundaries between plates.


PLATES MOVING APART


First, what happens when plates are moving apart? This tends to occur mostly within the oceans, at sites known as constructive plate boundaries. What goes on here is summarized in Figure 2.5.
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Figure 2.5 Cross-section through a constructive plate boundary, where upwelling asthenosphere accretes to the diverging edges of two lithospheric plates. The oceanic crust is produced by partial melting that occurs during upwelling of the asthenospheric mantle. See text for explanation.


As two oceanic plates move apart, in a process referred to as sea-floor spreading, the underlying asthenospheric mantle is drawn upwards. This upwelling asthenospheric mantle cools as it nears the surface and becomes rigid enough to join the lithosphere of the plates on either side of the plate boundary. This new lithosphere is still relatively warm, which makes it slightly less dense and therefore more buoyant than the older, colder lithosphere further from the boundary, so constructive plate boundaries are marked by broad ridges on the ocean floor. Typically, the crest of such a ridge lies at a depth of 2–3 km below sea level, whereas the expanse of ocean floor to either side is at an average depth of 4–5 km. The rifting and subsidence associated with the stretching apart of new lithosphere produces characteristic earthquakes at shallow depths (typically about 10 km) below the ridge crest.


During the upwelling of the mantle below a constructive plate boundary, as each bit in turn arrives within about 100 km of the surface, a small percentage of it melts. Melting here is not because there is a heat source, but is a consequence of the drop in pressure, experienced as the depth decreases. This leads to melt generation by a process known as decompression melting. When mantle of peridotite composition (about 45 per cent silica, SiO2) begins to melt (whether because of a drop in pressure as in this case, or for some other reason), the liquid sweated out from it has a slightly higher silica content. The magma produced here approaches the surface and solidifies to form the oceanic crust, the composition of which is, on average, about 49 per cent silica. This composition is described as basaltic, because it matches the composition of the rock type known as basalt (defined as containing 45–52 per cent silica). The residual mantle left behind has a reduced silica content to compensate for the enrichment of silica in the magma that was extracted from it. However, because the volume of magma produced is very much smaller than the volume of mantle contributing to the melt, the resulting chemical change in the mantle is slight.


The melting of a large volume of rock to yield a smaller volume of melt enriched in silica (and certain other components) is a very important process in geology, and is known as partial melting.





Insight


Virtually all magma is originally generated by partial melting, though, as you will learn shortly, decompression is not the only means of bringing this about.





The whole of the oceanic crust has been produced by decompression-driven partial melting of the mantle. You will look in more detail at the sub-sea volcanism associated with constructive plate boundaries and the origin of the oceanic crust in Chapter 4.


PLATES COLLIDING


Averaged out round the globe, the rate of creation of oceanic lithosphere at constructive plate boundaries is balanced by the rate at which old ocean floor is being destroyed at sites known as destructive plate boundaries. This situation is typified by Japan, shown in cross-section in Figure 2.6. Japan is a piece of continental crust on the eastern edge of a major plate (named the ‘Eurasian plate’ on Figure 2.4). The floor of the adjacent Pacific Ocean belongs to a different plate (the ‘Pacific plate’), which is moving towards Japan at a rate of about 10 cm per year. Where the two plates meet, one is being thrust down obliquely below the other. This process is described as subduction, and the place where it happens is called a subduction zone. The surface expression of the plate boundary is usually a trench on the ocean floor, where the water depth typically reaches 7–11 km.
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Figure 2.6 Cross-section through Japan. Earthquakes originate mainly where the subducting plate grinds against the edge of the overriding plate or the underlying asthenosphere beneath it. See text for further explanation.


Because oceanic crust is denser than continental crust, when two plates meet at a subduction zone it is almost invariably the edge of the plate carrying oceanic crust that goes under. Below Japan, the Pacific plate forms a slab descending at an angle of about 45°, but examples of much steeper and much shallower subduction are found in comparable situations elsewhere.


As the front edge of a plate slides over another, compressional forces distort it and the rocks there may become buckled. At the plane of movement between the two plates, motion does not happen uniformly, but progresses in a series of occasional jerks that give rise to earthquakes. In fact, it was by plotting the depths of earthquake sources that subduction zones were first recognized. As you can see in Figure 2.6, earthquakes get deeper from east to west under Japan. Furthermore, the direction of movement revealed by analysis of the seismic waves generated by the earthquakes in this example is consistent with the lithosphere on the west being thrust over the descending lithosphere to the east.





Insight


Subduction zones are sometimes referred to as Wadati–Benioff zones, after two seismologists who first identified them by means of mapping the pattern of earthquake depths. Their key work was done in the 1920s and 1930s, before plate tectonics was understood.





Inclined zones of earthquakes at subduction zones can be traced to depths of about 700 km, but no deeper. This is because heat from the surrounding asthenosphere warms the plate as it descends, so it eventually ceases to be recognizable. The first change to occur is that seawater that had been trapped within the wet rocks of the descending plate is driven off. This begins at a depth of about 50 km and is virtually complete by the time the descending plate has reached about 200 km depth. The escaping water passes upwards into the mantle in the wedge-shaped region above, where it leads to the generation of magma. This is because although dry mantle at this depth and temperature would be completely solid, adding water induces partial melting. This phenomenon is called hydration melting, and is a second important way in which magma can be formed within the Earth without any need for the melting zone to be heated up. Water escaping even higher from a subducting slab can also cause hydration melting within the lower part of the overlying crust.


The next thing to happen to a subducting plate is that its crustal part begins to lose its identity. This happens because crustal rocks start to melt at a lower temperature than the temperature of the asthenospheric mantle that they encounter while being subducted to greater and greater depths. This melted oceanic crust provides a third source of magma. Magma from all sources rises upwards to feed volcanoes, which tend to be concentrated in a belt about 70 km above the descending plate.





Insight


This is why chains of volcanoes run parallel to nearby destructive plate boundaries.





The composition of the magma produced at destructive plate boundaries varies according to whether it is generated in the crust or in the mantle. Partial melting of the mantle will give a magma of basalt composition. However, partial melting of the descending oceanic crust, which is already of basaltic composition, will tend to produce magma richer in silica, referred to as andesite composition (52–66 per cent silica). Partial melting of the base of the continental crust may yield magmas even richer in silica, referred to as rhyolite composition (> 66 per cent silica). The composition of magma reaching the surface at volcanoes is further complicated by how much mixing there is between magma from different sources, and also by changes that can occur during its ascent. The latter include the settling out of crystals and contamination by absorption of lumps of crust, which are described in the next chapter. Unsurprisingly, a very wide variety of volcanoes and volcanic rock types can be found above subduction zones.


However, it is only the oceanic part of a plate that can be destroyed as described above. When both plates contain continents (Figure 2.7), subduction can proceed as normal only while the oceanic part of one plate descends below the other. However, eventually the continental part of the subducting plate reaches the trench marking the subduction zone trench. Continental crust is both thicker and more buoyant than oceanic crust, and this prevents the plate from continuing to subduct. The edges of both continents become buckled, but one will eventually get thrust over the other. Soon afterwards, the subduction zone jams. The oceanic part of the descending slab breaks free, leaving the two plates joined together above. Near this join, or suture, the crust may have been deformed to twice its normal thickness, and this is where the highest mountains are to be found.


A recent example of such a continent–continent collision began about 30 million years ago when India collided with Asia. We see the aftermath of this event in the high elevation of the Tibetan plateau, fringed to the south by the Himalayas. However, once a subduction zone has seized up there is no longer a prolific source of magma capable of rising to the surface and so collision zones between continents are not characterized by abundant volcanoes, although a diffuse zone of earthquakes may persist for tens of millions of years as the region continues to deform.
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Figure 2.7 Time series of cross-sections to show a collision between two continents. See text for explanation.


PLATES SLIDING PAST EACH OTHER


Some boundaries between plates are sites neither of convergence nor of separation. This happens where plates are sliding past each other, at conservative plate boundaries. There are many examples of these in the oceans, where adjacent lengths of constructive plate boundary are offset by tens or hundreds of kilometres, and where analysis of seismic waves from local earthquakes confirms sideways slippage. In this special setting, the sideways slipping fault is referred to as a transform fault (Figure 2.8). Conservative plate boundaries can run through continents too. The most celebrated of these, of which the San Andreas fault is a part, runs through California. Here, the region of California on the south-west of the fault is attached to the Pacific plate, and is moving north-westwards at an average rate of about 1 cm per year relative to the rest of North America. Spasms of movement along various parts of this fault system cause most of the earthquakes in the San Francisco–Los Angeles region.
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Figure 2.8 Map view showing how a transform fault offsets a constructive plate boundary in oceanic lithosphere. Sideways slip and related earthquakes occur only in the length identified as ‘transform fault’. The ‘fracture zones’ at either end lack sideways slip, but may experience small earthquakes due to differential subsidence.


THE GLOBAL PICTURE


How the plates and the boundaries between them fit together on a global scale is shown in Figure 2.4. A potentially confusing feature of any map such as this is that it attempts to portray on a flat sheet of paper something that is really happening on the surface of a sphere. Because of the shape of the Earth, the rates of relative plate motion must vary from place to place along plate boundaries. For example, the constructive plate boundary between the Pacific plate and the Antarctic plate is spreading at a rate of less than 6 cm per year between Antarctica and New Zealand, but the rate gradually doubles as the boundary is traced over the next thousand kilometres north-eastwards.


The significance of plate tectonics on a planetary scale is that this it is the main mechanism by which the Earth’s interior is prevented from becoming progressively hotter with time. The creation of new, hot lithosphere at constructive plate boundaries transfers heat to the surface, and the drawing back down of old, cold lithosphere at subduction zones cools the interior. The rate of outward heat transfer by plate tectonics is considerably more important than either conduction of heat through the lithosphere or the ascent of hot magma in removing heat from the interior fast enough to more or less balance the rate of internal heat generation by radioactive decay.


WHAT MAKES IT HAPPEN?


So far in this discussion of plate tectonics, I have not mentioned what makes it happen. This is a matter of controversy, but it is at least clear that plate motions are not simply the direct surface expressions of mantle convection. The plates seem to be moving around fairly independently of any deeper process, and are not dragged about in simple conveyor-belt fashion by flow in the underlying asthenosphere. Nor does it seem that plates can be pushed apart by forcible injection of new material along constructive plate boundaries. It is probably closer to the truth to regard the upwelling here as a consequence rather than a cause of plate divergence. Perhaps the most likely driving mechanism is that the old, cold edge of a subducting slab sinks because it is dense, and drags the rest of the plate behind it.


Volcanoes and plate boundaries


Figure 2.9 shows the worldwide distribution of volcanoes. By comparing it with Figures 2.3 and 2.4 you should be able to see how these fit with the global plate tectonic picture. Most of the volcanoes shown occur in linear or arcuate belts, which by and large coincide with destructive plate boundaries.





Insight


A version of Figure 2.9 that included volcanoes that are below sea level would reveal the global pattern of constructive plate boundaries too.





There are essentially two settings in which destructive plate boundaries can occur. In either case, the volcanoes are concentrated on the overriding plate in a belt running parallel to the trench (about 70 km above the descending plate, as you have already read). The first setting is where one oceanic plate descends below the oceanic part of another. When this happens, rise of magma through the overriding plate leads to the construction of a series of volcanoes. This is the origin of the volcanic island arcs in the northern and western Pacific, the eastern Indian Ocean where the Indian–Australian plate is being subducted below the Indonesian archipelago, the Lesser Antilles island arc where part of the Atlantic ocean floor is being subducted below the Caribbean plate, and a similar island arc in the south-west Atlantic below the South Sandwich Islands.


[image: Image]


Figure 2.9 Global map on the same base as Figures 2.3 and 2.4, showing all volcanoes above sea level known to have erupted in the past 10,000 years, of which there are over 1,500.


On the other hand, when subduction occurs beneath a continent, such as where the Nazca plate (south-east Pacific) subducts beneath South America, the volcanoes grow on pre-existing continental crust, giving rise to an Andean-type volcanic mountain range. Smaller-scale examples occur in Central America and in the Cascade range of northern California, Oregon and Washington in the north-west of the USA. The case of Japan (Figure 2.6) is something in between. Part of Japan is old continental material detached from the eastern edge of the Asian continent, but much of it is young island arc material.
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