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  Introduction


  Why is the world the way it is?


  I don’t mean this in a musing philosophical way – why are we all here? – but in a deep scientific sense: what are the reasons behind the major features of the world, the physical landscape of continents and oceans, mountains and deserts? And how have the terrains and activities of our planet, and beyond that our cosmic environment, affected the emergence and development of our species and the history of our societies and civilisations? In what ways has Earth itself been a leading protagonist in shaping the human story – a character with distinctive facial features, a variable mood, and prone to occasional fractious outbursts?


  I want to explore how the Earth made us. Of course, each of us is literally made of the Earth, as is all life on the planet. The water in your body once flowed down the Nile, fell as monsoon rain onto India, and swirled around the Pacific. The carbon in the organic molecules of your cells was mined from the atmosphere by the plants that we eat. The salt in your sweat and tears, the calcium of your bones, and the iron in your blood all eroded out of the rocks of Earth’s crust; and the sulphur of the protein molecules in your hair and muscles was spewed out by volcanoes.1 The Earth has also provided us with the raw materials we’ve extracted, refined and assembled into our tools and technologies, from the roughly fashioned hand axes of the early Stone Age to today’s computers and smartphones.


  It was our planet’s active geological forces that drove our evolution in East Africa as a uniquely intelligent, communicative and resourceful kind of ape,fn1 while a fluctuating planetary climate enabled us to migrate around the world to become the most widely spread animal species on Earth. Other grand-scale planetary processes and events created the different landscapes and climate regions that have directed the emergence and development of civilisations throughout history. These planetary influences on the human story range from the seemingly trivial to the deeply profound. We’ll see how a sustained cooling and drying in Earth’s climate is the reason why most of us eat a slice of toast or a bowl of cereal for breakfast; how continental collision created the Mediterranean as a bubbling cauldron of diverse cultures; and how the contrasting climate bands within Eurasia fostered fundamentally contrasting ways of life that shaped the history of peoples across the continent for millennia.


  We have become greatly concerned about humanity’s impact on the natural environment. Over time our population has exploded, consuming ever more material resources and marshalling energy sources with greater and greater proficiency. Homo sapiens has now come to replace Nature as the dominant environmental force on Earth. Our building of cities and roads, damming of rivers, and industrial and mining activity are having a profound and lasting effect, remoulding the landscape, changing the global climate and causing widespread extinctions. Scientists have proposed that a new geological epoch should be named to recognise this dominance of our influence over natural processes on the planet – the Anthropocene, the ‘recent age of humanity’.2 But as a species we are still inextricably linked to our planet, and the Earth’s history is imprinted in our make-up, just as much as our activities have left their distinct marks on the natural world. To truly understand our own story we must examine the biography of the Earth itself – its landscape features and underlying fabric, atmospheric circulation and climate regions, plate tectonics and ancient episodes of climate change. In this book we’ll explore what our environment has done to us.


  In my previous book, The Knowledge,3 I set out to solve a thought experiment: how we might reboot civilisation from scratch as quickly as possible after some kind of hypothetical apocalypse. I used the notion of the loss of all that we take for granted in our everyday lives to explore how civilisation works behind the scenes. The book was essentially an investigation of the key scientific discoveries and technological innovations that enabled us to build the modern world. What I want to do this time is broaden the perspective, to discuss not just the human ingenuity that got us to where we are today, but to follow the threads of explanation back even further. The roots of our modern world stretch far back in time, and if we trace them deeper and deeper across the changing face of the Earth, we uncover lines of causation that often take us all the way back to the birth of our planet.


  Anyone who’s ever chatted with children will know what I mean here. For an inquisitive six-year-old asking about how something works or why something is the way it is, your immediate answer is never satisfactory. It opens up further mysteries. A simple initial question invariably leads to a whole series of ‘why?’, ‘but why?’, ‘why is that?’ With an unquenchable curiosity, the child tries to get to grips with the underlying nature of the world it finds itself in. I want to explore our history in the same way, drilling downwards through more and more fundamental reasons and investigate how seemingly unrelated facets of the world in fact share a deep link.


  History is chaotic, messy, random – a few years of poor rainfall lead to famine and social unrest; a volcano erupts and annihilates nearby towns; a general makes a bad decision among the sweaty clamour and gore of the battlefield and an empire is destroyed. But beyond the particular contingencies of history, if you look at our world on a broad enough scale, both in terms of time and space, reliable trends and dependable constants can be discerned, and the ultimate causes behind them explained. Of course, our planet’s make-up has not preordained everything, but profound overarching themes can nonetheless be distinguished.


  Our survey will reach over a staggering span of time. The entirety of human history has played out on an essentially static map – within but a single frame of the Earth’s movie. But the world hasn’t always looked like this, and although continents and oceans shift over geologically slow timescales the past faces of the Earth have greatly influenced our story. We’ll look at the changing nature of the Earth and the development of life on our planet over the past few billion years; the evolution of humans from our ape ancestors over the last five million years; the increase in human capabilities and dispersal around the world over the past hundred thousand years; the progression of civilisation over the last ten thousand years; the most recent trends of commercialisation, industrialisation and globalisation of the last millennium; and finally how we have come to understand this wondrous origin story over the last century.


  In the process we’ll travel to the ends of history – and beyond. Historians decipher and interpret humanity’s written accounts to tell the story of our earliest civilisations. Archaeologists brushing the dust off ancient artefacts and ruins can tell us about our earlier prehistory and lives as hunter-gatherers. Palaeontologists have pieced together our evolution as a species. And to peer even further back through time we will turn to revelations from other fields of science: we will be browsing the records preserved in the layers of rocks that make up the very fabric of our planet; we will be reading the ancient inscriptions of the genetic code stored in the DNA library inside each of our cells; and we will be peeping through telescopes to survey the cosmic forces that shaped our world. The narrative threads of history and science will be intertwined throughout the book, making up the warp and weft of its fabric.


  Every culture has developed its own origin story – from the Australian Aborigines’ Dreamtime to the Zulus’ creation myth. But modern science has built up an increasingly complete and fascinating account of how the world around us came to be, and how we took our place within it. Rather than relying solely on our imagination, we can now elucidate the chronicle of creation by using these tools of investigation. This, then, is the ultimate origin story: the tale of the whole of humanity and also that of the planet we live on.


  We’ll explore why the Earth has been experiencing a prolonged cooling and drying trend over the past few tens of millions of years, and how this created the plant species we came to cultivate and the herbivorous mammals we domesticated. We’ll investigate how the last ice age enabled us to disperse across the globe, and why it is that humanity only came to settle down and develop agriculture in the current interglacial period. We’ll look at how we have learned to extract and exploit a huge diversity of metals from the crust of the planet that have driven a succession of revolutions in tool-making and technology throughout history; and how the Earth gave us the fossil energy sources that have powered our world since the Industrial Revolution. We’ll discuss the Age of Exploration in the context of the fundamental circulation systems of the Earth’s atmosphere and oceans, and how seafarers came to understand wind patterns and ocean currents step by step to build transcontinental trade routes and maritime empires. We’ll explore how the Earth’s history has created the geostrategic concerns of today, and continues to influence modern politics – how the political map of the south-eastern US continues to be shaped by sediments from an ancient sea that existed 75 million years ago, and how voting patterns in Britain reflect the location of geological deposits dating to the Carboniferous Period 320 million years ago. It is through knowing our past that we can understand the present, and prepare ourselves to face the future.


  We’ll begin our ultimate origin story with the most profound question of all: what planetary processes drove the evolution of humanity?


  Chapter 1


  The Making of Us


  We are all apes.


  The human branch of the evolutionary tree, called the hominins, is part of the wider animal group of the primates.fn1 Our closest living relatives are the chimpanzees. Genetics suggest that our divergence from the chimps was a long and drawn-out process, beginning as early as 13 million years ago, with interbreeding continuing until perhaps 7 million years ago.1 But eventually our evolutionary histories did separate, with one side giving rise to today’s common and bonobo chimpanzee, the other branching into the different hominin species, with our own kind, Homo sapiens, forming just one twig. If we look at our development in this way, humans didn’t evolve from apes – we are still apes, in the same way that we’re still mammals.


  All the major transitions in the evolution of hominins took place in East Africa. This region of the world lies within the rainforest belt around the equator of the planet, on a level with the Congo, the Amazon and the tropical islands of the East Indies. By rights, therefore, East Africa ought to be densely forested too, but is instead characterised by mainly dry, savannah grasslands. While our primate ancestors were tree-dwellers, surviving on fruit and leaves, something drastic happened in this region of the world, our birthplace, to transform the habitat from lush forest to arid savannah, and in turn drive our own evolutionary trajectory from tree-swinging primates to bipedal hominins hunting across the golden grasslands.


  What are the planetary causes that transformed this particular region to create an environment in which smart, adaptable animals could evolve? And as we are only one of a number of similar intelligent, tool-using hominin species to have evolved in Africa, what were the ultimate reasons why Homo sapiens prevailed to inherit the Earth as the sole survivor of our evolutionary branch?


  GLOBAL COOLING


  Our planet is a restlessly active place, constantly changing its face. Fast-forwarding through deep time you’d see the continents gliding between myriad different configurations, frequently colliding and welding together only to be ripped apart again, with vast oceans opening and then shrinking and disappearing. Great chains of volcanoes pop and fizzle, the ground shivers with earthquakes, and towering mountain ranges crumple out of the ground before being ground away back to dust. The engine powering all this fervent activity is plate tectonics, and it is the ultimate cause behind our evolution.


  The outer skin of the Earth, the crust, is like a brittle eggshell encasing the hotter, gooier, mantle beneath. The crustal shell is cracked, fragmented into many separate plates that rove across the face of the Earth. The continents are made up of a thicker crust of less dense rocks, while the oceanic crust is thinner but heavier and so doesn’t ride as high as the continental crust. Most of the tectonic plates are made up of both continental and oceanic crust, and these rafts are constantly jostling for position with each other as they bob on top of the hot churning mantle and ride the whims of its currents.


  Where two plates butt into one another, along what is known as a convergent plate boundary, something has got to give. The leading edge of one of the two plates is shunted beneath the other and is dragged down into the rock-melting heat of the mantle, triggering frequent earthquakes and feeding an arc of volcanoes. Because the rocks of the continental crust are less dense and so more buoyant, it is almost invariably the oceanic crust portion that sinks beneath the other in a plate collision. This subduction process continues until the intervening ocean has been swallowed, and the two chunks of continental crust become welded together, a great crumpled chain of mountains marking the impact line.


  Divergent, or constructive, boundaries are the places where two plates are being pulled apart from each other. Hot mantle from the depths rises up into this rent, like blood welling into a gash in your arm, and solidifies to form new rocky crust. Although a new spreading rift can open up in the middle of a continent, ripping it in two, this fresh crust is dense and lowlying and so becomes flooded over with water. Constructive boundaries form new oceanic crust – the Mid-Atlantic Ridge is one prominent example of such a seafloor spreading rift.2


  Plate tectonics is an overarching theme of the Earth we’ll return to throughout the book, but for now we’ll focus on how the climate change it drove over recent geological history produced the conditions for our own creation.


  The past 50 million years or so have been characterised by a chilling of the global climate. This process is called the Cenozoic cooling, and it culminated 2.6 million years ago in the current period of pulsing ice ages that we’ll look at in detail in the next chapter. This long-term global cooling trend has been largely driven by the continental collision of India into Eurasia and the raising of the Himalayas. The subsequent erosion of this towering ridge of rocks has scrubbed a lot of carbon dioxide out of the atmosphere, resulting in a reduction of the greenhouse effect that was previously insulating the planet (see Chapter 2), and leading to declining temperatures. In turn, the generally cooler conditions drove less evaporation from the oceans to create a less rainy, drier world.


  Although this tectonic process happened some 5,000 kilometres away across the Indian Ocean, it also had a direct regional effect within the theatre of our evolution. The Himalayas and Tibetan Plateau have created a very powerful monsoon system over India and South-East Asia. But this huge atmospheric sucking effect over the Indian Ocean also drew moisture away from East Africa, reducing the rainfall it experienced. Other global tectonic events are thought to have contributed to the aridification of East Africa. Around 3–4 million years ago Australia and New Guinea drifted north, closing an ocean channel known as the Indonesian Seaway as they did so. This blockage constricted the westward flow of warm South Pacific waters, and instead colder waters from the North Pacific flowed through to the central Indian Ocean. A cooler Indian Ocean reduced evaporation which in turn meant less rainfall for East Africa.3 But most significantly, another huge tectonic upheaval was happening in Africa itself that was to prove instrumental in the making of us.


  A HOTBED OF EVOLUTION


  About 30 million years ago a plume of hot mantle rose up beneath north-eastern Africa. The land mass was forced to swell upwards by about a kilometre like a huge zit.4 The skin of continental crust over this swollen dome stretched and thinned until eventually it began to rip open right across the middle in a series of rifts. The East African Rift tore along a roughly north–south line, forming an eastern branch through what is now Ethiopia, Kenya, Tanzania and Mali, and a western branch that cuts through Congo and then continues along its border with Tanzania.


  This Earth-ripping process was more intense towards the north, tearing right through the crust to allow magma to seep through the long wound and create a new crust of basalt rock. Water then flooded into this deep rift to create the Red Sea; another rift became the Gulf of Aden. The seafloor spreading rifts tore off a chunk from the Horn of Africa to form a new tectonic plate, the Arabian. The Y-shaped meeting of the African Rift, Red Sea and Gulf of Aden is known as a triple junction and right at the centre of this intersection is a lowlying triangle of land called the Afar region, stretching across north-east Ethiopia, Djibouti and Eritrea.5 We’ll return to this important region later.


  The East African Rift runs for thousands of kilometres from Ethiopia to Mozambique. As the swelling from the magma plume bulging beneath it continues, the Rift is still being pulled apart. This ‘extensional tectonic’ process is causing whole slabs of rock to fracture along faults and break off, with the flanks being pushed up as steep escarpments and the blocks in between subsiding to form the valley floor. Between about 5.5 and 3.7 million years ago this process created the current landscape of the Rift: a wide, deep valley half a mile above sea level and lined on both sides with mountainous ridges.6


  One major effect of the swelling of this crustal bulge and the high ridges of the Rift was to block rainfall over much of East Africa. Moist air blowing over from the Indian Ocean is forced upwards to higher altitudes where it cools and condenses, falling as rain near the coast. This creates drier conditions further inland – a phenomenon known as a rain-shadow.7 At the same time, the moist air from the central African rainforests is also blocked from moving eastwards by the highlands of the Rift.8


  The upshot of all these tectonic processes – the creation of the Himalayas, the closing of the Indonesian Seaway, and in particular the uplift of the high ridges of the African Rift – was to dry out East Africa. And the formation of the Rift changed not only the climate but also the landscape, in the process transforming the ecosystems of the area. East Africa was remoulded from a uniform, flat area smothered in tropical forest, to a rugged, mountainous region with plateaus and deep valleys, its vegetation ranging from cloud forest to savannah to desert scrub.9


  Although the great rift started to form around 30 million years ago, much of the uplift and aridification happened over the past 3–4 million years.10 Over this time, the same period that saw our evolution, the scenery of East Africa shifted from the set of Tarzan to that of The Lion King.11 It was this long-term drying out of East Africa, reducing and fragmenting the forest habitat and replacing it with savannah, that was one of the major factors that drove the divergence of hominins from tree-dwelling apes. The spread of dry grasslands also supported a proliferation of large herbivorous mammals, ungulate species like antelope and zebra that humans would come to hunt.


  But it wasn’t the only factor. Through its tectonic formation the Rift Valley became a very complex environment, with a variety of different locales in close proximity: woods and grasslands, ridges, steep escarpments, hills, plateaus and plains, valleys, and deep freshwater lakes on the floor of the Rift.12 This has been described as a mosaic environment, offering hominins a diversity of food sources, resources and opportunities.13


  The widening of the Rift and the upwelling of magma was accompanied by strings of violent volcanoes spewing pumice and ash across the whole region. The East African Rift is dotted with volcanoes along its length, many of which formed in just the last few million years. Most of these lie within the Rift Valley itself, but some of the largest and oldest are growing on the edges, including Mt Kenya, Mt Elgon, and Mt Kilimanjaro, the tallest mountain in Africa.


  The frequent volcanic eruptions spilled lava flows that solidified into rocky ridges cutting across the landscape. These could be traversed by nimble-footed hominins, and along with the steep scarp walls within the Rift may have provided effective natural obstacles and barriers for the animals they hunted. Early hunters were better able to predict and control the movements of their prey, constraining escape routes and directing them into a trap for the kill. These same features may also have offered vulnerable early humans a degree of protection and security from their own predators that prowled the landscape.14 It seems that this rough and varied terrain provided hominins with the ideal environment in which to thrive. Early humans, who, like us, were relatively feeble and did not have the speed of a cheetah or the strength of a lion, learned to work together and take advantage of the lie of the land, with all its tectonic and volcanic complexity, to help them hunt.


  It is active tectonics and volcanism that have created and then sustained these features of a varied and dynamic landscape over the course of our evolution. In fact, because the African Rift is such a tectonically active region, the landscape has changed greatly since the times of earliest human habitation. As the Rift has continued to widen, the areas once populated by hominins on the valley floor have now become uplifted onto the flanks of the Rift; today it is here that we find hominin fossils and archaeological evidence, completely removed from their original settings. And it is this great rift, the most substantial and long-lived region with extensional tectonics in the world today, that is believed to have been crucial to our evolution.


  FROM TREES TO TOOLS


  The first indisputable hominin for which we have discovered good fossil remains is Ardipithecus ramidus, which lived around 4.4 million years ago in forest lining the Awash river valley in Ethiopia. This species was roughly the same size as modern chimpanzees, with an equivalent-sized brain, and teeth that suggest they had an omnivorous diet. The fossilised skeletons indicate they still lived in trees and had only developed a primitive bipedality – the ability to walk upright on two feet. About 4 million years ago, the first members of the genus Australopithecus – the ‘southern ape’ – shared several traits with modern humans, such as a slender and gracile body-form (but still with more primitive skull shapes), and they were competent at walking bipedally. Australopithecus afarensis, for example, is well known from surviving fossils. One of these is the remarkably complete skeleton of a female who lived 3.2 million years ago in the Awash river valley, which came to be known as Lucy.fn2


  Lucy would have stood at only about 1.1 metres, but had a spine, pelvis and leg bones very similar to those of modern humans. So while Lucy, and other members of A. afarensis,fn3 still had a small, chimpanzee-sized brain, their skeleton clearly indicates a lifestyle of long-distance bipedal walking. Indeed, a bed of volcanic ash in Laetoli, Tanzania, has preserved three sets of footprints from 3.7 million years ago. These were probably created by members of A. afarensis and look remarkably like those you might leave in the sand during a stroll along the beach.


  In human evolution, the development of bipedalism clearly came a long way before significant increases in brain size – we walked the walk before we could talk the talk. These Australopithecus fossils, together with those of the earlier Ardipithecus species, also show that bipedality didn’t evolve as an adaptation to walking in open, grassy savannah environments as had been thought previously, but first emerged with hominins still living closely among trees in wooded areas.15 But bipedalism certainly became an increasingly useful adaptation as the forests shrank and became more fragmented. Our early hominin ancestors were able to move between islands of woods, and then venture out into the grasslands. Bipedalism allowed them to see over the tall grass, and minimised the area of their bodies exposed to the hot sun, helping them to keep cool in the savannah heat. And the opposable thumbs that became so useful for holding and manipulating tools are also an evolutionary inheritance from our forest-dwelling primate ancestors. The hand crafted by evolution to grasp a tree branch pre-adapted us for holding the shaft of a club, an axe, a pen, and ultimately the control stick of a jet plane.


  By around 2 million years ago the hominin species of the Australopithecus genus had all fallen extinct and our own genus, Homo, had emerged from them. Homo habilis (‘handy man’) was the first, with a gracile body-form similar to the earlier australopithecines and a brain only slightly larger.16 A dramatic increase in the size of the body and brain, as well as a major shift in lifestyle, however, came with Homo erectus, which appeared around 2 million years ago in East Africa. Below the skull, the skeleton of H. erectus is very similar to that of anatomically modern humans, including adaptations for long-distance running and a shoulder design that would have allowed the throwing of projectiles. They are also thought to have exhibited other traits shared with us, like long childhoods of slower development and advanced social behaviour.


  H. erectus was probably also the first hominin to live as a hunter-gatherer and to control fire – not just for warmth but possibly also for cooking their food.17 They may even have used rafts to travel over large bodies of water.18 By 1.8 million years ago H. erectus had spread across Africa and then became the first hominin to leave the continent and disperse through Eurasia, probably in several independent waves of migration.19 This species persisted for almost 2 million years. By contrast, anatomically modern humans have only been around for a tenth of that time – and at the moment we’d be lucky to survive the next 10,000 years, let alone 2 million.


  H. erectus gave rise to Homo heidelbergensis around 800,000 years ago, which by 250,000 years ago had developed into Homo neanderthalensis (the Neanderthals) in Europe and the Denisovan hominin in Asia. The first anatomically modern human, Homo sapiens, emerged in East Africa between 300,000 and 200,000 years ago.


  Over the course of human evolution, hominins became increasingly bipedal, and then more efficient long-distance runners,20 with changes to the skeleton including an S-shaped spine, a bowl-like pelvis and longer legs to support this upright posture and mode of locomotion. Body hair became reduced, except on the scalp. The shape of the head also transformed, producing a smaller snout with a more pronounced chin, and a more bowl-shaped brain case.21 Indeed, the major difference between the earlier Australopithecus genus and our Homo lineage was this increase in brain size. Throughout their 2 million years of evolution the australopithecines’ brain size was strikingly constant at around 450 cm3, roughly equivalent to that of a modern chimpanzee. But H. habilis had a brain a third larger, at about 600 cm3, and brain size doubled again from H. habilis through H. erectus to H. heidelbergensis. By 600,000 years ago, H. heidelbergensis had a brain roughly the same size as that of modern humans, and three times larger than that of australopithecines.22


  As well as increasing brain size, another defining feature of the hominins was how we applied our intelligence to tool-making. The earliest widespread stone tools – known as Oldowan technology – date back to about 2.6 million years ago, and were used by the later Australopithecus species as well as H. habilis and H. erectus. Rounded cobbles from a river were used for cracking open bones or nuts against another, flat, anvil stone. Sharpened edges were created by chipping off flakes, and this shaped stone was then used for cutting and scraping meat from a kill, or for wood-working.fn4


  A revolution in Stone Age technology came when H. erectus inherited Oldowan tools and refined them into the Acheulean industry 1.7 million years ago. Acheulean tools are more carefully worked by knocking off smaller and smaller flakes to create more symmetrical and thinner, pear-shaped hand-axes. They have represented the dominant technology for the vast majority of human history. A later transformation produced the Mousterian technology, used by Neanderthals and anatomically modern humans through the Ice Age. Here, the core stone was carefully prepared and trimmed by knapping around the edge, before a final, large flake was skilfully knocked off. It was the removed flake rather than the shaped core stone that was the goal: a thin, pointed shard was perfect as a knife or could be used as a spear point or arrowhead.23


  These stone tools, as well as wooden spear shafts, enabled hominins to become fearsomely effective hunters without needing to develop large teeth or claws on their own bodies like other predators. We exploited sticks and stones as artificial teeth and claws to hunt for food or to defend ourselves, all whilst being able to keep a safe distance from prey and predators to minimise the risk of injury.


  These developments in body-form and lifestyle enhanced each other. More efficient running and sophisticated cognitive abilities, coupled with tool use and control of fire, enabled more effective hunting and a diet with an ever greater proportion of meat for powering a larger brain. This in turn enabled us to develop more complex social interaction and cooperation, cultural learning and problem solving, and perhaps most significantly, language.24


  THE CLIMATE PENDULUM


  Many of these landmark transitions in our evolution are preserved within the Afar region – the triangular depression that as we saw sits right at the intersection of the tectonic triple junction – at the northern, and oldest, end of the Rift. The first hominin fossils, those of Ardipithecus ramidus, were discovered in the Awash river valley that runs north-east from the Ethiopian plateau towards Djibouti, flowing right through the middle of the Afar triangle. This same river valley preserved the 3.2 million-year-old remains of Lucy – indeed, her entire species, Australopithecus afarensis, was named for this region. And the oldest known Oldowan tools were found in Gona, Ethiopia, which also lies within the Afar triangle. But the whole length of the East African Rift Valley has been a hotbed of hominin evolution.


  The drying climate and the rift system with its mosaic of varied features, including volcanic ridges and fault scarps, were clearly instrumental in providing the environmental conditions to drive our evolution. But while this complex, tectonic landscape may have provided opportunities for roaming hominins, it doesn’t explain sufficiently how such incredible versatility and intelligence emerged in the first place. The answer is thought to come down to a particular quirk of the extensional tectonics of the great Rift Valley, and how it interacts with fluctuations in the climate.


  As we have seen, the world has been getting generally cooler and drier for the past 50 million years or so, and the tectonic uplift and formation of the Rift Valley has meant that East Africa in particular dried out and lost its former forests. But within this global cooling and drying trend, the climate became very unstable and swung back and forth dramatically. As we will discover in more detail in the next chapter, around 2.6 million years ago the Earth slid into the current epoch of the ice ages, with its alternating glacial and interglacial phases driven by rhythmical shifts in Earth’s orbit and tilt known as the Milankovitch cycles. East Africa was too far from the poles to encounter the advancing ice sheets themselves, but this doesn’t mean it wasn’t greatly affected by these cosmic cycles. In particular, the periodic stretching of Earth’s orbit around the Sun into a more elongated egg shape – known as the eccentricity cycle – has produced periods of highly variable climate in East Africa. During each of these phases of extreme variability, the climate oscillates back and forth between very arid and wetter conditions, with the faster beat of the precession cycle of Earth’s tilted axis, which we’ll come back to.25


  Still, these cosmic periodicities and the swings in climate they drive operate over thousands and thousands of years. If we want to understand human evolution, the mystery is that processes which have had the biggest influence on East Africa – such as the overall drying effect from tectonic uplift and rifting within the region, or climate rhythms like the precession of Earth’s axis – operate on an exceedingly slow timescale compared to the lifespan of an animal. Yet intelligence, and the extremely versatile behaviour it allows, is an adaptation similar to the use of a multi-tool Swiss army knife, helping an individual cope with diverse challenges as the environment varies significantly within its lifetime. Environmental changes over a much longer timescale can be met by evolution adapting the body or physiology of a species over the generations (such as the camel adapting to constantly arid conditions). Intelligence on the other hand is the evolutionary solution to the problem of an environment that shifts faster than natural selection can adapt the body. So for there to have been a strong evolutionary pressure driving hominins to ever more flexible and intelligent behaviour, something must have been affecting our ancestors over very short timescales.


  What might have been special about the circumstances in East Africa that drove evolution towards highly intelligent hominins such as ourselves? The answer that has been emerging in recent years comes down once again to the peculiar tectonic environment of the region. As we have seen, East Africa was bulging upwards with the magma plume rising beneath and this stretched the crust until it fractured and faulted. The geography of the Great African Rift is therefore characterised by a flat valley floor where great chunks of crust have sunk down, and which is lined on both sides by mountainous ridges. In particular, from about 3 million years ago numerous large, isolated basins formed on the valley floor that could fill with lakes if the climatic conditions were wet enough.26 These deep lakes are important because they provided hominins with a more reliable source of water through the dry seasons each year than that supplied by streams.27 But many of them were also ephemeral: they appeared and disappeared over time with the shifting climate.
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    The East African rift valley system, with major lakes and amplifier lake basins shown.
  


  The landscape of the tectonic rift creates a sharp contrast in the conditions between the high ground and the bottom of the valley. Rain falls over the tall rift walls and volcanic peaks, where it then flows into the lakes dotting the valley floor, a much hotter environment with high rates of evaporation. This means that many of the lakes in the Rift Valley are exceedingly sensitive to the balance between precipitation and evaporation, and even a slight shift in climate causes their water levels to respond very considerably and rapidly – far more so than other lakes around the world and even elsewhere in Africa.28 As small changes in the regional climate cause very large changes in the levels of these vital bodies of water, they are known as ‘amplifier lakes’ – they act like a hi-fi amplifier intensifying a weak signal. And it is these peculiar amplifier lakes that are thought to provide the key link between the long-term trends of tectonics creating the rift valley and the Earth’s climate swings and the rapid fluctuations of habitats that directly, and dramatically, affected our evolution.


  Two particular aspects of our planet’s cosmic circumstances are important here: the stretching of Earth’s orbit around the Sun (eccentricity) and the gyration of the Earth’s axis (precession). Every time Earth’s orbit was pulled into a more elongated shape (maximum eccentricity) the climate in East Africa became very unstable. During each of these phases of climatic variability, whenever the precession cycle cast a little more solar warming onto the Northern Hemisphere, more rain fell onto the walls of the Rift Valley. The amplifier lakes appeared and enlarged, their shores lined with woodland. And conversely, during the opposite phase of the precession cycle the rift received less rainfall and the lakes diminished or disappeared altogether. The Rift Valley then returned to an extremely arid state with minimal foliage.29 So overall, the environment in East Africa over the last few million years has largely been very dry, but this general state was interspersed with highly variable periods when the climate swung rapidly back and forth between being much wetter and then very arid again.


  These variable phases occurred every 800,000 years or so, and during those periods the amplifier lakes flickered in and out like a loose lightbulb – each swing causing a considerable shift in the availability of water, vegetation and food, which had a profound influence on our ancestors. The rapidly fluctuating conditions favoured the survival of hominins who were versatile and adaptive, and so drove the evolution of larger brains and greater intelligence.30


  The three most recent periods of such extreme climatic variability occurred 2.7–2.5, 1.9–1.7, and 1.1–0.9 million years ago.31 Looking at the fossil record, scientists have made a fascinating discovery. The timing of when new hominin species emerged – often associated with an increase in brain size – or fell extinct again, tends to coincide with these periods of fluctuating wet–dry conditions. For instance, one of the most important episodes in human evolution occurred in the variable period between 1.9 and 1.7 million years ago, a phase when five of the seven major lake basins in the rift repeatedly filled and emptied. It was during this time that the number of different hominin species reached its peak, including the emergence of H. erectus with its dramatic increase in brain size. Overall, of the fifteen hominin species we know of, twelve first appeared during these three variable phases.32 What’s more, the development and spread of the different stages of tool technologies that we discussed earlier – Oldowan, Acheulean, Mousterian – also correspond with the eccentricity periods of extreme climate variability.33


  And not only did the variable periods determine our evolution, they are also thought to have been the force driving several hominin species to migrate out of their birthplace and into Eurasia. We’ll explore in detail in the next chapter how our species Homo sapiens were able to disperse around the entire globe, but the conditions propelling hominins out of Africa in the first place again lie with the climate fluctuations in the Great Rift.


  During each wet phase the filling of the large amplifier lakes and the extra availability of water and food would cause a population boom, while at the same time limiting the amount of space available for habitation along the tree-lined rift shoulders. This would have squeezed hominins along the tube of the Rift Valley and eventually pushed them out of East Africa with each wet pulse of the precessional cycle, like a climate pump. Moister conditions would also have allowed hominin migrants to move north along the Nile tributaries and across the greener corridors of the Sinai Peninsula and Levant region to spill into Eurasia.34 Homo erectus left Africa during the variable climate phase around 1.8 years ago, eventually spreading as far as China. In Europe, H. erectus evolved into the Neanderthals, while the H. erectus population that remained in East Africa eventually gave rise to anatomically modern humans 300,000–200,000 years ago.


  Our own species dispersed out of Africa around 60,000 years ago, as we’ll see in the next chapter. We encountered the descendants of previous waves of hominin migrants – Neanderthals and Denisovans – as we moved through Europe and Asia. But both of these had died out by around 40,000 years ago, and only anatomically modern humans remained. From a peak in the diversity of different hominin species in Africa about 2 million years ago,35 through our interactions (and interbreeding) with closely related human species as we moved through Eurasia, Homo sapiens became a lonely species. We are today the sole survivor of our genus, and indeed of the entire hominin tree.


  This in itself is a curiosity. We know from the extensive archaeological evidence that the Neanderthals were themselves an extremely adaptable and intelligent species. They crafted stone tools and hunted with spears, controlled fire, and may have decorated their bodies and even buried their dead. They were also physically stronger than us Homo sapiens. And yet almost as soon as we arrived in Europe the Neanderthals disappeared. They may have succumbed to the punishing climatic conditions in the depths of the Ice Age (although the uncanny coincidence with our arrival would seem to discount that explanation), or perhaps anatomically modern humans violently clashed with these pre-existing Europeans and we slaughtered them into oblivion. But the most likely explanation is that we simply outcompeted them for resources in the shared environment. Modern humans are thought to have had a much better capability with language and thus social coordination and innovation, as well as more advanced tool-making abilities. And despite having dispersed from tropical Africa more recently, we could craft sewing needles and so were able to make warmer, body-hugging clothing as the Ice Age dipped into particularly bitter spells.36


  Humans prevailed over the Neanderthals with our brains not our brawn, and subsequently came to dominate the world. And the reason for this is probably the fact that our ancestors had a longer evolutionary history in the extreme fluctuating climate of East Africa, forcing them to developing greater versatility and intelligence than the Neanderthals. We had spent longer adapting to the wet–dry variability of the Rift Valley, and that also made us better able to cope in the different climates we encountered around the rest of the world, including the Ice Age climes of the Northern Hemisphere.37


  All in all, the human animal was forged by a peculiar combination of planetary processes all coming together in East Africa over the past few million years. It wasn’t just that the region had dried out as Earth’s crust bulged with the magma plume rising beneath, shifting from the relatively flat, forested habitat of our primate ancestors into arid savannah. The entire landscape had become transformed into a rugged terrain cut through with steep fault scarps and ridges of solidified volcanic lava: this was a world fragmented into a complex mosaic of different habitats that continued to change with time. In particular, the extensional tectonics of East Africa ripped open the Rift Valley to create a particular geography of tall walls collecting rainfall and a hot valley floor. Cosmic cycles in Earth’s orbit and spin axis periodically filled basins on the rift floor with amplifier lakes that responded rapidly to even modest climate fluctuations to create a powerful evolutionary pressure on all life in this region.


  These unique circumstances of our hominin homelands drove the development of adaptable and versatile species. Our ancestors came to rely more and more on their intelligence and on working together in social groups. This diverse landscape, varying greatly across both space and time, was the cradle of hominin evolution, and out of it emerged a naked and chatty ape smart enough to come to understand its own origins. The hallmarks of Homo sapiens – our intelligence, language, tool use, social learning and cooperative behaviour, which would allow us to develop agriculture, live in cities and build civilisations – are consequences of this extreme climatic variability, itself produced by the special circumstances of the Rift Valley. Like all species, we are a product of our environment. We are a species of apes born of the climate change and tectonics within East Africa.38


  WE ARE THE CHILDREN OF PLATE TECTONICS


  Plate tectonics did not just create the diverse and dynamic environment of East Africa in which we evolved as a species; they were also to be a factor that defined where humanity embarked on building our early civilisations.


  If you look at a map of the tectonic plate boundaries grinding against each other and superimpose the locations of the world’s major ancient civilisations, an astonishingly close relationship reveals itself: most are located very close to plate margins. Considering the amount of land available for habitation on Earth, this is a startling correlation, and is very unlikely to have come about by chance. Early civilisations seem to have chosen to snuggle up close to tectonic fractures, millennia before scientists identified their existence. There must be something about the plate boundaries that made them so favourable for the establishment of ancient cultures, despite the dangers of earthquakes, tsunamis and volcanoes posed by these fractures in the Earth’s crust.
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    Major early civilisations and their proximity to plate boundaries.
  


  In the Indus Valley, the Harappan civilisation emerged around 3200 BC as one of the three earliest in the world (alongside those in Mesopotamia and Egypt),39 in a depressed trough running along the foot of the Himalayas. The collision between tectonic plates creases up ranges of high mountains – such as the Himalayas, created by the crashing of India into Eurasia – but the immense weight of the mountain range also flexes the crust alongside it downwards to create a lowlying subsiding basin. The Indus and Ganges rivers flowing off the Himalayas run through this foreland basin, where they deposit sediment eroded from the mountains to produce very fertile soils for early agriculture. You could say that the Harappan civilisation was born of the continental collision between India and the Eurasian plate.


  In Mesopotamia, the Tigris and Euphrates rivers also flow along a subsiding foreland basin, pushed down by the Zagros mountains that formed as the Arabian plate was subducted beneath the Eurasian (shown here).40 Mesopotamian soils were therefore similarly enriched with sediment eroded out of this mountain range.41 The Assyrian and Persian civilisations both arose right on top of this junction between the Arabian and the Eurasian plate.


  The Minoans, Greeks, Etruscans and Romans all also developed very close to plate boundaries within the complex tectonic environment of the Mediterranean basin. Within Mesoamerica, the Mayan civilisation emerged from around 2000 BC and spread across much of south-eastern Mexico, Guatemala and Belize, with major cities built among the mountains raised by the subduction of the Cocos plate beneath the North American and Caribbean plates. And the later Aztec culture flourished close to the same convergent plate boundary, with its earthquakes and volcanoes like Popocatepetl, the ‘Smoking Mountain’, sacred to the Aztecs.fn5


  And it is not just depressed basins at the feet of mountain ranges raised by continental collisions, like Mesopotamia, that hold rich arable land. Volcanoes also produce fertile agricultural soil. They arise in a broad line 100 kilometres or so away from the subduction line, as the swallowed plate sinks deeper into the hot interior and melts to release rising bubbles of magma to feed eruptions on the surface above. Civilisations in the Mediterranean, such as the Greek, Etruscan and Roman, arose in areas of rich volcanic soil in the band where the African plate is being subducted under the smaller plates making up the Mediterranean region.42


  Tectonic stresses also hold open fractures in rocks or push up blocks of crust in what is known as a thrust fault, which often create water springs. The long line of linked mountains along southern Eurasia, crumpled up by the collision of the African, Arabian and Indian plates, happens to coincide with the arid band across the Earth’s surface. This includes the Arabian and Great Indian deserts, and is created by the dry, descending portion of circulation in the atmosphere (which we’ll come back to in Chapter 8). Here these thrust faults frequently lie at the junction between lowlying barren deserts and high-rising inhospitable mountains or plateaus, and so trade routes often pass along these geological boundaries. Towns dotted along the way accommodate the travelling merchants, supported by the water springs at the foot of the mountains.43 But while tectonic movements can provide water sources in otherwise arid environments, these settlements are also vulnerable to destructive earthquakes with each new slip of the crust.44


  In 1994 the small desert village of Sefidabeh in south-eastern Iran was utterly destroyed by an earthquake. The curious thing was that Sefidabeh is exceedingly remote: one of the few stops on a long trade route to the Indian Ocean, it’s the only settlement for 100 kilometres in any direction. And yet the earthquake seemed to target the village with uncanny precision. It turns out that Sefidabeh had been built right on top of a thrust fault lying far underground. The fault was so deep that it had created no obvious signs of its existence on the surface, such as a tell-tale scarp, and so hadn’t been previously identified by geologists. In hindsight, the only sign was an unremarkable, gently-folded ridge running alongside the town, that had slowly been built up over hundreds of thousand years of earthquake movements. The settlement had grown here because this continual tectonic up-thrusting maintained springs at the base of the ridge – the only water source for miles around. The tectonic fault had created the conditions allowing life in the desert, but it also had the potential to kill.45


  The sources of water provided by these thrust faults have been used for thousands of years, and explain the location of many ancient settlements on tectonic boundaries. They are becoming an increasing cause for concern in the modern world, however. The capital of Iran, Tehran, began as a cluster of small towns on a major trade route at the base of the Alborz mountain range. The city grew rapidly from the 1950s and today is densely populated with a permanent population of over 8 million residents, rising to over 10 million during working hours.46 But the small trading towns originally occupying this site through the centuries were repeatedly damaged or levelled outright by the jerk of earthquakes as this thrust fault shifts to relieve mounting tectonic stress. The city of Tabriz, further along the mountain chain to the north-east of Tehran, was devastated by earthquakes in 1721 and 1780, each killing more than 40,000 people at a time when the population of any city was only a tiny fraction of what it is today. If, or indeed when, another large earthquake jolts on this thrust fault, the effects on Tehran could be devastating. People have settled at such thrust faults for millennia, drawn by the water supply they create and the trade routes running along the landscape boundary, and the large modern cities that have developed here are now particularly vulnerable from this geological heritage.47


  We are the children of plate tectonics. Some of the largest cities in the world today rest on tectonic faults, and indeed many of the earliest civilisations in history emerged along the boundaries of the plates that make up Earth’s crust. And more fundamentally, tectonic processes in East Africa were critical for the evolution of hominins and the forging of our particularly intelligent and adaptable species. Let’s turn now to the peculiar period of our planet’s history that enabled humanity to migrate from our birthplace in the Great Rift Valley and come to dominate the entire globe.


  Chapter 2


  Continental Drifters


  We are currently living in something of a peculiar geological age. It is a time that is distinguished by a single, dominant feature: ice. This may sound surprising, given our current concerns over global warming. That average temperatures have been rising since the Industrial Revolution, and particularly rapidly over the past sixty years, is undeniably true. But this recent jump caused by human activity is occurring within the general time frame of the long-term glaciation of the Quaternary Period. About 2.6 million years ago, at the start of the latest geological period, the Earth slid into a new climatic regime, characterised by the pulse of recurring ice ages. These conditions have had profound effects on the world we find today, and how we took our place in it.


  At present we are living through an interglacial period, with relatively warm conditions, shrunken ice caps and consequently higher sea levels. But the average conditions over the past 2.6 million years have been much icier than today. We are perhaps familiar from museum exhibits and TV documentaries with how the world looked in the last ice age – a time when great ice sheets expanded over much of the northern hemisphere, woolly mammoths strode across the tundra-like landscape preyed upon by sabre-toothed tigers, and fur-clad Palaeolithic humans hunted with stone-tipped spears.


  Yet this was only the latest phase of glaciation in our recent planetary history. There have been between forty and fifty ice ages over the past 2.6 million years,1 and they’ve been getting progressively longer and colder over time. In fact, the Quaternary is an exceptionally unstable time for the planet’s climate,2 which has been see-sawing between bitter ice ages and warmer interglacial intervals, driving the periodic expansion and contraction of huge ice sheets. The freeze-ups last on average 80,000 years, the shorter respites between ice ages only around 15,000 years.3 Each interglacial period, such as the current Holocene Epoch we entered 11,700 years ago, is no more than a brief thermal intermission before the climate plunges back into another frosty episode. We’ll see later why our planet has entered this erratic climatic phase, but let’s look first at the conditions of the last ice age.


  CHILLY TIMES


  This began about 117,000 years ago, and lasted around 100,000 years until the beginning of the current Holocene interglacial.4 At its peak, between 25,000 and 22,000 years ago, immense ice sheets up to 4 kilometres thick extended from the north to smother northern Europe and America.5 Another smaller ice sheet expanded across Siberia, and great glaciers spread down from mountain ranges such as the Alps, Andes and Himalayas, as well as the rugged backbone of New Zealand.


  These expansive ice sheets and glaciers locked up huge amounts of water, and the sea levels around the world dropped by up to 120 metres, exposing much of the continental shelves around the margins of the great land masses as dry ground. The North American, Greenland and Scandinavian ice sheets spread all the way to the lip of these continental shelves, and the seas around them would have been covered with floating ice layers.6


  As well as being punishingly cold close to the ice sheets, reduced evaporation from the frigid seas would have made the world much drier. Howling winds drove fierce dust storms across the arid plains.7 Much of Europe and North America’s landscape would have been tundra-like, with the underlying soil frozen all year round (permafrost), and dry, grassy steppes stretching as far as the eye could see further south. Many of the trees that grow across Europe today survived only in isolated refuges around the Mediterranean. Twenty thousand years ago, the dense forests and woodlands of today’s Central Europe would have instead resembled present-day Northern Siberia.8


  With the end of each ice age, the oceans rose again and flooded the continental shelves. The returning interglacial climate saw the ecosystems around the world slowly spread back towards the poles, following the ameliorating conditions behind the retreating ice sheets. Migrations are common within the animal world – birds flying south for the winter or the great herds of wildebeest surging like a tide across the Serengeti – but forests also migrate. Of course, individual trees cannot uproot and move, but as the climate gets warmer, seeds and saplings survive a little further north each year, and over time the forest genuinely marches (like the prophecy in Macbeth). After the last ice age, tree species in Europe and Asia are estimated to have migrated north at an average rate of over 100 metres every year.9 Animals followed them – herbivores feeding directly on plants and the predators in turn tracking them. Recurring ice ages have forced the movement of plant and animal life to sweep north and south like a living tide.


  Ice ages vary in their intensity, and interglacial periods are also not all alike.10 The last interglacial, which occurred about 130,000–115,000 years ago, was generally warmer than our current one. Temperatures were up at least 2 °C from today, sea levels around 5 metres higher, and the sort of animals you would normally associate with Africa were tramping through Europe. When construction workers were digging in Trafalgar Square in the centre of London in the late 1950s, they discovered the remains of a range of large animals – rhinoceros, hippopotamus and elephants, as well as lions – all dating from this previous interglacial period.11 Standing in the shadow of Nelson’s Column today, tourists are eager to snap selfies with the bronze lion statues sitting on guard at the corners. How many of them realise that during the last interglacial they would have had to keep an eye out for the real deal?
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    Ice Age Earth, showing the major continental ice sheets, and sea levels 120 metres lower than today.
  


  But despite the brief warmer periods that allowed these animals to spread, the Quaternary is essentially one long ice age; even during the interglacial periods thick ice caps still smother the poles. Let’s turn now to what has been going on with the Earth over recent planetary history to create such a cold, fluctuating climate. It turns out that the recurring pattern of these ice ages has cosmic causes: it can be explained by shifts in the tilt of the Earth relative to the Sun and in its orbital path.


  CELESTIAL CLOCKWORK


  If the Earth rotated perfectly upright there would be no seasons. It is the tilt of the planet’s axis which means that for half the year the Northern Hemisphere receives more warmth than its southern counterpart as it leans towards the Sun – which appears high in the sky for its rays to shine more directly onto the surface – to create summer. The situation is reversed six months later to create the northern winter and, correspondingly, southern summer. The Earth also does not move around the Sun in a perfect circle: its orbital path is elongated slightly into an egg shape known as an ellipse. At one point in its year-long orbit the Earth is slightly nearer the Sun, and six months later it’s slightly further away.fn1


  To make things more complicated, these features of our world and its orbit also change over time, nudged by the gravitational effects of the other planets in the solar system (especially the giant Jupiter). There are three significant ways in which the Earth’s cosmic circumstances vary, resulting in the set of celestial cycles which I briefly introduced in the last chapter. First, our orbit varies between a more circular and a more elongated shape over a roughly 100,000-year ‘eccentricity’ cycle. Second, over about 41,000 years the tilt of the Earth relative to the Sun sways back and forth between 22.2° and 24.5°, tipping the poles towards or away from the Sun. This tilt has a strong effect on the intensity of the seasons, and so even a tiny change in the angle means that the Arctic receives slightly more or less warmth in summer. And the third and shortest cycle is the 26,000 years over which the axis of the planet rolls round in a circle like a wobbling spinning top, a process known as precession. Precession changes the times of year when the Northern and Southern hemispheres are tilted towards the sun, and thus the timing of the seasons (it’s also called precession of the equinoxes). At the moment, the North Pole just so happens to be pointing towards the star called Polaris – which makes it very useful for navigators as we’ll see in Chapter 8 – but in about 12,000 years’ time the Earth’s spin axis will have rolled around to point towards a new north star, Vega, and summer in the Northern Hemisphere will fall in what we currently call December.


  So the stretch, tilt and wobble of the Earth and its orbit all have effects on the planet’s climate, and they vary cyclically over time. These periodic variations are the Milankovitch cycles that I mentioned briefly in the last chapter, named after the Serbian scientist who first worked out how these cosmic periodicities change the climate on Earth. Milankovitch cycles don’t on the whole reduce the total amount of sunlight warming the surface of the Earth over a year’s orbit: they change the distribution of the sun’s heat between the Northern and Southern hemispheres, and therefore the intensity of the seasons.
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    The Milankovitch cycles: variations in Earth’s orbit and axis that affect our climate.
  


  Contrary to what you might intuitively think, the key driver for triggering ice ages is not how chilly the Arctic gets in winter, but how cool the summer is. With a period of colder summers in the north, each winter’s new snowfall is not completely melted away again and so can build up year on year.12 A cooler Arctic summer also often means a warmer winter, and this too can favour the build-up of ice sheets: greater evaporation from warmer seas will deliver more snowfall. The eccentricity of Earth’s orbit in particular acts as an amplifier on the effects of the direction of Earth’s axis as it precesses round in a loop. For example, whenever these two cycles fall into step with each other, so that the point in our orbit when the North Pole tilts towards the Sun happens to coincide with Earth’s furthest point in its elliptical circuit, then the arctic will receive unusually cool summers. And as a result, the winter’s ice growth won’t completely melt away and will start to accumulate. The planet begins to slide into another ice age.


  The Earth remains stuck in this whitened state, reflecting away much of the sun’s heat, until the Milankovitch rhythms cycle back to deliver more warmth to the north and the ice sheets thaw and retreat again.13 The thawing at the end of each glacial period is always much quicker than the freezing at the beginning. As the Milankovitch cycles act to warm the Northern Hemisphere again, the ocean releases more carbon dioxide and more water vapour, both of which are greenhouse gases and so amplify the warming. The rising sea levels also undermine the edges of the ice sheets, and as these melt away, a greater surface area of land and sea is exposed that absorbs more sunlight than bright white ice.14 Hence the rhythm of the ice ages is marked by a slow descent into frozen conditions, followed by rapid deglaciation.


  From the start of this icehouse period about 2.6 million years ago the pulse of ice ages followed the 41,000-year beat of the Milankovitch cycle of the Earth’s tilt, but for reasons that aren’t yet clear about 1 million years ago this transitioned into slower but more extreme swings following the 100,000-year eccentricity cycle of Earth’s stretching orbit.15 The ice ages fell into synch with the beat of a different drum – a drum that beats slower but louder.16 Each ice age became more intense and lasted longer: major ice sheets from the North Pole were able to advance right down the Eurasian and North American land masses, and didn’t completely melt away again during interglacial warm periods.17 (The Antarctic ice cap also waxes and wanes, although to a much lesser extent.18)


  In this sense, then, astrologers are right – just not in the way they think. The motion of the other planets through the heavens won’t determine your mood or luck, but their gravitational effects on our world do influence something far more profound: the climate of the Earth itself. Understanding the celestial clockwork regulating the tick of these ice ages over the past few million years is pretty straightforward. But the subtle effects of the Milankovitch cycles can only trigger repeated swings between ice age and interglacial phases if the world’s climate is already unstably perched right on the brink of glaciation. So the bigger question is: what caused these icehouse conditions in the first place?


  FROM HOTHOUSE TO ICEHOUSE


  At the moment, the Earth is in something of a weird period of its lifetime. For around 80–90 per cent of its existence our planet has been significantly hotter than it is today; periods with ice caps at the poles are in fact something of a rarity.19 Over the last 3 billion years there have been perhaps only six eras with significant ice on the planet.20 Yet over the past 55 million years, the Earth has experienced a continued chilling and the global climate has shifted from hothouse to icehouse. This is known as the Cenozoic cooling, after the geological era during which it occurred.


  The layer cake of different rocks beneath our feet enables geologists to divide the long history of our planet into different eras, periods and epochs, often by referring to the kinds of fossils found within them, like chapters and paragraphs within the book of time. The current era dominated by mammals and angiosperm plants – we will return to our planet’s fauna and flora in Chapter 3 – is called the Cenozoic (meaning ‘new life’) and began 66 million years ago with the mass extinction of species that ended the Mesozoic (‘middle life’) Era characterised by the dinosaurs. The most recent period within the Cenozoic is the Quaternary, defined by the fluctuating climate of glaciations and interglacial phases that we have just encountered. Slicing up time even more finely, the latest epoch of the Quaternary is the Holocene: our current interglacial that holds the entire history of human civilisation.


  At the end of the Cretaceous Period, just before the dinosaur-killing mass extinction 66 million years ago, the world was hot and humid with lush forests growing even in polar regions. Sea levels were perhaps as much as 300 metres higher than today and submerged half the continental area on the planet – only 18 per cent of the Earth would have been dry land back then.21 This warm phase continued for the next 10 million years, peaking with the Palaeocene–Eocene Thermal Maximum (we’ll explore its significance in Chapter 3) 55.5 million years ago, before the global climate began a sustained cooling. About 35 million years ago the first permanent ice sheets appeared on Antarctica,22 20–15 million years ago ice sheets began forming over Greenland, and by the beginning of the Quaternary the cooling had passed the threshold for the North Pole’s ice cap to begin expanding. We entered the current phase of pulsing ice ages.23


  It seems the Earth has been committed to a concerted effort towards cooling down. What grand-scale planetary processes have been conspiring to drive this global chilling?


  Gases like carbon dioxide and methane, as well as water vapour, in the atmosphere act like the panes of glass in a greenhouse: they allow the short-wavelength visible sunlight to shine right through and heat the Earth, but block the longer-wavelength infrared light given off by the warm planet surface. The effect of these greenhouse gases is to trap heat energy from escaping back into space, and so insulate the planet, leading to higher temperatures. Any mechanism that reduces the amount of these greenhouse gases in the air will therefore drive a global cooling.
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    Divisions of Earth’s geological history
  


  Fifty-five million years ago, as we saw in the last chapter, the dance of the continents drove India to begin to crash into Eurasia and thrust up the huge Himalayas. Ever since, this towering mountain range has been vigorously eroded by high-altitude glaciers and rain. The minerals of the rocks react with the carbon dioxide dissolved in rainwater, which then flows in rivers to the ocean where it is used by marine life to build their calcium carbonate shells. When these creatures die, their shells drift to the seafloor and become buried. Thus the Himalayas are being gradually disassembled grain by grain and in the process carbon dioxide is locked away from the atmosphere. While this is a powerful mechanism for effectively sucking CO2 out of the air, it still took around 20 million years to reduce the high levels of this greenhouse gas from the Cretaceous Period to below the threshold where the world became cool enough for ice to start forming at the poles.24


  While the young Himalayas eroded, continental drift carried Antarctica to its current position over the South Pole, and Australia and South America rode north. This isolated Antarctica and opened up an unobstructed sea path right around the pole, a great oceanic moat completely surrounding the southern continent. A strong ocean current circling Antarctica became established, and this blocked warm ocean currents from the equator reaching Antarctic shores, keeping the continent chilled. The first permanent ice cap began to form on Antarctica about 35 million years ago.25


  Plate tectonics also rearranged the other continents to shove most of the land mass into the Northern Hemisphere, while the southern half of the world became mostly open ocean (a feature we’ll return to when we come to look at the powerful Roaring Forties winds in Chapter 8). For the past 30 million years or so, 68 per cent of the northern hemisphere has been continents, with only a third of the Earth’s land south of the equator.26


  This yin-and-yang division of the world – a land-dominated Northern Hemisphere and an oceanic southern half – amplifies the effects of seasonal variations in warmth from the sun. Land cools down far more quickly in winter than the turbulent ocean water, and is much better able to support growing, thick ice sheets. Yet while it is true in general that there is more land mass in the Northern Hemisphere, the pole in the Southern Hemisphere happens to have a continent – Antarctica – currently sitting right over it, whereas the North Pole is sea. This explains why the South Pole became smothered in an ice cap much earlier than its northern counterpart. At the North Pole, where ice melts more easily in the ocean, it wasn’t until 2.6 million years ago that the climate became cool enough for ice no longer to melt away each summer and to accumulate year on year.


  The final geological factor that created the icehouse conditions of today was the formation of the Isthmus of Panama. This narrow thread of land joining North and South America was also the result of continental collision, the plate subduction first producing a string of volcanic islands and then lifting the seafloor up above the waves. The closure of the connection between the Pacific and Atlantic oceans occurred 2.8 million years ago and deflected the equatorial current to the north, strengthening the Gulf Stream that delivers warm water to the landmasses around the North Atlantic.27 While this current of warm water may have slightly delayed glaciation in the north, overall the extra moisture in the air from evaporation produced greater snowfall in winter and so encouraged the growth of ice sheets in the Northern Hemisphere.28


  As the ice caps formed, first at the South and then at the North Pole, they contributed to further cooling as their bright white surface reflected more sunshine back into space – a snowball effect that scientists term a feedback loop. And as the seas became cooler they could hold more dissolved carbon dioxide from the air, further pulling down atmospheric levels and reducing the warming greenhouse effect.29


  The effects of mountain-building and subsequent erosion removing atmospheric carbon dioxide, plate tectonics isolating Antarctica on the South Pole and forming the Panama Isthmus to alter ocean circulation patterns, continental drift shunting most of the rest of the land masses into one hemisphere – all these factors combined to propel us into icehouse conditions. The cooling of our planet to the stage where large ice sheets formed in the north 2.6 million years ago was a critical threshold and the entire climate tipped into an unstable state. Now, whenever the Milankovitch cycles acted to cool the North Pole slightly, the ice cap expanded over Europe, Asia and North America, and these large northern continents were able to support thick ice sheets. Even a small increase in the expanse of white ice would reflect more of the sunlight away, causing further cooling, and so set in motion a runaway process that saw the ice sheets expand ever further, and locking up more water out of the oceans leading to a drop in sea levels.


  This sustained chilling trend of the world over the past 55 million years of the Cenozoic Era has had a profound influence on the planet, and our own evolution. As we saw in the last chapter, the shift to cooler, drier conditions shrank the forests of East Africa and replaced them with grasslands, driving the development of hominins. And the rapid fluctuations of the Rift Valley’s amplifier lakes, which drove us to become a highly versatile and intelligent species, were caused by the precession rhythm of the Milankovitch cycles.


  Beginning around 100,000 years ago a planetary alignment was sliding into place. The tilt of the Earth’s axis causing summer in the Northern Hemisphere started to coincide with the time when the planet was furthest from the sun in its elliptical orbit, meaning that northern summers became ever cooler. The ice from each winter didn’t melt away again but accumulated. The northern ice sheets began to grow and expand southwards as the Earth slid into another ice age.


  Let’s look now at how this most recent ice age, and the consequent drop in global sea levels, also provided a crucial opportunity for us to spread around the world. We are all children of Africa, but we didn’t remain in our cradle.


  EXODUS


  Roughly 60,000 years ago, our ancestors began to disperse out of Africa. It’s difficult to know exactly which routes we took around the planet, or the precise timing of when we first reached new areas, because the fossil record is very patchy and it is often hard to tell from the archaeological evidence exactly which branch of hominins they were left by. So most of our understanding of humanity’s expansion comes from studying the genetics of indigenous populations living around the world today. By analysing the DNA, and being able to estimate the rate at which mutations accumulate in the genetic code, we can work out how long ago different populations diverged from each other. Mapping this genetic variation around the globe allows us to work out when humans first arrived in different regions, and so enables us to follow the ancient migration paths.


  Two main kinds of DNA have been most useful in this detective work. Inside each of our cells are tiny structures called mitochondria, which run the biochemical reactions for providing energy. These mitochondria are the powerhouses of the cell, and they contain their own little loop of DNA. When you were conceived, you inherited the mitochondria from your mother’s egg cell, but none from your father’s sperm: the mitochondrial DNA passes continuously down the maternal line, from mother to daughter. Analysing the genetics of mitochondrial DNA, and calculating the time it took for different populations to split from each other, allows us to backtrack to where they converge – that particular woman in the deep past who happened to be the ancestral mother of all people alive today. This most recent matrilineal common ancestor has been dubbed Mitochondrial Eve, and she lived in Africa around 150,000 years ago. If instead we look at the DNA held on the Y chromosome that is only passed from father to son we can backtrack to the most recent male ancestor, nicknamed Y-chromosome Adam. Dating the root of this genetic tree is more uncertain, but the male common ancestor is believed to have lived between 200,000 and 150,000 years ago.


  This doesn’t mean that there was only one woman and one man alive at the time, or indeed that the female and male most recent common ancestors ever met each other – they lived at different times and in different places. In fact, it would be a staggering coincidence if the female mitochondrial line happened to date back to the same time as the male Y-chromosome line. (The biblical nicknames are misleading in this sense.) The only significance of Mitochondrial Eve (and analogously Y-chromosome Adam) is that she just so happened to give birth to daughters who themselves had daughters, and so on down the line to all people alive today; by chance the other lineages in the family tree died out or had no female children.


  The most surprising result to come out of these global genetic studies is that the human species is exceedingly uniform. Despite superficial regional differences in hair and skin colour, or skull shape, the genetic diversity among the 7.5 billion humans living in the world today is astonishingly low.30 In fact, there’s more genetic diversity between two groups of chimpanzees living on opposite banks of a river in Central Africa than there is between humans on opposite sides of the world.31 Human genetic diversity is greatest within Africa, however, so even if we had never discovered any fossilised bones or early archaeological evidence and had only the DNA of modern humans to go by, it would still be clear that we all originated in Africa and spread from this birthplace. Moreover, the genetic studies suggest that humanity around the world today descends from a single exodus event out of Africa, rather than multiple waves of migration, and probably from no more than a few thousand original migrants.32


  Modern humans, Homo sapiens, first entered the Arabian Peninsula during a regional climatic shift to wetter conditions and a greening of the area,33 either by walking north across the Sinai peninsula, or by taking a more southerly route by raft across the Bab-el-Mandeb strait.34 As our ancestors began to spread into Eurasia we encountered other species of hominins that had already left Africa much earlier. Modern humans underwent a small degree of interbreeding in the Middle East with Neanderthals so that we picked up a trace of their DNA and then carried it with us as we populated the rest of the world35 – it makes up around 2 per cent of the genetic code of non-Africans today.36 The fact that modern East Asians appear to have more Neanderthal DNA than Europeans would suggest that humans mixed with Neanderthals on at least one other occasion as we migrated eastwards through Eurasia.


  More interbreeding seems to have occurred with another mysterious, extinct hominin species known as the Denisovans when we moved through Central Asia. We know of the Denisovans only from a few teeth and the fragments of a finger and a toe bone that were discovered in a cave in the Altai mountains on the border between Siberia and Mongolia, and the DNA analysis reveals that they were probably a sister species of the Neanderthals.37 Between 4 and 6 per cent of the DNA of modern people in Melanesia and Oceania derives from the Denisovans, and they also made a small contribution to the genetic code of Native American populations.38 It’s incredible to think that an entire human species, living alongside our own just a few tens of thousands of years ago, is known to us only by a some bone fragments and the trace of DNA they left imprinted in our genome. An even earlier hominin species, Homo erectus, had left Africa almost 2 million years ago and reached as far as China and Indonesia, but had already fallen extinct by the time humanity spread across Asia.39 No indigenous peoples remaining in Africa carry DNA from either the Neanderthals or Denisovans.


  As the first human migrants reached each new area their population grew and their descendants continued the dispersal. The region now covered by Iraq and Iran acted as a major dispersal hub, with migration streams heading up into Europe, across the rest of Asia, and into Australia and the Americas.40 It seems likely that humans first headed east, following the southern margin of Eurasia to India and South East Asia;41 an early offshoot from this path took humans into Europe around 45,000 years ago.42 The eastward migration split into two routes either side of the Himalayas, like a river flowing around a rock, with one path heading north across Siberia and eventually into the Americas, and a second taking a southerly route across South East Asia towards Australia. The spread through southern Asia seems to have been relatively quick, possibly due to the similarity in climate with our ancestral home in sub-Saharan Africa, and we reached South East Asia and China around 50,000–45,000 years ago.43


  From the Indochinese Peninsula, we crossed into New Guinea and Australia about 40,000 years ago.44 With global ocean levels over 100 metres lower than today owing to ice-age conditions, the shallow seas around Indonesia were exposed as dry land. The Indonesian archipelago became part of an extension of South East Asia known as Sundaland, and Australia, New Guinea and Tasmania were all united as a single landmass called Sahul. These two lands faced each other across a narrow sea studded with chains of islands, which helped our migration into this south-eastern corner of the world.45


  The slow wave of dispersal eventually reached the north-eastern tip of Eurasia, and it is here that the ice-age conditions proved most crucial for human migration: they gave us our route of entry into the Americas.


  Today, the coasts of Russia and the US are separated by the 80-kilometre wide Bering Strait, with the two Diomede Islands sitting right in the middle of that sea channel.fn2 During the last ice age, with the dropping sea levels, the land of Siberia and Alaska would have extended to reach towards each other, like the outstretched fingers of Adam and God painted by Michelangelo on the ceiling of the Sistine Chapel, until eventually they touched and the two vast continents of Eurasia and the Americas were joined. This land corridor would have widened until, at the glacial maximum around 25,000 years ago, it stretched up to a thousand kilometres north to south.


  Although clear of ice sheets, the Bering land bridge would still have been a decidedly harsh environment: cold and dry, with dunes of silt that had been eroded by the glaciers and blown in the wind. The land bridge was little more than an Arctic wasteland, but dotted with enough hardy vegetation to support animals – woolly mammoths, ground sloths and steppe bison, as well as the sabre-toothed tigers that preyed on them.


  Humans made it across this land bridge into America sometime after 20,000 years ago.46 But other animals had already made the crossing in the opposite direction into Eurasia during an earlier ice age, some of which would become crucial to civilisations through history. Both the camel and horse had evolved in North America and crossed into Eurasia along the Bering land bridge, subsequently dying out in their birthplace. (We’ll return to the significance of this in Chapter 7.)


  After walking across the land bridge into Alaska, humanity worked its way down through the Americas as the ice sheets receded. At the time, two huge expanses of ice – the Cordilleran and Laurentide ice sheets – covered most of Canada and large areas of the northern USA. At its maximum extent, the Laurentide ice sheet was larger than the entire Antarctic ice cover today, with an immense dome up to 4 kilometres thick over Hudson Bay.47 To get round these ice sheets to head south, the migrants may have travelled down the western coastline, or perhaps passed between the two along an ice-free corridor.48 But once safely past the ice sheets in North America, humanity rapidly spread across the continent as the Ice Age subsided. They crossed the Panama Isthmus into South America around 12,500 years ago, and had reached the very southern tip of the continent within another millennium. Humanity had encompassed the globe.
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  Thus the Ice Age and its lowering of the global sea levels enabled the peopling of the Americas. As they had moved through Europe and Asia our ancestors had made contact with Neanderthals and Denisovans, but here in America they encountered no previous peoples. After they crossed the Bering land bridge into the new world, humanity was walking where no hominin species had ever trodden before.49


  Then, around 11,000 years ago, as the world warmed again after the last glacial maximum and sea levels rose, the Bering land bridge once again disappeared beneath the waves. The connection between Alaska and Siberia was severed, and the Eastern and Western hemispheres were cut off from each other. Lasting contact was not made again between the peoples of the Old World and the New for another 16,000 years, until Columbus set foot on the Caribbean islands in 1492. Genetically similar, but living in different landscapes with access to different plants and animals, these two isolated populations of humanity formed civilisations independently from each other but remarkably similar in their domestication of crops and livestock and the development of agriculture.fn3


  I may have given the impression that our spread was a rapid, or even directed, migration to all corners of the globe – as if our ancestors mindfully turned their backs on their original homelands in Africa and boldly strode towards the horizon, perhaps furrowing their brow in an expression of fortitude, systematically filling in all the nooks and crannies in the outline of the continents. But these movements are more accurately described as dispersals, with groups of hunter-gatherers ranging widely across the landscape with very low population densities, slowly moving with the seasons and over the years with changing local climates, roving to avoid the cold and drought and to seek warmer, moister, more favourable conditions for finding food.53 Over the generations we drifted further and further afield. Humanity’s spread from the Arabian Peninsula along the southern Eurasian coast to China, for example, occurred at an average rate of less than half a kilometre a year.


  Ultimately, however, humanity inherited the Earth. Our cousin hominin species – the Neanderthals and Denisovans – slid into extinction. As we discussed in the last chapter, it seems likely that they were simply outcompeted by humans rather than hunted and killed, or else succumbed to the harsh conditions as the Ice Age reached its peak. The last Neanderthals disappeared between 40,000 and 24,000 years ago, and we became the sole surviving human species on Earth. Within 50,000 years of leaving Africa we had colonised every continent apart from Antarctica to become the most widespread animal species on the planet. Our mastery of fire and skill in making clothes and wielding tools allowed us, a bunch of savannah apes, to inhabit every climate zone from the tropics to the tundra. We moved out of the environment that made us, and learned to create our own artificial habitats of huts and farms, villages and cities.fn4


  That this global expansion took place during the punishingly cold climate of the last ice age is perhaps surprising, but it is in fact these very icehouse conditions that enabled us to accomplish this. The growth of the northern ice sheets drew so much water out of the oceans that the dropping sea levels exposed great areas of the continental shelves. It is the Ice Age that allowed us to simply walk across dry land to Indonesia, cross the narrow sea into Australia, and crucially make our way along the Bering land bridge into the Americas. Lower sea levels also meant that there was a much greater area of land to live on – an additional 25 million square kilometres, roughly the equivalent of present-day North America.55


  But alongside providing the conditions that enabled humanity to spread across the globe, past ice ages have had other far-reaching implications for the moulding of the landscape we inhabit and the course of our history.


  RAMIFICATIONS


  You may know that the ‘crinkly edges’ of Norway made up of innumerable U-shaped fjords were carved by advancing glaciers during the ice ages, as were the lochs of Scotland. And even if glaciation was much less prominent in the Southern Hemisphere, if you look at a map of Chile you’ll see identical fjord features along the Pacific coastline at the tip of South America. During the ice ages, the Patagonian Ice Sheet expanded down from the Andes, covering a full third of Chile at its greatest extent, and glacially gouged out these valleys. They were subsequently drowned by the rising sea levels, becoming an incredibly intricate jumble of rugged little islands, headlands and interlinked channels – almost as if the coastline itself had been shattered by the frost.


  When the Portuguese explorer Ferdinand Magellan found a route around the tip of South America in 1520 on the first circumnavigation of the world, he did so along a passage created by these flooded, glacially carved valleys. The narrowest points at the Atlantic entrance to the Magellan Strait were formed by ‘terminal moraines’ – debris pushed ahead by the glaciers acting like bulldozers and then, as they began to retreat again with the end of the Ice Age, dumped at their base.56 The 600-kilometre-long Magellan Strait was a crucial sailing link between the Earth’s two greatest oceans for almost four centuries before the construction of the Panama Canal in 1914. Although it is narrow and difficult to navigate, with unpredictable currents, it is still shorter and (as an inland channel) far more sheltered from storms than the tempestuous passage between the southernmost cape and Antarctica found by Sir Francis Drake in 1578.


  Glaciation also had profound implications for the reshaping of North America’s geography and the subsequent history of the United States. Here the extensive ice sheet diverted the course of the mighty Missouri and Ohio rivers, and when the glaciation thawed these rivers continued to flow along what had been the edge of the ice sheet. Today, they meet the Mississippi in a huge Ψ shape and offer easy east-west transport right across the interior of the continent. The Missouri in particular reaches over 2,000 kilometres west to the Rocky Mountains. It was this river, previously diverted by the Ice Age, that carried the explorers Lewis and Clark most of the way towards the Pacific coast in 1804, and enabled the establishment of an American presence across the huge tract of Louisiana and the Northwest Territories. Other rivers too were diverted by glaciation, such as the Teays and St Lawrence; without these river transportation routes around the Appalachian Mountains, the original Thirteen Colonies might have remained confined to the Atlantic seaboard.


  The Great Lakes of North America too are features left behind by the Ice Age, their deep basins gouged out by the advancing Laurentide ice sheet and then filled with its meltwater as it retreated again around 12,000 years ago.57 Once they were linked by canals, these extensive waterways became hugely important for inland transport from the Atlantic coast before the construction of long-distance railroads, and saw New York, Buffalo, Cleveland, Detroit and Chicago develop into major commercial centres.58


  Moraines, rubble ridges 40–50 metres high, can be seen stretching right across the north of the US. Long Island in New York is formed of two long moraine ridges dumped at the head of the Laurentide ice sheet, as is Cape Cod, further up the coast in Massachusetts.59 Moreover, Boston, Chicago and New York are built on thick deposits left behind by the melting of this ice sheet.60 We mine these moraines and glacial stream deposits around the world for sand and gravel for the aggregate in concrete, road-surfacing, and base material for foundations or railway tracks. In addition, the frigid frontier of the North American ice sheets drove fierce winds, which picked up fine particles of silt, sand and clay that had been ground out of the bedrock, and deposited them further south to create the fabulously fertile loess farmland of the Midwest.61


  It’s on the other side of the pond, however, that we find perhaps the clearest example of the influence of the ice ages on history.


  ISLAND NATION


  Half a million years ago, Britain was not an island. It was still part of continental Europe, physically connected to France – like conjoined twins – by an isthmus running between Dover and Calais. This land bridge was a continuation of the hump-shaped geological structure known as the Weald–Artois anticline that stretches from south-east England to north-east France, formed of layers of rock buckled upwards in the same tectonic upheaval that created the Alps when Africa slammed into Eurasia.


  The land bridge between England and France was eroded away to sever this connection, and this seems to have occurred in a sudden, catastrophic event. Sonar maps of the English Channel distinctly reveal an unusually straight and wide valley on the seafloor,62 containing streamlined islands and long, kilometre-wide eroded grooves – clear signs of a huge flood of water coursing over the ground.


  As we have seen, during our current era of pulsating ice ages, glaciations have caused the global sea levels to drop over 100 metres. This allowed the shallow continental shelf around the North Sea and the Channel basin to emerge as dry land. During the ice age around 425,000 years ago (five ice ages before the most recent glaciation) a vast lake of water became trapped between the Scottish and Scandinavian ice sheets and the 30-kilometre-wide ridge of rock then still linking England and France. This lake was filled with meltwater from the ice sheets as well as the discharge from rivers like the Thames and Rhine. And with no outlet to escape through, the water rose and rose, until inevitably it began to spill over the top of the land bridge. These colossal waterfalls scooped out vast plunge pools on the channel floor and gouged backwards through the barrier until this natural dam collapsed. The entire trapped lake emptied itself as a catastrophic megaflood, widening the gaping breach in the barrier and carving the landforms on the floor of the Channel we can see with sonar today. This first megaflood 425,000 years ago is thought to have been followed by a second event around 200,000 years ago, and between them they wore away what is now the Strait of Dover, leaving the white cliffs as the stump of the former isthmus. With the subsequent thawing after each ice age and the rise in sea levels during interglacial periods, this passage formed the English Channel (or La Manche, as the French would have it).63


  Britain had become permanently cut off from Europe.


  The formation of the English Channel has had profound ramifications through history for Britain, as well as for Europe as a whole. The Channel has served as a natural defensive moat, protecting Britain throughout European history. The last full-scale invasion, the Norman Conquest of 1066, occurred almost a thousand years ago. Britain was close enough to trade and remain intimately involved in the politics of the Continent, but shielded at the same time.


  Throughout the constant squabbling, conflicts and shifting borders of continental Europe, Britain has largely escaped the ravages of war on its own home soils and been able to remain distant and insulated, only choosing to intervene when it was in its interests.64 In the seventeenth century, for instance, it was spared the devastation of the Thirty Years War, which began as a conflict between Catholic and Protestant European states and ravaged much of Central Europe, causing huge population losses – over 50 per cent in some regions – from the resultant famines and disease. Safe behind its natural moat, Britain’s situation contrasts in many ways with that of Germany, bounded to the north by sea and to the south by the Alps, but open on both sides through the European Plain. It is this vulnerability from the lack of natural defences that explains much of the insecurity and military ambitions of the states in this region – the Holy Roman Empire, Prussia, and then Germany as a unified nation.


  With clearly defined natural boundaries, and a relatively small extent, England achieved the early unification of feudal fiefdoms into a national identity.65 It has also been argued that it was this reduced threat of invasion and sense of security from external threats that allowed the progressive dispersion of power away from the autocratic monarch to a more balanced democratic system, beginning with Magna Carta in 1215 and leading to the parliamentary system in place today.66


  What’s more, with no land border to defend, Britain’s military expenditure needed to be only a fraction of that of its continental rivals.67 Britain was instead able to focus its energies on building up and maintaining the Royal Navy, not just for defending the homeland – the defeat of the combined French and Spanish fleets at the Battle of Trafalgar in 1805 that sank Napoleon’s hopes of invading Britain is the most striking example – but also to guard its overseas colonies and protect its commercial interests and trade routes, as it developed a seaborne empire that came to supersede those of the Spanish, French and Dutch.


  Of course, it’s impossible to say with any certainty how European history might have played out had Britain not been an island. What might have happened if the Scottish and Scandinavian ice sheets had never merged to trap the glacial lake that disgorged through the Channel, eroding away the isthmus and opening the Strait of Dover? What if the ice ages had been a little less icy? This is not the place for speculating on counterfactual histories, but thinking about the potentially profound alternative outcomes underscores the importance of geology in how we find the world today. If Britain were still linked to the continent by a land bridge, would the blitzkrieg sweep of the Wehrmacht across Europe also have defeated this last bastion of resistance against Nazi Germany? Would Britain have fallen to Napoleon’s Grande Armée in 1805, or would Spanish forces have invaded in 1588 (without the need for an armada)?


  It could be argued that the strong island nation has helped maintain a power balance in the Continent’s history by resisting invasion and preventing any one power from consolidating a European empire. On the other hand, its geographical isolation has created an island mentality that made Britain often stand aloof and reluctant to enter into closer relationships with its Continental neighbours, despite common interests and a shared fate.


  Thus the most recent period of our planet’s history has allowed our species to spread around the entire globe, and the lasting impressions the pulsing ice ages left on the landscape have had profound implications for the course of human history. The entire story of civilisation has played out during the current interglacial period, and we will now turn our attention to the planetary forces lying behind this fundamental transition in the human story: the domestication of wild plant and animal species and the emergence of agriculture.


  Chapter 3


  Our Biological Bounty


  Between 20,000 and 15,000 years ago the overlapping rhythms of the Milankovitch cycles started warming the Northern Hemisphere once again. The great ice sheets began to thaw and recede, and the deep freeze of the last ice age drew to a close.1 In North America, much of the run-off water from the melting ice sheets became trapped behind a ridge of debris deposited at the base of the retreating glaciers. This formed immense meltwater lakes, the largest of which has been named Lake Agassiz after the Swiss-American geologist who first proposed the (at the time) radical notion of a past ice age smothering the Northern Hemisphere. By 11,000 BC Lake Agassiz had expanded to cover almost half a million square kilometres of Canada and the northern United States – an area about the size of the Black Sea. Then, the inevitable happened. The natural dam burst and the huge volume of glacial water disgorged in an immense, surging flood. It ran through the Northwest Territories along the current course of the Mackenzie River and into the Arctic Ocean.2 This sudden release of the trapped water caused an immediate jump in global sea levels. But it was the effects it had on a culture developing some 10,000 kilometres away in the eastern Mediterranean region of the Levant that were far more profound.fn1


  PARADISE FOUND AND LOST


  Whilst the ice sheets were retreating, forests expanded again to replace the wide bands of arid steppes and scrubland, rivers swelled and deserts shrank. With the warmer, wetter conditions, lush vegetation proliferated and populations of grazing mammals increased.4 Springtime was returning to the planet, and our hunter-gatherer ancestors found the going much easier. In the Levant, the land flushed with wild wheat, rye and barley, and recovering woodland. Here a people known as the Natufians emerged, who appear to have formed the first sedentary society in the world, even before the development of agriculture. They settled in villages of stone and wood, gathering the wild cereals along with fruit and nuts from the woodland, and hunting gazelle.5 If ever there were a hunter-gatherer Garden of Eden, it would have been here.


  This golden era didn’t last long, however. About 13,000 years ago a sharp climatic jolt, lasting over 1,000 years, struck this region of the Near East and the Northern Hemisphere as a whole. This is known as the Younger Dryas event, and it saw a rapid regression of climate, which over the course of just a few decades returned towards a much colder and drier state. And the cause for this abrupt yank back to ice age conditions is thought to have been the disgorging of Lake Agassiz.


  The sudden drainage of this vast lake placed a lid of freshwater on the northern Atlantic, which temporarily shut down the pattern of ocean circulation. Today, the world’s oceans operate vigorous conveyor belts of cycling waters that transport heat from the equator towards the poles. This is known as the thermohaline circulation, as it is driven by differences in the temperature and salinity of the seawater. Winds blow the warm surface waters from the planet’s midriff towards higher latitudes – we’ll return to this in Chapter 8 – sustaining the Gulf Stream, for example, that delivers Caribbean warmth and moisture to Northern Europe. Evaporation along the way turns the seawater more salty, and it also cools on its journey north. Both these effects make the water more dense, so that near the poles it sinks to the ocean floor, and returns towards the equator at depth. The sinking of polar water also draws in more water behind it to maintain the current. But the rapid dumping of a huge amount of freshwater into the North Atlantic from the discharge of Lake Agassiz abruptly stalled the salinity pump of this conveyor belt. The shutting down of the ocean circulation system, which was redistributing heat from the equator, shunted much of the Northern Hemisphere back to the conditions experienced during the height of the Ice Age.6


  For the Natufians, the environmental crisis of plunging temperatures and declining rainfall saw their homelands reverting to arid, treeless steppes of thorny shrubs, and the abundant wild food sources dwindled before their eyes. It seems that at least some of the Natufians responded by abandoning their fledgling sedentary lifestyle and returning to migratory foraging. But some archaeologists believe that this Younger Dryas event spurred others to turn from their hunter-gatherer ways and instead develop agriculture. Rather than roaming further and further to collect enough food to survive, they brought seeds home and planted them in the ground – the first step of domestication. Plump rye seeds found in the archaeological remains of Natufian villages have been interpreted as signs of this development. The claim is controversial, but if this was the case it would make the Natufians the first farmers in the world. An invention that would for ever change the way we live was born out of the hardship of sudden climate change.7


  Prompted by a particular chain of planetary events – the disgorging of Lake Agassiz, the stalling of the Atlantic circulation system, and the jolt of the Younger Dryas event – the Natufians may have been the first seed-sowers, but they were already a settled culture, and so perhaps uniquely set up to try this earliest experiment with farming. Yet within a few millennia, as the planet warmed after the last ice age, people around the world came to follow. Between about 11,000 and 5,000 years ago agriculture developed in at least seven different places across the Earth.


  THE NEOLITHIC REVOLUTION


  While anatomically modern humans had appeared in Africa by around 200,000 years ago, our ancestors only became behaviourally modern between 100,000 and 50,000 years ago. They now possessed the same linguistic and cognitive faculties that we have today, lived in social groups, and crafted and used tools and fire proficiently. They carefully buried their dead, made clothes, and produced expressive artwork in which they portrayed themselves and the natural world around them in cave paintings and bone and stone sculptures. They were adept hunters, they fished, and they gathered a wide variety of edible plants. They had even begun to grind wild grain into flour on simple millstones.8


  As we saw in the last chapter, from about 60,000 years ago humanity migrated out of Africa and dispersed around the entire globe. But it wasn’t until around 11,000 years ago that the first enduring steps towards agriculture and settlement were taken, a transition known as the Neolithic Revolution. The North American ice sheet, though quickly shrinking, still covered more than half of Canada when the first crops were being domesticated in the Fertile Crescent in the eastern Mediterranean, and then shortly afterwards in the Yellow River valley in northern China.9 Within just a few thousand years our ancestors in several other regions of the world were doing the same. Agriculture also emerged in the Sahel band of North Africa, the lowlands of Mesoamerica, the Andes–Amazon region of South America, the woodlands of eastern North America, and New Guinea.10 After living 100,000 years through the last ice age as hunter-gatherers, with the warming of the world different peoples around the planet started down the road of agriculture and civilisation that transformed our species for ever.


  It’s almost as if a starting gun had gone off. What were the planetary forces behind this defining step of human existence?


  We can’t be certain why people in different places around the world first turned their hand to deliberately sowing seeds and carefully tending plants, beginning the process of domestication and selective breeding of crops. The development of agriculture may have been spurred by a spell of favourable climate that made attempts at farming less risky and more inviting, or conversely by a sudden regional shock of deteriorating conditions – like the the Younger Dryas event – that prompted a settled community to find different ways of feeding itself.11 But either way the end of the last ice age was clearly instrumental.


  The fact that humanity didn’t settle down to begin cultivating the land during the Ice Age is perhaps not surprising, although the reason isn’t so much the cold conditions. While the northern ice sheets extended far down from the Arctic to smother much of the high latitudes of America, Europe and Asia, conditions were not impossibly cold elsewhere. The temperature around the tropics was only a degree or two cooler than today. And although the Ice Age Earth, as we’ve seen, was on the whole drier, it was not so arid everywhere as to prevent the development of agriculture.12 The limiting factor was probably not that the climate was inimically cold or dry, but that it was extremely variable. Regional climate and rainfall could shift suddenly and dramatically.13 Any Ice Age tribes that attempted precocious experiments with cultivation are likely to have had their efforts snuffed out by just such a rapid fluctuation. Even later in our history, well-established civilisations have collapsed when their regional climate dried out and crippled their agricultural support, such as the Harappans in India, the Old Kingdom in Egypt, and the classical Maya.14 fn2


  Interglacial periods, such as the one we’re living in right now, on the other hand, are marked by their comparatively steady climatic conditions. Indeed, the last 11,000 years of the current Holocene interglacial have been the longest stable warm period of the past half-million years.16 And the rise in atmospheric carbon dioxide after the last ice age, which would have invigorated plant growth, was a global effect and so may explain why cultures around the world developed agriculture almost simultaneously.17 Such stable, warm and wet conditions in regions that reliably produced large-grained grasses would have motivated people to tend a few select species themselves and settle down rather than roam more widely. It seems as though interglacial periods are a prerequisite for farmers.


  Let’s look in detail now at how we domesticated wild plants and animals, and what determined which species became adopted by humanity.


  SEEDS OF CHANGE


  The Holocene is the first interglacial period that modern humans have experienced, and almost immediately after it began peoples around the world started developing agriculture. Wheat and barley were first domesticated around 11,000 years ago in the rain-watered, hilly landscape of southern Turkey and then were spread to the plains between the Tigris and Euphrates,18 a region called Mesopotamia – ‘the land between the rivers’.19 Irrigation was first developed in the Turkish highlands a couple of thousand years later, and then adopted in Mesopotamia 7,300–5,700 years ago to control and distribute the floodwaters of the two rivers.20 The region curving between Mesopotamia, the Levant and the River Nile is known as the Fertile Crescent: an arc of cultivable land within the otherwise arid environment of North Africa and the Middle East.


  In China, millet was cultivated from around 9,500 years ago in the cooler, and seasonally drier, valleys of the Yellow River in the north-west. This millet, and then the soya bean that was domesticated around 8,000 years ago, were grown in the soft, fertile loess soils of the region.21 Around the same time, rice cultivation began along the Yangtze river in the warmer and wetter tropical region of southern China.22 Here huge amounts of rice came to be grown in paddy fields and carefully constructed terraces on hillsides, which demanded skilful water engineering to create ponds only a few inches deep in each paddy field that could be drained before harvest.23


  The crops domesticated in the Fertile Crescent spread to the Indus Valley around 9,000–8,000 years ago, and rice cultivation started in the Ganges Delta, possibly domesticated independently of that in China.24 In the Sahel, the band of semi-arid climate between the Sahara Desert and the savannah further to the south, the cultivation of sorghum and African rice began around 5,000 years ago, before the continued drying out of the region forced farming communities to migrate to the more humid regions of West Africa.25


  In the Americas, squash plants were domesticated in Mesoamerica around 10,000 years ago, and maize (corn) was grown in southern Mexico from 9000 years ago; later, beans and tomatoes also became staple crops here.26 The potato was cultivated in a large number of varieties in the Andes from about 7,000 years ago.27 In the highlands of tropical New Guinea, the starchy tubers of yam and taro were cultivated between 7,000 and 4,000 years ago.28 fn3


  By about 5,000 BC, therefore,30 humanity had learned to domesticate a wide diversity of edible plant species in a variety of climatic zones and landscapes, from the river floodplains of Mesopotamia to the high terrain of the Peruvian Andes and the tropics of Africa and New Guinea. By far the most significant plants we cultivated are the cereal crops. Grains like wheat, rice and maize, along with millet, barley, sorghum, oats and rye, have supported millennia of human civilisation. And the three most important systems of agriculture that have spread across most areas of the globe are wheat originating in the Fertile Crescent, rice in China, and maize in Mesoamerica.31 Today, these three cereals alone provide around half of all the human energy intake around the world.


  Cereal crops are all species of grass. The astonishing truth is that we are no different from the cattle, sheep or goats that we leave out to pasture – humanity survives by eating grass.


  Many grasses are hardy species of plant that can colonise land after pre-existing forest has died back with increasingly arid conditions, after fire has torn through an area, or in fact after any other disruption to the established ecosystem. Their survival strategy is to grow fast and put most of the energy they gather from the sun into their seeds, rather than building stout frames like trees – which is what lends them to cultivation. And this is the fundamental ecological reason that so many of us eat a slice of toast or a bowl of cereal for breakfast – wheat bread, cornflakes, rice crispies and porridge oats are all derived from fast-growing species of grass (and cereal crops of course also form the staple of other meals too).


  But to make use of grassy cereal crops we are still faced with a biological problem. We don’t have four stomachs like a cow that would enable us to break down tough plant matter to release its nutrients. We therefore picked plant species that produce a concentrated dollop of energy in their grain – which, botanically speaking, is a fruit – and applied our brains to the problem rather than our stomachs. The millstone we use for grinding grain into flour (and the mechanisms we invented through history to drive its rotation, like the waterwheel or the windmill) is a technological extension of our molar teeth. And the oven we use for baking that flour into bread, or the pot we use for boiling rice and vegetables, are like external pre-digestive systems. We have applied the chemically transformative power of heat and fire to break down the complex plant compounds so that we can absorb the nutrients.
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    Origins of crop domestication.
  


  POINT OF NO RETURN


  The development of agriculture offered huge advantages to the societies that adopted it, despite the continuous labour involved in working the land and nurturing the crops. Settled peoples are capable of much faster population growth than hunter-gatherers. Children don’t have to be carried long distances and babies can be weaned off breast milk (and fed with milled grain) much earlier, which means that women can give birth more often. And in agricultural societies, more children are an advantage for they can help care for crops and livestock, mind their younger siblings and process food at home. Farmers beget more farmers very effectively.32


  Even with primitive techniques, an area of fertile land can produce ten times more food for humans when under cultivation than when used for foraging or hunting.33 But agriculture is also a trap. Once a society has adopted cultivation and its numbers have grown, it’s impossible to revert to a simpler lifestyle: the larger population becomes entirely dependent on farming to produce enough food for everyone. There’s no turning back. And there are other consequences too. High-density, settled populations supported by farming soon develop highly stratified social structures, resulting in reduced equality and a greater disparity in wealth and freedom compared to hunter-gatherers.34


  When farmers first moved down from the hills of modern-day Turkey into the plains of Mesopotamia in the sixth millennium BC, bringing with them their domesticated cereal crops, the Earth was entering the warmest, wettest phase of the Milankovitch cycles. The marshy ground of lower Mesopotamia was extremely fertile, its thick alluvial soil eroded out of the highlands to the north and deposited by the rivers as they flowed into the Persian Gulf. (Mesopotamia runs along a tectonic trough, as we saw in Chapter 1.) Productive agriculture fuelled a population boom, but by 3800 BC the climate was becoming cooler again and the rains less reliable: the fecund land between the rivers began to dry out. In response village farmers pooled their resources and manpower and congregated into larger and larger settlements from where they could operate more extensive irrigation systems.35 Building and maintaining these canals for both agriculture and transportation required, and in turn fostered, a centralised administration and increasingly complex systems of social organisation.36 So it was here in Mesopotamia that agriculture gave birth to the world’s first urbanised society. By 3000 BC more than a dozen large cities had been founded,37 their names still persisting in our cultural memory: Eridu, Uruk, Ur, Nippur, Kish, Nineveh, and later Babylon. The land between the rivers had become a land of cities, known to its inhabitants as Sumer.38 By 2000 BC, 90 per cent of the Sumerian population were living in cities.fn4
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    Mesopotamia lies in the tectonic trough formed alongside the Zagros mountains.
  


  The emergence of civilisation in ancient Egypt is also believed to have been a product of climate change. During previous interglacials North Africa has been substantially wetter, dotted with large lakes and sporting extensive river systems, making the Sahara green with grasslands and woods.39 Roving tribes hunted across this landscape of savannah and woodland, and fished the lakes and rivers. The only signs remaining today of this thriving wildlife in the region are the rock paintings left by the hunters, depicting crocodiles, elephants, gazelles and ostriches.40


  This climate optimum was not to last, though. As Mesopotamia began to dry, the monsoons also retreated from North Africa. The remaining pockets of surface water in the Sahara soon disappeared and the area desiccated rapidly by the end of the fourth millennium BC.41 Humans living here saw the environment around them degrading as it slipped into its current hyper-arid state. At first, they may have survived around the remaining oases, but as the region continued to desiccate they abandoned the dying land and retreated into the Nile Valley. Egypt had inherited the crops and animals domesticated in the Near East, with agricultural villages first emerging in the delta, and then along the Upper Nile, from about 4000 BC. Around 3150 BC, just as the Sahara finally dried out, the region was unified under the rule of the dynastic pharaohs.42 The process of increasing population density, social stratification and state control that marked the beginnings of Egyptian civilization was thus driven by climate refugees from the desertifying Sahara crowding into the narrow Nile valley.43


  Ancient Egypt offers perhaps the clearest case of how the development of a civilisation is influenced by the combination of constraints and opportunities presented by its geographical setting and climate. A ribbon-like oasis running through the desert, the Nile’s reliable summer floods revitalise the plains either side of its course with mineral-rich sediment eroded out of its headlands in the highlands of Ethiopia. The mighty Nile also provided a simple means of transport. The prevailing north-east trade winds blow reliably in north African latitudes – we’ll return to them in Chapter 8 – which means that boats can sail south to Upper Egypt; and the Nile’s gentle current then allows an easy return downriver with the flow. This natural two-way transit system not only made possible the ready transport of grain, wood, stone and military forces, but the ease of communication along the whole length of Egypt helped consolidate the unified state.44


  Egypt is well defended by natural barriers of inhospitable desert on either side of the Nile and so was able to resist invasion for most of its history.45 But this containment also prevented Egypt from extending its territory into a sprawling empire; apart from a late second millennium BC expansion along the Levant coast, Egypt remained a regional power along the Nile. While the river valley was fabulously productive for grain – it helped feed the city-states of ancient Greece and later became the breadbasket of the Roman Empire – it lacked an abundance of trees. Cedar timber was imported from the Levant, but it was too expensive to build a large navy to project Egyptian power across the Mediterranean or beyond the Red Sea.46


  It was this combination of environmental advantages, simple internal transport, the ecological sustainability of agriculture offered by the Nile, and the natural defensive barrier of the enveloping desert that created the stable and long-lived Egyptian civilisation.47 Above all, it was the river that bestowed prosperity on the region. As the Greek historian Herodotus wrote in the fifth century BC, Egypt is ‘the gift of the Nile’.


  So within a few centuries of the first Sumerian urban centres, cities and systems of greater social organisation were also emerging in the Nile, as well as the Indus and Yellow River valleys.48 Bountiful agriculture produced grain surpluses to feed these ever more populous settlements, and rulers coordinated the labour of growing workforces to construct impressive civic engineering projects like expansive irrigation systems, roads and canals, to further increase food production and its distribution. And within the cities, the proportion of the population released from the need to produce food could specialise in other skills: carpentry, metal-working, or even investigating the natural world. Stored surpluses of grain also supported large armies and generals soon consolidated the first empires of the world.


  TAMING THE WILD


  The birth of civilisation did not just depend on the cultivation of plant species. It also relied on turning wild animals into livestock.


  The domestication of the first animal predates humanity’s settling down. Dogs were tamed from wolves by European hunter-gatherers during the last ice age more than 18,000 years ago,49 to help with the hunt or warn people of approaching predators. But the majority of the animals on our farms today were adopted into the care of humans much more recently, alongside the earliest cultivation of crops. Sheep and goats were domesticated in the Levant a little over 10,000 years ago – sheep in the foothills of the Taurus Mountains and goats in those of the Zagros mountain range.50 At around the same time cattle were domesticated from the wild aurochs in the Near East and India. The pig was domesticated in Asia and Europe between 10,000 and 9,000 years ago, and the chicken in South Asia around 8,000 years ago. In the Americas, the llama was domesticated in the Andes about 5,000 years ago, and the turkey in Mexico 3,000 years ago.51 The poultry species domesticated in the Sahel was the guinea fowl.52


  In all these cases, domestication would have come at the end of a long process of cohabitation in the wild. People would not have invested time and energy into breeding, feeding, rearing and protecting animals, had they not already been intimately familiar with their habits and uses. So over a long road of humanity’s interaction with the animals around us, we turned from scavenging carcasses, to hunting and then to husbandry.


  As we have seen, the transformation of wild plant species into cultivated crops allowed much greater food production, even if it came at the cost of a higher investment of time and effort. At the same time, the domestication of these animal species offered a reliable source of meat without the bother of a long hunt. But the domestication of animals also provided other opportunities that had not been available to roving hunter-gatherers. From an animal that has been killed you can extract its meat, blood, bones and hide. These are all extremely useful products for food, tools and shelter, but you only get them once. If, on the other hand, you care for the animals, rearing and protecting them, you can ensure a more reliable supply of these products as you cull your herd. And once livestock have been domesticated and are tended throughout their life, it is also possible to extract other useful products and services from the animals on a continuous basis, which you simply cannot exploit from wild beasts. Animal husbandry offers you completely new resources. This has been termed the ‘secondary products revolution’.53


  Milk is one such new resource. First goats and sheep, then cattle, and in some cultures even horses and camels, were milked for human consumption – human mouths essentially replacing those of the animal’s own young. Milk provides a reliable source of nutrition – it is rich in fat and protein as well as calcium – and products made from it such as yoghurt, butter and cheese preserve these nutrients for long periods of time. Over its entire lifetime, a mare kept continually lactating supplies about four times more energy than what its meat at slaughter would provide.54 Only human populations native to Europe, Arabia, South Asia and western Africa are able to digest fresh milk, however.55 They have evolved so that the milk-digesting enzyme in their gut, which in other mammals only exists in babies, continues to be produced throughout their entire adult life. This is one of the clearest examples of humanity co-evolving with the animal species that we domesticated and selectively bred for our own purposes.


  Wool, too, can be continually harvested from domesticated livestock. Wild sheep are hairy, with only a thin undercoat of short, fluffy fibres. Over generations of selective breeding humanity has emphasised this undercoat to provide the wool that was first plucked and then shorn for weaving into clothing, a development that occurred between 5,000 and 6,000 years ago.56 Llamas and alpacas served an equivalent function in South America.


  And the domestication of large animals provided another important resource unavailable to hunter-gatherer societies: their muscle power as beasts of burden for transport and traction. The first species used to carry loads as pack animals was the donkey, but it was superseded by the horse, the mule (the infertile hybrid of horse and donkey) and the camel, all of which can carry larger loads further. Cattle were the first animals used for providing traction – pulling ploughs or wagons – as it is relatively easy to hitch a yoke to their horns; oxen (castrated bulls) in particular are strong but placid.57 The application of animal traction enabled the transition from agriculture powered by human muscle, with farmers using small hand tools like the hoe or the digging stick, to the use of ploughs. Livestock pulling ploughs gave another boost to food production. It also allowed marginal land, which had previously been considered too poor quality, to be turned to farming. Pack animals carrying goods over uneven ground or traction animals hauling carts and wagons over flat plains greatly increased both the bulk and the range of goods that could be transported, and so were hugely important for establishing long-distance overland trade routes. In addition, horse-drawn chariots revolutionised warfare in Eurasia in the second millennium BC; and later, once larger and stronger horses had been selectively bred and horseback riding became possible, cavalry became the most effective weapon of war.


  Domesticated animals are especially beneficial when used in combination with each other. This was particularly important for nomadic, pastoralist societies: in regions with little arable land, people adopted a lifestyle supported almost entirely by large herds of livestock, with which they roamed between pastures. Animals such as sheep, goats and cattle are like food-processing machines. They thrive on the plains of grass, unsuitable for human consumption, and transform it into nutritious meat, marrow and milk. They also produce wool, felt and leather for clothing, bedding and tents. For pastoral societies these animals provide the very foundations of survival and a source of wealth that can be traded.58 Mounted herders riding swift horses are able to control huge flocks grazing over enormous areas of land, greatly amplifying the animal resources that pastoralists can maintain. And the bulk transport provided by oxen-hauled wagons, serving as mobile homes, enabled family groups to roam far and wide with their herds. It was this integration of herded livestock, horseback riding and animal traction that opened up the vast grasslands of central Eurasia as a habitat for pastoral nomads. The interaction – and often violent conflict – between these nomadic tribes living across the breadth of the steppes and the settled agrarian societies around its margins played a pivotal role in the course of Eurasian history, as we’ll see in Chapter 7.


  The use of animal muscle power greatly expanded the capabilities of human societies – long-distance trade and travel through different environments became possible with horse, mule and camel, and strong but slow animals like oxen or water buffalo provided traction for pulling wagons and ploughs. And with the innovation of the collar harness in fifth-century China, horses could be used for traction as well – a development that greatly increased medieval agricultural productivity in the heavy soils of northern Europe. Domestication of these animals to replace human muscles was the first stage in the progressive story of humanity’s marshalling greater and greater energy sources.59 Animal power reigned supreme for driving civilisation for around six millennia, before the introduction of fossil energy during the Industrial Revolution, when coal-fired steam engines began to propel trains and ships, and later the internal combustion engine, fed on liquid fuels refined from crude oil, enabled us to cover vast distances at astonishing speed.


  Let’s now turn to the planetary forces that created these crucial animal and plant species we came to domesticate.


  SEXUAL REVOLUTION


  Our modern world of glittering skyscrapers and intercontinental flights still feeds itself on the grass species domesticated by our ancestors around 10,000 years ago. These cereal staples provide the majority of our daily energy needs, but of course humankind does not live on bread alone. Our diet also includes many other varieties of fruit and vegetable. Despite this apparent diversity, however, virtually all the plants we consume are members of one particular group, known as the angiosperms. I’ll explain their characteristics in a minute, but first let’s look at earlier forms of vegetation to put the astonishing evolutionary innovations of the angiosperms into perspective.


  The primeval trees of the Carboniferous Period, which would provide the vast reserves of coal fuelling the Industrial Revolution, and still give us a third of the energy we consume today,60 were a kind of plant known as spore-forming. Like ferns today, they reproduced by releasing spores on the wind which, if they fell on accommodating ground, germinated and grew into a tiny, green, leafy plant in their own right, but with only one-half of the full set of genetic material. It is this separate plant stage that had the equipment for sex, and they produced sperm that swam through films of water in the soil to an egg cell on a nearby plant. Once fertilised to reconstitute a complete double set of chromosomes, the egg then grew into a new full-sized tree. This seems a truly bizarre way of reproducing. It is as if humans procreated by spraying their sperm and eggs onto the ground in front of them, which each developed into a miniature version of themselves, and which then had to mate with each other to create an adult person. Moreover, this reproductive strategy worked fine for the spore-forming plants in the swampy basins of the Carboniferous, but they were biologically restricted to soggy soils by this alternating life cycle.


  Gymnosperms – plants with ‘naked seeds’ – emerged at the end of the Carboniferous and developed into all the evergreen conifers familiar to us today, including fir, pine, cedar, spruce, yew and redwood. They evolved to effectively suppress that intermediate phase of the life cycle. Once pollinated, gymnosperms produce seeds that are exposed on the scales of their cones. The seeds fall to the ground, safe within their protective casing and containing a small provision of stored energy, and wait for the right conditions to sprout. This evolutionary innovation released plants from the wetlands. (In some ways it’s analogous to the evolution of reptiles which, unlike amphibians, didn’t need to return to the water to reproduce.) As the gymnosperms spread around the world other plant species became either literally over-shadowed – bracken and other ferns mostly survived in the gloomy understorey within forests – or, like ginkgo in central China, continued to thrive only in isolated pockets. Gymnosperms are still very common today, growing as the dense conifer forests of spruce, pine and larch in the taiga ecosystem that stretches between the arctic tundra and the grasslands of the North American prairies and Eurasian steppes. They have been important through human history as sources of softwood for construction timber or pulp for paper, and feature as a minor part of our diet, for example in the form of pine nuts toasted and tossed into a salad or ground into pesto.


  The naked-seed gymnosperms ruled the Earth’s vegetation for around 160 million years, but it is angiosperms that dominate the plant world today, both in terms of their rich diversity of species and the range of different habitats around the planet they’ve come to master: deciduous woodlands in temperate regions, tropical rainforests, vast plains of grass across drier regions, and cacti in deserts. Angiosperms have taken their sex lives to an even higher level of refinement. Their eggs are not left naked but are contained in a special organ, originally adapted from a curled-up leaf, within which the seeds then develop – angiosperm means ‘encased seeds’.61


  A far more noticeable defining feature of the angiosperms, however, is the way they adorn and advertise their sex organs with flamboyant displays in the development of the flower. This evolutionary invention enabled angiosperms to recruit a huge range of insects – as well as birds, and some bats and other mammals – to help them transfer pollen from one plant to another.62 The first flowers were probably simply white, but as these plants and their pollinators developed together – one of the greatest stories of co-evolution in the history of life on Earth – the world exploded in a profusion of floral colours and heady scents. The specialised sex organs of flowering angiosperms not only allowed them to co-opt animals into helping them with their reproduction, but the ovary containing the seeds also developed into fleshy means to help them disperse: it produced fruit.


  By the late Cretaceous, the last period of the dinosaurs, the plant world on our planet would have already begun to look pretty similar to today, with sycamore, plane, oak, birch and alder tree families well established. But there was one glaring exception. The open, unforested plains in the drier areas of the continents would still have seemed eerily different. Although early forms of heather and nettles existed, grass species didn’t evolve until the end of this period.63 The dinosaurs roamed over terrain entirely devoid of grass.


  Our evolution as primates and our development as hunter-gatherers depended on the fruit, tubers and leaves of angiosperm plants. And the agriculture we adopted is also almost entirely reliant on angiosperms. Cereals are angiosperms: in fact, the grain we harvest is botanically the fruit of the grass plant.64 Signs of grass first appear in the fossil record from about 55 million years ago, but with the persistent cooling and drying of the planet through the Cenozoic era, grass-dominated ecosystems became established in many parts of the world between 20 and 10 million years ago.65 So not only was our own evolution driven by the aridification of East Africa, but the cooling and drying of the world as a whole created the conditions for the spread of the plants we would come to domesticate as staple crops for feeding our civilisations through history. And virtually every other plant we eat is also a member of one of eight different families of angiosperm.


  After the grasses, the second most important family are the legumes, which include peas and beans, soya beans and chickpeas, as well as the alfalfa and the clover we feed to our livestock. The brassicas include rapeseed and turnip, and a single species of this family, a weedy mustard plant, was transformed by accentuating different features of the plant through selective breeding to give us cabbage, kale, Brussels sprouts, cauliflower, broccoli, and kohlrabi.66 Other angiosperm groups include the nightshade family of potatoes, peppers and tomatoes; the family of gourds, pumpkins and melons; and the parsley family that also includes parsnip, carrot and celery.


  Most of the fruit we consume comes from either the rose family (such as apples, pears, peaches, plums, cherries and strawberries) or the citrus family (oranges, lemons, grapefruit, kumquat). The family of palm trees have also played an important role in history, giving us the coconut and, more influentially, the date, which served as a light and concentrated food source for the trade caravans crossing the deserts of the Middle East.


  Across these families of angiosperms we eat different parts of the plant. We cherish fruit which were evolutionarily designed by angiosperms to be attractive and tasty to animals to help them spread their seeds. Plants also create internal energy stores to power their growth the following spring and these are the root and stem vegetables we cultivate. Swollen roots include cassava, turnips, carrots, swedes, beets and radishes, and the tuber of a potato or yam is the swollen section of the plant stem. We eat the leaves of cabbage, spinach, chard and pak choi, as well as other salad plants and herbs; and the cauliflower and broccoli we consume are in fact immature flower heads. So overall, not only do we feed ourselves on grass, but also relatives of the rose bush and deadly nightshade. And beyond providing food angiosperms also give us fibres, such as cotton, flax, sisal and hemp, and a range of natural medicines.


  THE CIVILISATION APP


  While we cultivate and munch our way through a pretty broad range of different kinds of angiosperm plant, we have been far more limited in the sorts of large animals that we domesticated: we’ve selected them exclusively from just two categories of mammal.


  The first true mammals emerged around 150 million years ago, but it was the mass extinction of species 66 million years ago, wiping out the dinosaurs, that allowed our mammalian ancestors to spread into the niches now left vacant by reptiles. The three major orders of mammals that dominate the world today, however, did not emerge and begin diversifying until 10 million years later. These are the artiodactyls, perissodactyls and primates – collectively known as APP mammals.67 fn5


  We ourselves belong to the primates, as we saw in Chapter 1, and so they require no further introduction. Artiodactyls and perissodactyls, on the other hand, may sound like alien species, but you are intimately familiar with them. In fact, you could argue that they provided the very basis for human civilisation. They are the two branches of ungulates, or hoofed mammals. The artiodactyls are the even-toed or cloven-hoofed ungulates; the perissodactyls are the odd-toed ungulates.


  The even-toed artiodactyls include pigs and camels, as well as all the ruminants: antelope, deer, giraffe, cow, goat and sheep. Ruminants deal with the challenge of breaking down tough grass by regurgitating the cud to chew it again, and then use bacteria in the first of four compartments in their stomachs, the rumen, to ferment the plant material and help break it down chemically, before it is passed through the rest of the digestive system to absorb the nutrients. (As we saw earlier, humanity found technological solutions to the same biological problems.) Artiodactyls are the dominant large herbivorous animals in the world today. Their cloven hoof is made up of two toes, which correspond to the third and fourth fingers on your hand.fn6


  The odd-toed perissodactyls include horses, donkeys and zebras, as well as tapirs and rhinos. Perissodactyls have either three toes like the rhinoceros or just one like the horse. In effect, horses gallop around on the same finger you would use to flip someone the bird. In contrast to ruminants, they are hind-gut fermenters with a simpler stomach. They host bacteria to ferment and help release the nutrients from the vegetation in a greatly enlarged pouch in their intestine, called the cecum.fn7


  It is astonishing that the vast majority of the large animals that we domesticated over the last 10,000 years, and which human civilisation came to depend upon for their meat, secondary products and muscle power, are all members of just one group of mammals. But there’s something equally fascinating and profound about how these ungulates first emerged.


  A FEVER OF THE WORLD


  The surprising fact is that the artiodactyl and perissodactyl orders, along with the primates, all emerged suddenly within a period of about 10,000 years, in a burst of evolutionary diversification that occurred 55.5 million years ago. It turns out that both our ancestors who would eventually evolve into Homo sapiens in East Africa and the groups of animals which became so vital for domestication and the development of civilisations, all appeared in the same blink of planetary time. And the event that seems to have triggered the rapid emergence of these crucial APP mammals was a singular planetary spasm – an extreme spike in the world’s temperature.70 fn8


  This exceedingly rapid heating of the world’s climate marks the boundary between the geological epochs of the Palaeocene and the Eocene, and so is known as the Palaeocene–Eocene Thermal Maximum – PETM for short. Over a very brief geological span of less than 10,000 years, massive amounts of carbon (carbon dioxide, CO2, or methane, CH4) were injected into the atmosphere, creating a powerful greenhouse effect, and the global temperatures jumped rapidly by 5–8 °C in response.71 This temperature spike made the world the hottest it has been for the past few hundred million years.72


  Despite this huge jolt to the environment, no mass extinction on the scale of the end-Cretaceous or end-Permian (see here, here) was triggered, although the ecosystems of the world were utterly transformed. Tropical conditions extended all the way to the poles, with broad-leafed trees, crocodiles and frogs all thriving within the Arctic.73 The PETM caused the disappearance of some deep-sea amoeba, called foraminifera, that were unable to cope with the warmer waters and reduced oxygen at depths,74 whereas plankton such as dinoflagellates bloomed in the balmy sunlit surface of the oceans. The global environmental disruption of the PETM also drove rapid evolution in many animals,75 and in particular this temperature spike seems to have ushered the emergence of the new APP orders of mammals.76


  We would expect that the rapid heating of Earth’s atmosphere was the result of volcanic activity, as happened on numerous occasions in our planet’s history. But the curious thing is that the cause of most of this enormous and sudden release of carbon that triggered the temperature spike wasn’t volcanic – it was biological.fn9


  It is thought that an initial volcanic eruption released enough carbon dioxide to warm the oceans sufficiently to destabilise underwater deposits of a kind of ice called methane clathrate. Clathrate ice forms under the cold and high-pressure conditions of the sea floor and traps methane gas originally produced by decomposition bacteria. But if these clathrates are warmed they break down and release the trapped methane to bubble up through the water and into the atmosphere. Methane is one of the most powerful greenhouse gasses – its heat-trapping effect is over 80 times stronger than carbon dioxide – so the first methane that was unleashed caused further warming which destabilised even more clathrate ice in a diabolical feedback process. Alongside the clathrate ice, more greenhouse gas probably belched out when the permafrost in Antarctica began to thaw and wildfires became more frequent in the warming climate.77 The initial volcanic eruption was like the detonator that set off the main explosive charge of biological carbon release, resulting in the sweltering climate of the PETM.


  Although severe, the temperature spike was very brief in geological terms: the atmosphere and the global climate returned to their earlier levels again within 200,000 years or so.78 Yet this global warming – a short, intense fever of the world triggered by a great methane flatulence of the oceans – led to the emergence of the three orders of mammals most fundamental for all human history. Artiodactyls, perissodactyls and our own group the primates all appeared suddenly right at the beginning of the PETM, and then rapidly dispersed across Asia, Europe and North America.79


  If this extreme temperature blip drove the emergence of the APP orders, it was the global cooling and drying over the last few tens of millions of years that created the ecosystems the artiodactyls and perissodactyls came to dominate. As the grasslands spread around the desiccating continents, the herbivorous ungulates followed and diversified into a large number of different species, including the ancestors of our cows, sheep and horses. So the grasslands that supplied the cereal crops we came to cultivate also provided the evolutionary theatre for the emergence of the large ungulate animal species that we domesticated. But when the world emerged from the last ice age, and human communities around the globe began to settle down and domesticate the wildlife they found around them, both cereal and ungulate species were not evenly distributed around the planet. And this had profound implications for the subsequent course of civilisations.


  THE EURASIAN ADVANTAGE


  Of the roughly 200,000 plant species in the natural world, only a couple of thousand are suitable for human consumption, and just a few hundred of these offer potential for domestication and cultivation. As we saw earlier, the staples that have supported civilisations across the planet throughout history are cereal crops, but the wild grass species that these cereals were domesticated from were not uniformly spread around the world. Of the fifty-six grasses offering the largest, most nutritious seeds, thirty-two grow wild in south-west Asia and around the Mediterranean, six are found in East Asia, four in sub-Saharan Africa, five in Central America, four in North America, and only two each in South America and Australia.80


  Thus from the very beginnings of agriculture and civilisation, Eurasia was richly endowed with wild grass species amenable to domestication by humanity and suitable for supporting growing populations. And not only was Eurasia by chance blessed with this biological bounty, but the very orientation of the continent greatly promoted the spread of crops between distant regions. When the supercontinent Pangea fragmented, it was torn apart along rifts that just so happened to leave Eurasia as a broad landmass running in an east–west direction – the entire continent stretches more than a third of the way around the world, but mostly within a relatively narrow range of latitudes. As it is the latitude on the Earth that largely determines the climate regime and length of the growing season, crops domesticated in one part of Eurasia can be transplanted across the continent with only minimal need for adaptation to the new locale. Thus wheat cultivation spread readily from the uplands of Turkey throughout Mesopotamia, Europe and all the way round to India, for example. The twin continents of the Americas, by contrast, though joined by the bridge of the Panama Isthmus, lie in a north–south orientation. Here, the spreading of crops originally domesticated in one region to another entailed a much harder process of re-adapting the plant species to different growing conditions. This fundamental distinction in the layout of the Old World versus the New, itself born from plate tectonics and the aimless wandering of the continents into their current configuration, gave the civilisations of Eurasia a great developmental advantage through history.81


  The distribution of large animals around the world was equally uneven, and here societies across Eurasia received another advantage. The attributes of a wild animal that make it amenable to domestication by humans include offering nutritious food, a docile nature and lack of inherent fear of humans, a natural herding behaviour, and the ability to be bred in captivity. Yet only a relatively small number of wild animals qualify on all these factors.82 Of the 148 species of large mammals around the world (heavier than 40 kilogrammes), 72 are found in Eurasia, of which 13 were domesticated. Of the 24 found within the Americas, only the llama (and its close relative the alpaca) was domesticated in South America. North America, sub-Saharan Africa and Australia completely lacked domesticable large animals. The five most important animals through human history – the sheep, goat, pig, cow and horse – as well as the donkey and the camel that provided transport in particular regions, were present only in Eurasia, and within a few thousand years of their domestication had spread across the continent.83 It is the large mammalian species that have proved most influential throughout history, not only for their meat, but also for their secondary products (milk, hide and wool), and their muscle power.


  Equids (species related to horses) evolved in the grassy plains of North America, but by the end of the last ice age the only four groups of equids to survive were all found in Eurasia: onagers in the Near East, asses in North Africa, zebras in sub-Saharan Africa, and the horse in the Eurasian steppe belt. Similarly, the ancestor of the modern camel – alongside the horse the other animal serving the crucial function of carrying packs or human riders over long distances – lived in the cold climate of the Canadian high arctic and crossed the Bering land bridge into Eurasia with the lower sea levels of a past ice age. The two-humped Bactrian camels in Asia are direct descendants from these American immigrants, and in the hotter deserts of Africa and Arabia the single-humped dromedary evolved to minimise its surface area and thus water loss. These camels became the backbone of the long trade routes through the Sahara, Arabian peninsula and the deserts along the southern margin of the Asian steppe belt. Camelids also migrated across the Isthmus of Panama into South America and developed into the llama and alpaca, but as a beast of burden the llama cannot carry much more than a man, and alpacas were used only for their fleeces.84


  The great irony of the biological impediment faced by the American civilisations is that these two groups of animals which became so central to transportation and trade across Eurasia had in fact evolved in the Americas and then migrated into Eurasia along the Bering land bridge.85 But both the horse and camel subsequently died out in their homeland, probably due to over-hunting from early humans who crossed the same land bridge in the opposite direction during the most recent ice age. The first Americans had unwittingly hobbled the future development of civilisations across their continent.


  Donkey, horse and camel became critical to the travel and trade routes across the steppes, deserts and mountain passes of Eurasia, Arabia and Africa, greatly empowering the economies and enabling the transfer of people, resources, ideas and technologies across the Old World. The Americas, on the other hand, were biologically impoverished and could not benefit from these revolutions. The camel never returned to the Americas in any significant numbers, but the horse was brought back to its native lands with the Spanish conquistadores in the early sixteenth century. And when contact between the two worlds was renewed in the 1500s, it was European states, the inheritors of this accumulated Eurasian bounty, that came to dominate the cultures of the Americas.86


  When humanity emerged in the Cenozoic, the age of ‘new life’, we entered a world characterised by angiosperms and mammals – plants with encased seeds and animals with breasts. But within these broad categories, we have on the whole been surprisingly selective in the species we came to domesticate. Civilisations throughout history have been fed on a staple diet of cereal crops, derived from wild grass species that proliferated around the world as the climate cooled and dried over the past few tens of millions of years. The spread of these grasslands also drove the diversification of the ungulate species that we came to domesticate, providing us with a reliable source of meat, milk and wool, transport and traction power. But when humanity became able to settle as farmers and start down the path of civilisation soon after the end of the last ice age, the uneven distribution of domesticable plant and animal species around the world, as well as the fundamental orientation of the continents, came to exert a deep influence on the patterns of history.


  Many of the earliest civilisations to emerge did so along the banks of great watercourses like the Tigris and Euphrates, Indus, Nile and Yellow rivers. They provided the lifeblood for reliable agriculture and the first cities, and political power often arose from the centralised control of their waters for irrigation. Successful agriculture is utterly reliant on intercepting fresh water as it cycles around the world – evaporating from oceans, falling as rain, percolating underground and then flowing back to the sea. Rivers are often the most reliable stage of this water cycle, and they remain critical for feeding many people around the world today. Industrialised agriculture has been refined to the point where it now supports more than 7.6 billion people. Today over 40 per cent of the total global population lives in India, China and Southeast Asia, and this brings us to the central geopolitical significance of Tibet.


  THE WATER TOWER


  China has controlled the Tibetan plateau at various periods through its history, such as during the Mongolian Yuan dynasty in the thirteenth century and the Qing dynasty from the early eighteenth century. In recent times, the People’s Republic of China under Mao Zedong annexed Tibet in 1951, and after an uprising in 1959 the country’s religious leader, the Dalai Lama, fled to India, where a government-in-exile is keeping the independence movement alive in the international eye.


  China has two major strategic reasons for wanting control over the Tibetan plateau. The first is military: ensuring that India does not try to secure a commanding position itself, literally overlooking the Chinese heartland, and with it the possibility of using the region as staging grounds for an invasion into the plains below. Even without India taking over the plateau, China is concerned that if it allowed political autonomy to Tibet, India could be permitted to establish military bases there.87 But arguably even more important is a simple, but utterly vital resource that the Tibetan plateau provides: water.


  Tibet is the highest and largest plateau in the world, and within its tens of thousands of glaciers it holds the largest store of glacial ice and permafrost outside the Arctic and Antarctic. This high plateau is often referred to as the planet’s Third Pole.88 The meltwater from these glaciers and snow forms the headwaters of ten of the largest rivers fanning out across the whole of South East Asia, including the Yellow River, Yangtze, Mekong, Indus, Brahmaputra and Salween. All these great rivers carry huge amounts of sediment eroded from the mountains to fertilise their flood plains and the rice paddies that have been established here.89


  The Tibetan plateau thus serves as the water tower of the entire continental region, storing and distributing the precious resource along these rivers to provide drinking water, irrigation and hydroelectric power to more than 2 billion people.90 It’s this storehouse of vast amounts of freshwater, as well as the rich copper and iron ore deposits on the plateau,91 that China seeks to control for its growing population and economy. By 2030, China is anticipated to have a 25 per cent shortfall in its water needs,92 and so the Tibetan issue is no small matter. It’s immaterial whether India would actually ever attempt to seize Tibet and restrict the flow of the rivers to turn off the taps on China’s water – the mere possibility makes China vulnerable. Likewise, the concern from other downstream states such as India, Pakistan, Nepal, Burma, Cambodia and Vietnam is that in the future China could begin diverting the flow from these Tibetan rivers for its own internal usage.93
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    The major rivers radiating away from the third pole of the Earth, the Tibetan plateau.
  


  Irrespective of international criticism of China’s occupation of Tibet, and human rights issues therein, these highlands represent an overpowering geopolitical concern for Beijing. It’s for this reason that China is maintaining control, systematically constructing networks of road and rail links throughout the plateau and encouraging ethnic Han Chinese settlers into the area.94


  Chapter 4



  The Geography of the Seas


  Oceans and seas cover nearly three-quarters of the Earth’s surface. It’s this fact that prompted the author Arthur C. Clarke to quip that we shouldn’t call our planet Earth at all, but Ocean. And in terms of the themes of this book, the oceans are one of the best showcases for the close links between life on our world and deep space. The water on Earth is vital for all life, but when our planet formed from the swirling disc of dust and gas circling around the proto-Sun it was pretty dry. The Earth was too close to the Sun for there to have been much ice in the rocky material our planet coalesced from, and the heat of its formation melted the planet throughout and would have driven off water and any other volatile compounds. So the water that fills our oceans arrived after the Earth was born, brought by a bombardment of icy comets and asteroids from the colder, outer regions of the solar system – like a blizzard from deep space.


  The oceans delivered by this extraterrestrial ice are of course enormously influential on the weather and climate systems of the planet, and water within the crust helps to lubricate the machinery of plate tectonics. But the oceans of the world are often considered to be just empty expanses. They are the blank spaces on our maps, the gaps on the page that merely define the outline of the landmasses. We have come to think that it is the continents and islands where history happens and upon which the human story has played out over the millennia. But the sea has its own rich story to tell.


  TURNING WATER INTO WEALTH


  From our earliest days, humanity has relied upon the planet’s watery expanses for food. Fish taken from rivers, lakes or shallow coastal waters have provided easily accessible nutrition for tens of thousands of years.1 But fishing in the open sea, far from land, requires much greater skills in shipbuilding and navigation. Norse seafarers were accomplished at long voyages and from around AD 800 had established an international trade in the dried cod they produced. These skills of the open sea were learned by other Europeans, and the North Sea became an important fishing ground.2 And it’s here that we can see how crucial the geography of the seas – and the landscape of the seafloor in particular – has been in history.


  In the middle of the North Sea, between England and Denmark, lies Dogger Bank, a huge sandbank believed to be a large moraine that was piled up at the head of the Scandinavian ice sheet during the last glacial phase. During the lowered sea levels of the last ice age, this whole region would have been dry, known as Doggerland, and offered prime hunting grounds for our ancestors. Today it is submerged, but Dogger Bank forms a large area of shallow waters beneath the waves, and so provides a productive fishing area for cod and herring. (‘Dogger’ is an old Dutch word for a trawl-fishing boat.) Thus the Ice Age hunting grounds of our ancestors were drowned and transformed into a bountiful fishing region for medieval mariners.


  This sandbank helped launch open-sea fishing in northern Europe from around AD 1000.3 With increasing competition between fishermen and overexploitation of the closest shoals, Norse, Basque and other European seafarers were drawn further and further out into the North Atlantic in search of rich fishing grounds, first for cod and later for whales. European sailors ventured west, sailing past Iceland to Greenland, and then on to the north-east American coast where Norse fishermen established colonies on Newfoundland, half a millennium before Columbus set sail across the Atlantic. It was the lessons learned in the process – in seamanship and robust shipbuilding – that enabled European sailors to embark on the Age of Exploration in the early fifteenth century and build vast international trading empires (which we will ourselves explore in Chapter 8).4


  But the same North Sea landscape has had another important influence on creating the modern world. The Low Countries of Belgium and the Netherlands sit on the flat coastline of the North European Plain, and from the thirteenth century the Dutch have been using windmills for drainage in order to create new farmland from the sea and marshes.5 In effect, they are reclaiming portions of Ice Age Doggerland since it was re-submerged by the rising sea levels. But the building of dykes and windmills to reclaim tracts of land was expensive, and could only be financed with the pooling of resources from the community. The necessary funds were raised by the local church or council collecting loans from residents, and the agricultural profits from the newly reclaimed fields were then shared amongst those who had originally financed the project. Everyone in society soon came to invest their spare cash in the bonds sold to finance these large enterprises and this, in turn, created thriving credit markets. Shaped by the demands of its landscape, and the necessity to manage the sea, Holland became a land of capitalists.6


  This system naturally transitioned into international commerce in the seventeenth century – it is a small step from buying shares in the construction of a local windmill to financing a trading ship bound for the Spice Islands. The practice of dividing the overall cost of a project into part shares also allowed investors to spread their risk – they could put small amounts of money into several voyages, so that if any one ship was lost, they would not be hit too heavily. This encouraged people to invest their money, rather than simply stashing it, which kept the interest rates on loans low and so the cost of capital cheap for further ventures. The Dutch also enthusiastically adopted and greatly refined the concept of the futures market. This is the ability to negotiate a price for a certain commodity at some point in the future – for example guaranteeing your price for 100 lb of cod landed from the Dogger Bank next week, or in a year’s time. These derivatives can then be bought and sold themselves, like the actual products, creating a trade not of stock already in a storehouse but of abstractions.


  The first national central bank as well as the first formal stock market were founded in Amsterdam in the opening years of the seventeenth century,7 by which time Holland had become the most financially developed country in Europe.8 These instruments of formalised capitalism quickly spread to other nations and created the financial institutions needed for the Industrial Revolution. Like the windmills in the medieval Netherlands, Britain’s mills, factories and steam engines would have been prohibitively expensive to build without the pooling of capital from a number of different, and confident, investors.9 Dutch financial innovations helped build the modern world, and they had grown out of her low-lying landscape and the need to reclaim land from the sea.


  There are many other ways in which the salt waters of the planet have been instrumental in the human story. The sea can isolate a people from the rest of the word, which is what happened on Tasmania, for example. Here the inhabitants became cut off from the mainland with rising sea levels after the last ice age. The population on the island was too small to maintain technologies and tools such as fishing nets and spears, across the generations, and they became forgotten.10 Or, as we have seen, the sea can help protect from invasion and maintain the independence of an island nation like Britain. The oceans are like the deserts on land: they are not inhabitable in their own right,fn1 but they can be traversed for the movement of goods and people. Storm waves notwithstanding, the sea surface itself is a conveniently flat and unresisting medium for providing highways of trade across great distances. Ports are sited at the interface between sea and land, where goods are transferred from ships to river-boats or carts (or more recently, trains and trucks) to continue their journey to where they’re needed inland, and many of these ports became prosperous and politically powerful cities. It was by mastering the navigation of the oceans that European states built vast maritime empires from the early sixteenth century onwards, projecting their power over immense distances with the help of fleets of cannon-sprouting, floating fortresses. And the chokepoints in maritime routes, where ships are constrained to pass through narrow straits, are as strategically central to geopolitics and the power-play between states today as they were millennia ago.


  In these different ways, the huge areas shaded blue on our world maps are just as important in shaping human history as the green, brown and white features indicating plains, forests, deserts and icy mountain ranges on land. Like this dry landscape the geography of the seas has directed our affairs through history. Let’s start by looking at the Mediterranean.


  THE INNER SEA


  The Mediterranean region is one of the most complex tectonic environments on Earth. Here the African plate is shunting northwards and being subducted beneath the Eurasian, with a jumbled array of several smaller plates trapped in between, to drive a flurry of mountain-building and volcanic activity. The Mediterranean has also hosted a vibrant interplay of civilisations throughout history, with diverse cultures emerging, developing, trading resources and ideas, competing and going to war with one another, all within a relatively small and compact area. Could these two phenomena be related? Are there good reasons why the tectonic Mediterranean milieu offered a particularly fertile setting for nurturing ancient civilisations?


  For millennia, the Mediterranean Sea has buzzed with maritime activity. From the Bronze Age merchants of the Minoans and Phoenicians, through the Greek city states and the Roman Empire, to the trade empires of Genoa and Venice in the later Middle Ages, this oval-shaped sea has connected peoples and cultures around its shores. The Mediterranean is an interior sea where passages are often just short hops. The high mountain ranges along the northern coast, created by the crunching tectonic plates, provide useful landmarks for navigation further from the coast. And the pinching narrowness of the Strait of Gibraltar, where it joins the Atlantic, means that generally the tides within the Mediterranean are minimal – a matter of mere centimetres – and there are no major surface currents to sweep you off course. The Mediterranean does experience fierce storms, however, and the wind patterns are complicated by air flowing off the surrounding landmasses. Still, on the whole this interior sea is ideally set up for communication and trade between cultures. Yet there has been a noticeable bias throughout history: the vast majority of civilisations have blossomed on the northern shores of the Mediterranean, and not on the southern.


  Even if you just gaze idly at a map of the Mediterranean you’ll notice something curious about the outline of the northern half compared to the southern side, the coast of Africa. The northern coastline is peppered with islands. These range in size from the tiny specks of the Cyclades archipelago in the southern Aegean to large landmasses a few hundred kilometres across – Sardinia, Crete and Cyprus. Many of these Mediterranean islands are now popular holiday resorts, but the sheer number of ancient ruins scattered across them attests to how critical they were in setting the stage for civilisation throughout antiquity. And it’s not just the myriad islands poking above the Mediterranean waters that distinguish the north from the south. The coastline around the top lip of the Med is also fantastically detailed – it is full of inlets, coves, headlands and bays. The shore and islands of the Aegean, the region that hosted many ancient Greek city states, for example, constitutes a full third of the length of the entire Mediterranean coastline but only a tiny fraction of its land area.11 By stark comparison, the African shoreline is just a bit – well, plain. The coast running along modern Algeria, Tunisia, Libya and Egypt is monotonously smooth with essentially no offshore islands.


  You may have thought that a land area broken up into many small parcels would be an encumbrance to early societies. But before the development of modern roads, railways and engines, travel and trade along overland routes was arduous. Transportation along calm rivers, or by sailing the seas, was much easier and faster, especially when carrying bulk cargo for long-distance trade. So the segmentation of the northern coast into many small pockets of land, separated by the relatively calm waters of the Mediterranean, was of huge assistance to the movement of people and goods between city states and kingdoms. The northern coastlines also provided a great selection of good natural harbours. In short, the northern Med is ideally set up for maritime activity and consequently many ancient cultures thrived along these northern shores.12


  The African coastline forming the southern lip of the Mediterranean, on the other hand, is on the whole woefully unsupportive of seafaring societies. It offers very few protected natural harbours, and is backed by desert that has hampered agriculture and inhabitation. The cultures that did survive on the North African coast were generally restricted to thin slivers of land along the shoreline where farming was possible; but with the exception of the Egyptian civilisation supported by the mighty Nile, they could not extend very far inland. There have been some major ports on this African coastline of course. Carthage was located on the tip of modern Tunisia with a good natural harbour. This port began as a Phoenician colony in 814 BC and over the next five centuries came to dominate commerce in the western Mediterranean. It became a major rival to the Roman Republic, and the conflict between them led to a series of wars that resulted in the complete destruction of Carthage in 146 BC.fn2


  Another major city on the North African coast was Alexandria, located in the delta of the River Nile. It was founded by Alexander the Great in 331 BC,14 and on his death served as the capital of the Greek Ptolemaic dynasty for the next three centuries (until the death of Cleopatra in 30 BC). It also came to flourish as the major cultural and intellectual centre of the ancient world, not least because of its famous library. The city was built atop a stable bar alongside the vast river delta, and its 100-metre-high lighthouse tower on the island of Pharos guided ships into its port.15 The location was carefully chosen. Alexandria was built on the western side of the Nile to prevent its harbour from silting up, as the water currents within the Mediterranean sweep the sediment pouring out from the river towards the east. This sediment is carried anticlockwise from the delta which smothers a huge area of the eastern Mediterranean, producing a straight, sandy coastline. It is not until as far north as Haifa, where a mountain juts into the sea to protect the bay beyond from silting up with the longshore drift, that the south-eastern Mediterranean offers a decent natural harbour.


  So it was the dry climatic conditions of North Africa (to which we’ll return in Chapter 7) and its unobliging coastline that conspired to hinder the rise of many great civilisations along this whole stretch of the Mediterranean. With the exceptions of Carthage and Alexandria, the roughly 4,000 kilometres of African coastline between the Strait of Gibraltar and the Nile Delta have been historically very quiet compared to the vigorous bubbling of different cultures, cities and civilisations around the northern shores.
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    The closing of the Tethys Ocean to create the Mediterranean.
  


  But why is it that the northern and southern rims of the Mediterranean Sea, no more than a few hundred miles apart, are geologically so very different? Once again, there are planetary causes for this profound distinction.


  Today’s Mediterranean Sea is in fact nothing more than a puddle of water left behind after the disappearance of a once great ocean. About 250 million years ago, the face of our world would have been all but unrecognisable. The ceaseless roving of the planet’s tectonic plates occasionally brings all the major chunks of continental crust together to create a single, unified landmass: a supercontinent. And at the end of the Permian Period, the supercontinent Pangea – meaning the All-Land – stretched from pole to pole in a rough horseshoe shape, holding within its arms an ocean called the Tethys.fn3 At this time you could have walked from the North to the South Pole across Pangea without ever getting your feet wet, although you would have needed to cross huge desert plains in the interior heartland of the immense continent.
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  But soon after the assemblage of Pangea had been completed, the supercontinent began to break up again. The land masses we are familiar with today tore from one another and rode into their current configuration. First, North America began to tear away, unzipping along the seafloor-spreading rift that created the North Atlantic, and then South America ripped from Africa – their coastlines are still clearly complementary today. India separated from Antarctica and headed north, and Africa turned and rode towards Europe. In the last 60 million years, Africa, Arabia and India have all collided back into Eurasia, rippling up the great band of mountains along its southern margin from the Alps to the Himalayas.


  [image: image]


  
    The Mediterranean today, rimmed by mountain ranges thrown up by the closing of the Tethys Ocean.
  


  Pangea is no more, and the Tethys Ocean has all but vanished. As the African plate slid northwards, the Tethys has steadily disappeared as its oceanic crust was swallowed beneath Europe, and its seafloor sediments crumpled into mountains. By around 15 million years ago the Tethys was no more than a narrow seaway, still open at both ends, between the North African coast and the Iberian Peninsula on one side, and through the Persian Gulf on the other; it also had a long northern arm inundating western Asia. But as the Red Sea rifted open it forced the Arabian Peninsula to swing away from the Horn of Africa and slam into the southern edge of the Eurasian plate, rippling up the Zagros mountain range. This created the Middle East region as we know it today, and closed off the eastern opening of the Mediterranean. The northern arm of the Tethys dried up, leaving behind as remnants the Black, Caspian and Aral Seas across western Asia. Meanwhile, as Africa was still pushing north, its north-western tip crunched into the Iberian Peninsula, finally cutting off the Mediterranean from the Atlantic on its western end between 5.5 and 6 million years ago.16


  Now completely severed from the rest of the world’s oceans, and lying in a hot climatic zone, the Mediterranean was losing water to evaporation faster than the rivers flowing into its basin were able to top it up, and it rapidly dried out. As the water level dropped, the Mediterranean was split into two halves by a ridge that continues as an off-shoot of the Atlas Mountains in Tunisia.fn4 The western half of the Mediterranean desiccated completely, and laid down great salt deposits on the sun-baked floor. In fact, the sheer thickness of these deposits – up to 2 kilometres in places17 – beneath the Mediterranean today indicates that the sea must have dried out and been refilled by the Atlantic spilling back in many times in succession.18 This process reduced the salt content of the world’s oceans by about 6 per cent.19 The eastern Mediterranean basin is deeper, and received some flow from the Nile and the Black Sea via the Bosphorus, so although its waters dropped thousands of feet below sea level it didn’t completely dry out but persisted as a brackish lake, not unlike the Dead Sea today.


  Then, around 5.3 million years ago, ongoing tectonic activity saw the western rim of the basin subside again and the Mediterranean permanently reopened. Waters of the Atlantic began trickling in, before developing into a surging torrent with huge volumes of water gushing down the slope to refill the empty, dusty Mediterranean basin, perhaps in as little as two years. The current Strait of Gibraltar was gouged out by this scouring megaflood.20


  The Mediterranean is still shrinking today as the African tectonic plate continues its northward march, and will eventually disappear completely. And it is this tectonic process that explains the geological differences between the sea’s northern and southern coastlines. The southern Mediterranean coastline is relatively smooth and bereft of natural harbours because the African plate is being tipped downwards to be subducted and destroyed beneath the Eurasian plate. The entire northern Mediterranean coastline, on the other hand, is mountainous because of this continental collision. Here the combination of tectonic subsidence and the fact that we are currently in an interglacial period with high sea levels has produced a submergent coastline. The fantastically intricate northern Med with its multitude of islands, headlands, bays and an abundance of protected, natural harbours is the result of this drowned landscape. It is this fundamental tectonic fact that has empowered seafaring cultures along the northern rim, and so influenced history from the Bronze Age to the present day.


  SINBAD’S WORLD


  The interior sea of the Mediterranean linked together the cultures at the far western extremity of the Eurasian continent into a great trade network. But maritime trade over much greater distances has also shaped the history of civilisations. Through the ages, numerous cultures and empires have emerged across the southern half of Eurasia, the region to the south of the great band of arid steppe grasslands ranging across the continent to which we’ll return in Chapter 7. These societies traded with each other by sea routes along the southern margin of this broad continent.


  The maritime routes linking eastern and western Asia reached across the Indian Ocean. By around 3000 BC, merchants in Mesopotamia were transporting their goods south to where the Tigris and Euphrates rivers merge and flow into the Persian Gulf. From here, they sailed down the Gulf, through the narrow Strait of Hormuz at its mouth, and then along the South Asian coast to the mouth of the Indus river. As civilisation spread to Egypt, Phoenicia and Greece on the Mediterranean shores, a second major artery of trade opened. From the Nile Delta, goods were carried overland by camel caravans across the mountainous Eastern Desert to ports on the Red Sea. From here, ships sailed down the long channel of the Red Sea, around the southern edge of Arabia, and then entered the Indian Ocean.21


  It was not an easy journey. Hidden shoals along the Red Sea coast made navigation potentially treacherous, the heat was punishing, and the extreme aridity of the region, with vast deserts on either side, meant there were few sources of fresh water along the shores. Indeed, the narrow strait forming the entrance into the Red Sea came to be known by Arab sailors as Bab-el-Mandeb – the ‘Gates of Woe’. Before embarking on the long passage up the Red Sea, ships would call into the port of Aden, sitting just around the lip of the Arabian Peninsula and commanding the Bab-el-Mandeb gateway. Nestled in the crater of an extinct volcano, Aden was a vital stop for taking on water, and as a busy entrepôt developed into a prosperous and well-fortified city.fn5


  Both the Red Sea and Persian Gulf routes into the Indian Ocean buzzed with merchant shipping and both these maritime thoroughfares are consequences of the same episode of tectonic activity.23 As we saw in Chapter 1, the Red Sea is one of the three branches of the Y-shaped system of rifts that ripped open the skin of the planet as a huge magma plume swelled beneath the African crust. The growth of the southerly branch, the East African Rift, set the stage for our evolution as a species, while the deeper fracture to the north-west tore off the Arabian Peninsula as a shard from Africa, with water pooling into this 2,000-kilometre-long crack to create the Red Sea.fn6
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    The major east–west Eurasian maritime trade routes and crucial straits.
  


  The Arabian Peninsula remains hanging off Africa by only a narrow sinew of land in the north – the Sinai Desert – and as the Red Sea has widened the Arabian block has swung east to slam into the southern edge of the Eurasian plate. This folded up the Zagros Mountains in Iran, and along the foot of this range, where the crust has been depressed down into a wedge-shaped foreland basin, the Indian Ocean washed in to create the Persian Gulf.


  The earliest trade routes from the Red Sea and the Persian Gulf to India hugged the coastline. But by around 100 BC24 the merchants of Ptolemaic Egypt had discovered how to use the south-westerly monsoon winds in summer to sail from Bab-el-Mandeb directly across the Indian Ocean to the west coast of India in just a few weeks,25 returning in winter when the monsoon winds reversed direction. Exploiting this feature of the planet’s atmospheric patterns – to which we’ll return in Chapter 8 – led to a surge in maritime commerce across Eurasia.26 But by the end of the seventh century AD, the Islamic conquests across Arabia, North Africa and south-western Asia had closed the gates of Bab-el-Mandeb to European sailors. For centuries the dhows and caravans of Muslim merchants now dominated the three great east–west trade routes across Asia: the maritime passages from the Red Sea and the Persian Gulf across the Indian Ocean, and the Silk Road through Central Asia.27 This is the world of Sinbad the Sailor in One Thousand and One Nights, who loaded up with trade goods in Baghdad and set sail from Basra down the Persian Gulf on his seven adventurous voyages.


  Prior to the rise of Islamic supremacy over these trade routes, India had been well known to Greek and Roman geographers like Strabo and Ptolemy, but after the blocking of the Red Sea passage knowledge of its location faded into the obscurity of myths.28 It would be the best part of another millennium before Europeans once again sailed into the Indian Ocean, as we’ll see in Chapter 8. And when they did, they would find a trade network in South East Asia just as vibrant as that of the Mediterranean.


  SPICE WORLD


  Indeed, in many respects the maritime area of South East Asia is much like the Mediterranean. But rather than an internal sea bounded on all sides by land, this region is a dispersed splattering of islands open on both sides to the expansive Indian and Pacific Oceans. The East Indies are part of the continental shelf of Eurasia: here the seas are relatively shallow and the land masses are simply the higher ground of this landscape poking above the waves. Like the northern rim of the Mediterranean, the margins of this region are volcanically active, as the Indo-Australian and Pacific plates are being subducted under the Eurasian to melt and release rising blobs of magma.


  A whole chain of volcanoes runs along the backbone of Sumatra and Java, and curves all the way round to the Banda Islands. This volcanism has produced fertile soils, but also some of the most violent eruptions in history, such as Tambora in 1815 and Krakatoa in 1883. The eruption of the Toba super-volcano in Indonesia around 74,000 years ago was the largest of the past two million years. It ejected an enormous amount of ash that smothered 1 per cent of the planet’s surface and may have darkened the skies sufficiently to cause a global chilling for several decades. (This has even prompted the controversial claim that the Toba eruption caused a crash in the surviving population of humanity.)29


  Whereas the Mediterranean sports a few hundred islands, South East Asia contains over 26,000, ranging from thousand-kilometre-long landmasses like Borneo and Sumatra to minute specks of calderas. This extreme dispersal of the land area, coupled with the rugged, mountainous terrain of the islands, inhibited the unification of territory into large empires as had happened in China or around the Mediterranean.30 Yet trade flourished across these South East Asian seas. Alongside cotton from India, porcelain, silk and tea from China, and precious metals from Japan,31 the most highly valued commodities were spices: pepper and ginger from India, cinnamon from the island of Ceylon (Sri Lanka), and nutmeg, mace and cloves from the ‘Spice Islands’ of the Moluccas.fn7
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    The South East Asian archipelagoes, and the tiny size of the spice islands of the Moluccas and Bandas.
  


  These were valued not just for flavouring food, but for the aphrodisiac and medicinal properties they were considered to have.32 The spices came from different kinds of plants growing in the region’s tropical climate. Pepper is the fruit of a rainforest vine, ginger a root, cinnamon a tree bark, and cloves the dried buds of unopened flowers. Nutmeg is the seed and mace the seed covering of the same evergreen tree.33 Some of these plants were widespread through the region. Pepper, for example, is found right across South and South East Asia, although historically most was produced on the Malabar Coast of south-west India.34 Here the Western Ghats, a low range of mountains, trap the rainfall from the summer monsoons to produce a moist, tropical climate ideally suited to this particular vine.35


  But other spices were extremely limited in their native habitat. Cloves originally grew in the volcanic soils of only a handful of small islands in the northern Moluccas archipelago: Bacan, Makian, Moti, Tidore and Ternate.36 And the nutmeg tree appeared on only nine pinprick-sized islands – the Bandas – further south in the Moluccas.37 These rare spices commanded premium prices, especially by the time merchants had carried them all the way west to the Mediterranean: the commercial importance of these minute specks of volcanic islands was vastly out of proportion to their size.fn8


  The maritime trade network of South East Asia was far larger than that of the comparative puddle of the Mediterranean. Routes from the Indian Ocean threaded through the narrow Strait of Malacca, others stretched down from the East China Sea, and also from the Moluccan Spice Islands in the east, all converging on trading ports on the Malay Peninsula or the islands of Java and Sumatra.38 By AD 1400, the port of Malacca on the south-east Malaysian peninsula had grown from a small fishing village to one of the largest centres of maritime trade in the world.39 It was strategically located roughly halfway along the 800-kilometre Strait of Malacca between the Malay Peninsula and the long island of Sumatra, at a point where the funnel-shaped strait narrows to just 60 kilometres wide. The Strait of Malacca was one of the most important waterways in the Eastern Hemisphere as it served as the crucial marine thoroughfare between the Indian Ocean and South China Sea.40 The port’s heaving markets burst with a huge diversity of trade goods: wool and glass from Venice, opium and incense from Arabia, porcelain and silks from China, and of course the spices from the Bandas and the Moluccas.41 Malacca was one of the most cosmopolitan places on Earth, its port a forest of masts where the dhows from the Indian Ocean berthed alongside the junks from China and the Spice Islands, and with a population larger than Lisbon speaking scores of different languages that could be heard over the din of the markets.42 It was the riches of this spice trade that provided the major draw for European navigators trying to find new sea routes to the east at the end of the fifteenth century.fn9


  And when they arrived, they strove to dominate this expansive South East Asian trade network by capturing key features of the geography of the seas: naval chokepoints. But to illustrate the historical importance of these features we’ll turn first to ancient Greece.


  BOTTLENECKS


  As we saw earlier, the rugged landscape of Greece makes for a coastline with many inlets, bays and channels for natural harbours and so nurtured vigorous trade by sea. In fact, this mountainous geography is believed to have been influential in maintaining the Ancient Greek city states as autonomous entities. Steep-sided ridges running down to the coastline physically separated them from each other, and prevented any one state gaining complete dominance to build an empire. The result was a world of many independent city states both sharing a common culture and language and competing with each other in a constantly shifting pattern of allegiances and conflicts.44 fn10 But at the same time, the paucity of coastal plains restricted the area available for productive agriculture. Unlike Mesopotamia or Egypt, Greece is not blessed with alluvial plains of deep, rich soil, and whilst there are fertile valleys inland, there’s not a great many of them. Greece’s mountainous terrain generally offers only a thin, light soil, which is mostly dry because of scant and unreliable rainfall, and there are too few large rivers to make widespread irrigation possible. Indeed, except for the Rhone on the western extremity of the Alps, the major rivers of Europe are blocked from flowing towards the Mediterranean by the chains of mountains thrown up by the continental collision.


  These combined environmental factors mean that historically the peninsula has struggled to grow adequate grain as a staple to feed its population, and many of the Greek city states lived with the constant threat of food shortage and famine. The Greek climate, however, is well suited for producing olive oil and wine, as well as for rearing flocks of goats and sheep, all of which could be traded for wheat and barley grown overseas.46


  Around the same time that some of the Greek city states were developing the first democracies in the world, early in the first millennium BC, their populations began to outgrow the home-grown food supply provided by their surrounding environment. Thus the Greeks looked to other lands around the Mediterranean to source the vital grain they needed to feed themselves. Sparta, Corinth, Megara and their allies sent their ships west to bring back grain. Sicily was colonised to reap the benefits of the rich, volcanic soils around Mt Etna.fn11 A second set of allied Greek city states around the Aegean Sea, including the flourishing city of Athens, established colonies in the fabulously fertile valleys of the Dnieper and Bug rivers along the north shores of the Black Sea, the westernmost extension of the Eurasian steppe grasslands (we’ll return to this region in Chapter 7).47 To get there, Greek ships had to sail through two exceedingly narrow straits between the Aegean and the Black Sea: first they had to negotiate the Hellespont, or the ‘Bridge of the Greeks’ (now called the Dardanelles) into the small Sea of Marmara, and then the even tighter Bosphorus into the Black Sea.fn12


  As Greece grew ever more populous, fed on grain imported from its overseas breadbaskets, the rivalry between the two alliances of city states, led by Athens on one side and Sparta on the other, grew increasingly fractious. Eventually, in 431 BC this erupted into the devastating Peloponnesian War. It ground on for almost thirty years, with both sides attempting to take control of the seas, but ultimately it was Athens’ dependence on grain imported along the sea lanes from the Black Sea that proved her fatal weakness. The Spartans realised that they didn’t need to attack Athens directly but merely sever her lifeline. They gathered their naval forces in 405 BC and waited until midsummer to strike, when the greatest number of Athenian grain ships were preparing to sail from the Black Sea with their precious cargo before autumn drew in and closed the shipping route with its stormy seas and overcast skies.fn13 Falling upon the Athenian navy at the Battle of Aegospotami, right in the narrow strait of the Hellespont, the Spartans utterly destroyed it – over 150 ships were sunk or seized. Having taken control of this vital chokepoint on the sea route from the Black Sea, the Spartans did not even attempt a final assault on Athens: they knew the cold spear of starvation would be far more devastatingly effective than those wielded by its hoplite army. Athens had no option but to sue for peace under humbling terms, losing the rest of her fleet and her overseas territories.


  The Peloponnesian War is a good illustration of the central importance of the geography of the seas and the vulnerability of vital maritime routes at narrow straits. Commanding such naval chokepoints, and thus a rival’s access to overseas resources, is often as important as controlling territory on land, and can determine the outcome of wars and the fate of civilisations. Alongside the bottlenecks at the Dardanelles and the Bosphorus, the Strait of Gibraltar – the thin tongue of sea between the Iberian peninsula and the Tangier coast – has played an important role in controlling the naval traffic between the Mediterranean and Atlantic, and provided the setting for the Battle of Trafalgar in 1805 between the Royal Navy and the combined fleets of the French and the Spanish.


  Other straits around the globe have proved as critical to world history. When European sailors reached the Indian Ocean from the early fifteenth century – first the Portuguese, and then the Spanish, Dutch and British – they attempted to command a whole set of chokepoints to exert control over an entire region of the Earth’s oceanic surface.


  As we saw earlier, for millennia two main sea routes carried trade between Egypt and the Middle East, and India: the passage along the Red Sea and that down the Persian Gulf. Both are linked to the open Indian Ocean through the narrow straits of Bab-el-Mandeb and Hormuz. And from India, the trade route to the major entrepôt ports on the islands of the East Indies threaded through the Strait of Malacca. For the merchants who had sailed around South East Asia for centuries the seas were an open commons, a vast region of free trade for all. Duties were levied at ports, and pirates were a rumbling concern, but no navies harassed foreign ships on the open seas. But the Europeans had a very different mindset, born of their heritage of naval warfare around the Mediterranean and North Atlantic. These colonial powers were bent on dominating the trade networks to establish a monopoly for themselves. To achieve this, they built fortresses to protect key ports and patrolled the waters with their warships to aggressively suppress competitors. Most crucially, they attempted to capture the naval chokepoints of Bab-el-Mandeb, Hormuz and Malacca to seal off the maritime routes to all but their own shipping, controlling trade across the whole reach of the Indian Ocean by commanding just a few critical locations in the geography of the seas.fn14


  And naval chokepoints are just as strategically crucial today. It is no longer the spice trade that gives them acute geopolitical importance but the transport of another resource of global significance. Oil today occupies almost half of the total shipping tonnage around the world,49 and its continued unrestricted flow is critical to the current global economy.


  BLACK ARTERIES


  Oil not only fuels our modern world, but lubricates machinery, coats our roads, provides plastic and pharmaceuticals, and is used in the production of artificial fertilisers, pesticides and herbicides that help produce the food we need. Over half of the global oil supply is delivered by tankers moving along the worldwide network of sea lanes,50 and thus passing through natural straits. As we have seen, the straits of the Dardanelles (or Hellespont) and the Bosphorus have been strategically critical since the time of the Peloponnesian War. Ukrainian grain is still exported across the Black Sea, but now around 2.5 million barrels of oil are also carried every day by tankers through this pair of Turkish straits to supply Southern and Western Europe with fossil fuel from Russia and the Caspian Sea region. The Bosphorus, less than a kilometre wide, is the narrowest strait being navigated by major vessels in the world.51


  We have also constructed artificial chokepoints with our canals that link seas to create more direct shipping routes, such as the Panama Canal and the Suez Canal. When the Suez Crisis in 1956 closed the canal for six months and forced shipping to re-route around southern Africa, the result was fuel shortages across Europe.52 Yet by far the most strategically critical strait in this present age of oil is Hormuz.53


  We’ll see in Chapter 9 how oil was created by our planet, and why so much of it can be found in the Middle East. The Persian Gulf produces about a third of the global oil supply and Iraq, Kuwait, Bahrain, Qatar and the United Arab Emirates must all ship their oil exports through the Strait of Hormuz; only Saudi Arabia and Iran are able to make use of alternative maritime links to the ocean shipping lanes.54 As a result the strait is frenetically busy with tanker traffic, transporting 19 million barrels every day – one-fifth of the world’s supply.55 But it also means that this artery carrying the black blood to fuel the world is exceedingly vulnerable as it passes through the straits. It has been calculated that over the forty years since the Arab oil embargo of 1973, the United States has spent over $7 trillion on its military presence in the Gulf to secure the steady flow of oil for the global markets.56 While piracy and terrorist attacks are concerns, the greatest fear is that international relations with a state like Iran might sour to such a point that they slam shut this vital chokepoint and put a stranglehold on world oil supplies.57


  About 10 per cent of the oil produced around the Persian Gulf is shipped round the Cape of Good Hope to the United States, with a smaller portion being sent through Bab-el-Mandeb, up the Red Sea, and through the Suez Canal to the Mediterranean. But the lion’s share travels the millennia-old shipping route round India to East Asia, threading through the narrow bottleneck of the Strait of Malacca. About a quarter of all oil transported by sea – roughly 16 million barrels a day – passes through this strait in tankers, and then on to feed the economies of China and Japan, as well as South Korea, Indonesia and Australia.58


  While the nature of the major commodities may have changed through history – from grain to spices to oil – the role played by the geography of the seas and the strategic importance of naval chokepoints has remained ever critical. Before the advent of railways, automobiles and air travel it was the seas that facilitated long-distance trade. Even today 90 per cent of world trade is still carried by shipping.


  But the role of the oceans consists of more than just providing maritime highways for long-distance trade and chokepoints that define much of the current geopolitical landscape. Let’s explore now how the geography of the seas can also shape the economics and politics of a nation.


  BLACK BELT


  When the American colonies declared their independence from British rule in 1776, and fought and won the Revolutionary War, their population was still almost entirely huddled along the Eastern Seaboard. Over the following decades the United States underwent a prodigious expansion, encouraging settlers to head west and acquiring huge areas of territory in a series of purchases and annexations. Within a century of its birth as a nation, the United States had quadrupled in size, and stretched from sea to shining sea across the entire breadth of the continental landmass. The USA had become a de facto island nation, shielded on the east and west by the Atlantic and Pacific Oceans, whilst also enjoying access to maritime trade with Europe on one side and Asia on the other. America was able to accomplish economic success and champion ideals of liberty precisely because of this safety from external threats, born of its geographical circumstances. While European nations continued to jostle with each other on their crowded continent, America’s territorial security engendered an isolationist stance in its foreign policy for almost two centuries.fn15


  But there’s another way that the sea has left its imprint on American politics, with roots reaching much further back in our planet’s history.


  In the November 2016 US elections the Republican nominee Donald Trump beat his Democrat rival Hillary Clinton to become the 45th president of the United States. A map of the results shows the blue Democrat-voting states of the north-east and up the Western Seaboard, along with Colorado, New Mexico, Minnesota and Illinois, whereas huge areas in the centre of the country are coloured Republican red. The states in the south-east also voted Republican overall, including Florida, which tipped to the Republicans in this election. But a look at a finer-resolution map of the voting behaviour, showing individual counties, reveals something very curious.
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    The pattern of Democrat-voting counties (dark) within the sea of Republicans in the south-eastern US (top) follows the Mississipi and the arc of 75-million-year-old Cretaceous rocks (bottom).
  


  Running through the wide expanse of red in the south-east, there is a very distinct blue line of counties that voted strongly Democrat, curving through North and South Carolina, Georgia, Alabama, and then down the banks of the Mississippi river. And this blue ridge isn’t just a quirk of the most recent presidential election. It is also apparent in the 2008 and 2012 elections won by the Democrats under Barack Obama, as well as the preceding terms of George W. Bush. In fact, this voting feature recurs through time right back to the reconstruction of the United States after the Civil War. What could be the underlying cause of this pattern in the south-eastern states that has endured for so long in something as variable and fluid as presidential politics and elections through history?


  The astonishing fact is that this clearly defined band of Democrat-voting areas is the result of an ancient ocean, tens of millions of years old.


  If you look at a geological map of the US you’ll notice that the pattern of blue counties follows along a curved band of surface rocks that were laid down during the late Cretaceous Period in Earth’s history, between 86 and 66 million years ago. This relatively narrow band of exposed Cretaceous rocks curves around older rocks further inland to the north, including the high relief of the Appalachian Mountains, and disappears underground to the south where it is overlaid by more recent rock deposits.


  During the Cretaceous Period, when the climate was hot and sea levels far higher than they are now, much of what is today the United States was flooded. The sea protruded right up through the middle of the US as the Western Interior Seaway, and lapped at the toes of the Appalachian Mountains along the eastern side of the continent. Material eroded out of the Appalachians and carried by rivers into this shallow sea was deposited as clays on the seabed. In time, these seafloor clays turned into a layer of shale rock. As sea levels fell again, the outline of the US that we would recognise today emerged, and erosion re-exposed a strip of these ancient seafloor sediments on the coastal plain. Soils derived from this band of shale bedrock are dark and rich in nutrients originally eroded from the mountains. The term ‘Black Belt’ initially referred to this stripe of distinctively coloured and agriculturally productive soils through Alabama and Mississippi.


  These dark, rich soils derived from the Cretaceous shale were perfect for growing crops, and in particular the cultivation of cotton. With the Industrial Revolution gathering pace and accelerating the processing of cotton into clothing – brought about by the mechanisation that rapidly separated the cotton fibres from their seeds, spinning them into thread and then weaving finished textiles – demand for cotton surged, making it a key cash crop. But the cultivation of cotton was deeply labour-intensive. Unlike cereal crops where the desired grain can be simply shaken from the plant stalks by a threshing machine, early cotton cultivation needed nimble human fingers to pluck each fluffy boll individually from the shrub. And from the late eighteenth century in the southern states these were provided by slaves.


  By 1830, slavery had become solidly established in South Carolina and along the Mississippi, and by 1860 it had spread up from the Gulf coast of Alabama and through Georgia. By the height of slave-tended cotton plantations, the term ‘Black Belt’ had come to take on a different meaning, describing the populations found in the Deep South – a dense concentration of African-Americans along the banks of the Mississippi and around the curve of the Cretaceous rock belt underlying the soils.59


  Even after the Confederacy lost the American Civil War in 1865 and slavery was abolished across the southern states, there was no sudden change in the demographics or indeed in the economic focus of this region. The former slaves continued to work on the same cotton plantations, but now they were sharecropping as freedmen. But the economic fortunes of the Deep South began to slump with falling cotton prices followed by the infestation of the cotton-growing areas with the boll weevil in the 1920s. Several million African-Americans migrated from rural areas in the southern states to the major industrial cities of the north-eastern and midwestern United States, especially after the Great Depression of the 1930s. Yet the largest populations of African-Americans remained in the regions where they had the greatest initial density: the historical ‘Black Belt’ of fertile soils.


  After the Second World War the ‘Black Belt’ therefore formed the heartlands of the civil rights movement. Rosa Parks refused to give up her bus seat to a white traveller in December 1955 in the city of Montgomery, Alabama, smack in the middle of this curving strip of 75-million-year-old Cretaceous rocks. Even today, virtually all the counties in the US with the highest proportion of African-Americans lie along this same arc within the south-east.60 Persisting after many African-Americans had migrated north and west, these populations are almost like an erosional remnant staying in place after the economic tide has swept millions elsewhere.


  Without major development from industry or tourism, this formerly economically productive region has long suffered socio-economic problems of high unemployment and poverty, low levels of education and poor health care. Thus the electorate here has traditionally tended to vote for the policies and promises of the Democrat Party, producing the distinct curving band of blue in the presidential election maps. There is a clear causal chain taking us from the politics and socio-economic conditions of today, to their roots in historical agricultural systems, and then further back to the geological tapestry of the ground beneath our feet. The exposed band of ancient seafloor mud is still imprinted on our political map.


  Chapter 5


  What We Build With


  Who built the pyramids?


  Your immediate answer may well be the pharaohs of ancient Egypt. And you would be right, of course. It was the all-powerful god-kings of the fertile Nile Valley who, over 4,500 years ago, were able to muster and orchestrate the manpower needed to quarry, transport and assemble giant stone blocks into the colossal pyramids towering over the Giza Plateau. The largest of these is the Great Pyramid, built during the reign of the pharaoh Khufu – or Cheops, as he is also known – and completed around 2560 BC. Until the completion of Cologne Cathedral in 1880 it was the tallest human-made structure in the world.1


  The main bulk of the Great Pyramid is made up of about 2.5 million limestone blocks, each weighing 2.5 tonnes on average, laid atop each other in 210 layers. These were quarried from a limestone deposit nearby, dragged on sledges to the construction site and then hauled to the top of the growing pyramid up earthen ramps. This pointed construction was then covered in outer casing stones, using a much higher-quality limestone quarried further away on the other side of the River Nile, which were fitted together tightly and then beautifully polished. The Great Pyramid would originally have gleamed spectacularly in the sun, but most of these casing stones have since been removed. The large granite blocks, some weighing up to 80 tonnes, used for lining the interior chambers were quarried much further away in Aswan, about 400 miles upriver.


  It is thought that the construction of the Great Pyramid took several decades and a workforce of tens of thousands of skilled labourers, who were paid in bread and beer. They worked without iron tools, pulleys or wheels, instead using copper chisels, drills and saws. But although the scale of the Great Pyramid is absolutely staggering, and the human effort involved in its construction was truly colossal, what is perhaps equally amazing is the nature of the building materials. It turns out that they were created by some of the simplest organisms on the planet.2


  BIOLOGICAL ROCK


  If you can get up close to the massive building blocks making up the core of the Great Pyramid – now exposed with the removal of the outer casing stones – and peer intently at their surface, you’ll notice a very curious texture. The limestone blocks are made up of scores of coin-like disks. Search for some that have cracked open and you might be lucky to see their internal structure: an impressively intricate spiral, subdivided into small chambers. You are looking at fossils of sea creatures called foraminifera, or forams. And most impressive of all, given that each shell can be up to a few centimetres across, is the fact that the organism that created them is single-celled. The largest human cell, a woman’s egg cell, is about a tenth of a millimetre across, and only just visible to the unaided eye. The sea creatures that make up the limestone of the pyramids are absolutely colossal in comparison. They belong to a kind of giant foram called Nummulites (meaning ‘little coins’ in Latin).


  Deposits of nummilitic limestone are found not just around the Nile, where they offered construction material for the ancient pyramid-builders, but across a huge area ranging from Northern Europe to North Africa, from the Middle East to South East Asia. This expansive region of nummulitic limestone was laid down in the warm, shallow margins of the Tethys Ocean, 40–50 million years ago. During this period of the early Eocene, global temperatures were elevated for longer than the PETM extreme temperature spike that we explored in Chapter 3, although they weren’t as high. The high sea levels caused the Tethys Ocean to flood in great arms stretching to Northern Europe and across North Africa. Huge numbers of forams lived in the warm waters, and when they died great drifts of their coin-shaped shells made of calcium carbonate sank down and carpeted the seafloor. Over time, they became cemented together to form the nummulitic limestone.


  These particular limestone formations have become exposed in many different places. Where the distinctive coin-like fossils have eroded out of the bedrock in North Africa to be scattered among the desert sands they are known to the Bedouins as ‘desert dollars’.3 And in the Crimean Peninsula, craggy outcrops of this nummulitic limestone form the very jaws of the ‘Valley of Death’ that witnessed the disastrous Charge of the Light Brigade during the battle of Balaclava in 1854, as memorialised in Alfred, Lord Tennyson’s poem.4


  Thus the enormous blocks of rock that form the Great Pyramid at Giza were quarried from what is essentially a huge slab of limestone stretching across Eurasia and Africa. Composed of countless foram shells, this nummulitic limestone is a biological rock. So while the Egyptian pharaohs may have ordered their construction from enormous blocks of limestone, it was another life form that built the pyramids. The tombs of the pharaohs are made of innumerable drifts of the skeletal remains of a giant single-celled sea creature.5


  The pyramids are one of the most enduring symbols of human civilisation, revealing what we can build when we put our minds, and coordinated efforts, to it. Throughout history many of the grandest edifices have been constructed out of devotion to the divine: the step pyramids of Mesoamerica, the temple complexes of Sanchi Stupa and Angkor Wat, or the medieval cathedrals across Europe. But the materials with which these monuments were made are the same as those used for buildings constructed for more pragmatic purposes – dwellings, civic buildings, bridges, harbours, fortifications. At the root of all this fervent construction is a fundamental human requirement: to find shelter from the elements. And throughout history we’ve turned to the natural materials we found around us.


  WOOD AND CLAY


  Many cultures around the world, especially nomadic peoples, have constructed temporary structures like the wigwam, tipi and yurt out of branches, bark, reeds or animal hides. Timber, of course, is one of the oldest construction materials. A variety of different trees can be worked into supporting beams, poles and planks, as well as cladding slats or roofing tiles. And before metal was widely available, timber was also used for mechanical components.fn1 The cross-grained fibres of elm make it resistant to splitting and so perfect for the hubs of cartwheels. Hickory is particularly hard and so was used for the gear teeth in the drive systems of waterwheels and windmills. And pine and fir trees grow exceptionally tall and straight and so are well suited for ships’ masts.


  The simplest material suitable for fashioning into solid walls is clay. The early city-dwellers of Mesopotamia, the land between the rivers, lived in a world of mud. Although a perfect environment for productive agriculture, the area is woefully lacking in natural resources like timber, stone and metals, all of which had to be imported. A succession of ancient Mesopotamian civilisations – Sumerians, Akkadians, Assyrians and Babylonians – survived by trading their food surplus for cedarwood from Lebanon, marble and granite from Persia and Anatolia, and metals from Sinai and Oman.6 Nonetheless, most of their structures were constructed from what was locally available. Houses and palaces, city walls and forts alike were all built with sun-dried adobe bricks. Even the cores of their great ziggurats – the tiered, flat-topped pyramids that served as temples – were made of sun-baked bricks. More durable kiln-fired bricks were only used for the facing of the palaces and ziggurats and they were decorated with colourful glazing. Mud even became a writing material, when the Sumerians invented writing by pressing a stylus into tablets of soft clay.7


  In fact, long before providing the ancient Mesopotamians with earthen bricks and soft tablets for the earliest forms of writing, clay had proved transformative to human existence. The innovation of firing clay into earthenware pots gave us brand new capabilities. Pottery provided vessels in which food could be cooked by boiling or frying. Not only does cooking deactivate certain plant poisons that are present in the potato and the cassava, for example, and so make more foodstuffs available to us; it also breaks down complex molecules to release more nutrients that our bodies can absorb. In short, pottery enabled greater processing of food to make it more digestible to us. Lidded containers fashioned out of clay also enable food stores to be protected from pests and vermin, as well as making them far more portable for travelling and trade. Pottery can be made more watertight and more attractive by glazing it – coating it in a solution of certain powdered minerals before kiln-firing – and this may well have been what made humanity stumble across the process of smelting metals like lead or copper.


  Fired clay proved critical to our development through history not only because it is hard and watertight, but also because it can be extremely heat-resistant. Firebricks are ideal for lining kilns and furnaces: they insulate the heat inside without being affected themselves, and so allow very high temperatures to be achieved. Thus ceramics enabled humanity to truly master fire, not just for keeping the night-time cold at bay or for cooking, but for taking raw materials gathered from the environment and transforming them into some of the most useful substances of history: smelting metal out of their ores, calcining lime to create mortar, or producing glass.


  The Mesopotamians built with dried mud for want of harder, more durable materials. But elsewhere around the world we have used the geology beneath our feet. We not only build our cities within the landscape – near the coastline, in a fertile river valley or close to hills with mineral resources – but we also make them of the landscape. In this chapter we’ll see not just how the Earth made us, but how the planet provided the solid materials that we have used for construction. The story of civilisation is the story of humanity digging up the fabric of the planet beneath our feet and piling it up to build our cities.


  There are three fundamental rock types on Earth, and throughout history we’ve built using all three kinds. Sedimentary rocks are formed by the deposition and then cementation together of material which either eroded from older rocks or was produced biologically – sandstone, limestone and chalk are all examples. Igneous rocks such as granite, on the other hand, solidify from volcanic lava or magma still deep underground. And when sedimentary or igneous rocks are subjected to high temperatures and pressures – caught in the crunch of continental collisions or when magma intrudes up into them – they are transformed physically and chemically, becoming a metamorphic rock like marble or slate.


  The ancient Egyptians were the first civilisation to extensively quarry and build with natural stone, and they made use of a variety of different rocks. Nubian sandstone was available from the cliffs flanking the Nile in Upper Egypt. The Great Temple of Rameses II at Abu Simbel and the Luxor Temple in Thebes, for example, were carved of this yellow-brown stone. Further north, the Nile cuts through the nummulitic limestone that overlies the older Nubian sandstone which, as we saw earlier, was quarried to construct the pyramids at Giza. In the Eastern Desert, the rifting open of the Red Sea exposed the ancient basement rocks that form the very foundations of the African continental crust. The granite and gneiss (formed by granite’s metamorphosis) here are over half a billion years old. Hard and durable, they were prized by the Egyptians for carving statues and obelisks, and taken by barge down the Nile to be exported around the Mediterranean world.8


  Let’s take a look now at some of the most important rocks we’ve used through history, and how our planet created them.


  LIMESTONE AND MARBLE


  As we have seen, the nummulitic stones used to construct the pyramids are a form of limestone. But it is just one kind of this very widespread rock type. Calcium carbonate rock is also created at the mouth of volcanic hot springs where, as the water cools, the minerals precipitate out of solution and rapidly form layers of limestone on the ground. This form of limestone is known as travertine. The main pillars and external walls of the Colosseum in Rome, for example, were made of travertine quarried from Tibur (today’s Tivoli, a town about 30 kilometres north-east of Rome), and hot-spring limestone from the same place was used for the Getty Center in Los Angeles.9


  However, most limestone is not formed in volcanic hotspots on land like the Tivoli mineral springs, but on the seafloor as biological rock. Much of the limestone found across Europe and the rest of the world was formed during the Jurassic Period, as warm, shallow seas flooded the land. Marine reptiles like pliosaurs and ichthyosaurs swam these tropical seas,10 whilst on the sea floor calcium carbonate from the shells of sea creatures – such as forams – precipitated as a limy mud. As particles of sand or shell fragments rolled back and forth around the seabed with tidal currents they became coated with concentric layers of calcite mineral to form tiny balls called ooliths (from the Greek for ‘egg-stone’). These little spherules then became cemented together with more calcite to form oolitic limestone.


  In Britain, oolitic limestone formed during the Jurassic has resurfaced as a great sash across the country, stretching from East Yorkshire, through the Cotswolds, and down to the Dorset coast (see map here). Oxford lies in the middle of this band and many of its university colleges were built of this glorious, golden stone.11 At the very south-western tip of this diagonal stripe of Jurassic limestone lies the Isle of Portland, a promontory jutting out into the English Channel, its hard rock resisting the pounding of the waves. The limestone exposed here dates to the very end of the Jurassic Period, 150 million years ago.


  Portland stone is a fabulous building material, and not only for its delightful creamy tint. The ooliths that made it were cemented together in just the right amount: it is durable enough to resist weathering and crumbling, but not impractically hard for masons to cut and carve. Portland stone is known as a freestone: its fine-grained texture can be cut smartly in any direction and it has been used as a building material since Roman times. Portland stone became the rock of choice for many of Britain’s monumental or civic buildings. Its pure hue appears in the Tower of London, Exeter Cathedral, the British Museum, the Bank of England, and the facing of the east side of Buckingham Palace (including the famous balcony). Sir Christopher Wren selected it for the rebuilding of St Paul’s Cathedral, as well as many other London churches, after the Great Fire of London in 1666. Portland stone has also been used around the world, for example in the United Nations building in New York.


  The United States has its own sources of limestone. Some of the highest quality is quarried in southern Indiana where it was laid down, much earlier than Portland stone, during the early Carboniferous Period around 340 million years ago. Indiana limestone has been used in the facing of the Empire State Building, the Yankee Stadium in New York, the National Cathedral in Washington, DC, and the Pentagon. This stone was also used extensively in the reconstruction of Chicago after its Great Fire of 1871, emulating the rebuilding of London’s monumental landmarks after its own conflagration two centuries earlier.


  Much of the northern Mediterranean coastline that we explored in the last chapter is also made up of limestone rocks originally laid down on the bed of the Tethys Sea. Now thrust up above the waves, it has been dissolved away by rainwater trickling underground, a process which has created an extensive networks of caves. Perhaps unsurprisingly, many of these have become associated with the Underworld of classical mythology. At the tip of the Mani Peninsula, the southernmost point of Greece, for example, is the entrance to a cave where the legendary Orpheus is said to have descended into the Underworld to find his deceased wife Eurydice. The beauty of Orpheus’ lyre playing won over the god Hades, who allowed him to take Eurydice back to the land of the living on one condition: that he should not look back. But as soon as Orpheus had reached the upper world he anxiously turned round to check that she was following, and so Eurydice disappeared for ever.12


  Where this Tethyean limestone has been baked underground in the convergent plate boundaries around the Mediterranean – by magma rising up and intruding into it, or by its being caught in the tectonic vice crunching up mountain ranges like the Alps – it is metamorphosed into marble. This is the signature stone of Classical Greek and Roman sculpture, monuments and grand public buildings. Some of the most highly prized marble in the world is still quarried around the city of Carrara in northern Tuscany. Here the Apuan Alps contain mountains of the pure-white stone which has served as a building material since the days of ancient Rome, when it was used for the Pantheon and Trajan’s Column, for example. Carrara marble was also a favourite of Renaissance sculptors: it provided the material for what is probably the most famous statue in the world – Michelangelo’s David. It has also been exported around the world to construct some of the most iconic global landmarks: Marble Arch in London, the Peace Monument in Washington, DC, Manila Cathedral, Sheikh Zayed Mosque in Abu Dhabi and Akshardham in Delhi.


  And it wasn’t just the physical building materials that were exported around the globe. The characteristic architectural components of antiquity – from columns to caryatids, from pediments to pilasters – were emulated in Europe for centuries, from the Renaissance through the baroque to the neoclassical of the mid eighteenth century, and on. It was adopted with particular enthusiasm by the nascent United States of America. After winning independence from Britain, this new nation forged its own governmental system, a federal republic, by drawing on some of the political structures developed by the most powerful republic in Western history, that of ancient Rome. At the same time, the architecture of many major public and municipal buildings in America emulated the styles of antiquity. They were constructed not of limestone and marble originating from the ancient Tethys Sea, but replicated in the same imposing style and purity of hue with rock quarried in the young American nation.fn2


  CHALK AND FLINT


  Chalk is another form of limestone, although at first glance its properties couldn’t be more different. Chalk deposits can be found on almost every continent and are the distinctive signature of the Cretaceous Period of Earth’s geological history.13 In fact, the very name given to this chapter in our planet’s story comes from the Latin word for chalk, creta.


  A thick layer of chalk underlies much of southern England (see here). It shows as outcrops along the backbone of the Isle of Wight, continues east as the hilly ridges of the North and South Downs, and sits beneath London, where it forms a bowl that holds overlying layers of clay. The flat chalklands of Salisbury Plain are home to one of the most impressive monuments of early human habitation of Northern Europe, Stonehenge, begun around 3,000 BC. Although the enormous sarsen blocks making up the main ring consist of sandstone, it seems that the builders were attracted to this area by the flint that could be dug from the chalk landscape for tools like knives and arrowheads. Other, less arduously constructed, but equally eye-catching, monuments have been created in this geological band. Humanity has been exploring the artistic potential of this landscape for millennia, scraping away the thin layer of turf overlaying the porous chalk to reveal the bright white rock beneath, or cutting trenches into the ground and filling them with chalk rubble. Chalk figures crafted on hillsides, visible from miles away, include the stylised outline of the Uffington White Horse in Oxfordshire, created in the Bronze Age,14 and the proud salute of the Cerne Abbas Giant in Dorset which probably dates to the first century AD.15


  The chalk layer is most clearly visible on the South Coast, where it forms the eye-catching White Cliffs of Dover. It continues under the English Channel to France, where it has produced mirror-image white cliffs and provided the terroir of the great French wine regions of Champagne, Chablis and Sancerre. The Channel Tunnel carrying high-speed trains between Folkestone and Calais was burrowed 50 kilometres through a chalk marl layer, a muddy chalk deposit that is soft but impermeable. And as we saw in Chapter 2, the chalk bridge that used to physically connect Britain to mainland Europe was scoured away in a cataclysmic flood event.


  Some rocks contain beautifully preserved fossils. Along the Jurassic Coast in South West England, for example, where 190-million-year-old mudstones are rapidly worn back by the sea, a pleasant day can be spent strolling along the eroding cliff face hunting for spiral ammonites, bullet-shaped belemnites or brittle star fossils. However, the great chalk layers don’t so much contain fossils: rather, they are fossils. The White Cliffs of Dover are a 100-metre-high exposed slab of biological rock.


  The larger fossils that are visible if you look at a lump of chalk under the microscope, about a millimetre across, are the multi-chambered shells of forams – the same kind of single-celled marine organism that formed the giant nummulitic fossils in the limestone used to build the Great Pyramid. But the bulk of chalk is made up of what looks like a very fine white dust. Zoom in on these powdery particles with a high-powered electron microscope, however, and you’ll see that even these have the unmistakable intricate detail of biological shells. These particles come in a variety of forms, but perhaps the most distinctive are the fragments of tiny spheres that look like overlapping ribbed dinner plates. They are the minute armour casings of coccolithophores – tiny single-celled algae found among the floating plankton of sunlit surface waters.


  These vast deposits of chalk formed during the late Cretaceous Period, roughly between 100 and 66 million years ago. This was a time of exceedingly high sea levels around the world which were around 300 metres above where they are now. As much as half of the continental land area that is dry today would have been submerged back then. The Tethys Sea rose up to inundate much of Europe and South West Asia, extending its wide arms as great seaways through the centre of North America and into North Africa.


  The reasons for these high sea levels weren’t just the sweltering conditions of the late Cretaceous that stopped ice caps from forming at the poles – this has been the case for much of Earth’s history. They were the result of the frantic activity of the continental break-up at the time. During the late Permian Period, 200 million years earlier when the world’s large landmasses had congregated into the huge supercontinent of Pangea, global sea levels were at one of their lowest marks of the past half-billion years. The huge mountain ranges thrown up as the continents crashed and fused together meant that more continental mass was lifted up out of the oceans. But with the subsequent disassembly of Pangea, rifts tore up the supercontinent. First, Pangea ripped apart roughly along its middle as Laurasia moved north away from Gondwana. Later the South and then North Atlantic oceans formed as new spreading rifts tore apart Africa and South America, and North America and Eurasia, respectively. The new, hot oceanic crust formed at these long rifts buoyantly rose up in vast submarine mountain ranges, displacing the surrounding seawater – just like when you lower yourself into a bath. It was this planetary process that caused ocean levels to peak during the late Cretaceous.16 Warm seas covered wide areas of the continental land, providing boom conditions for the growth of forams and coccolithophores, their tiny shells building up in thick deposits of calcareous sediment on the sea floor; and these became chalk.


  Unlike limestone, the soft and crumbly chalk does not generally offer a great building material itself. But it does lend itself to being crushed and spread on agricultural fields to lower the soil acidity, in the production of quicklime for cement and in a whole range of chemical processes. Bricks can be baked out of moulded blocks of clay, but to build a sturdy wall they need to be stuck securely together. It is limestone and chalk that we have learned to use for this construction alchemy. These calcium carbonate rocks are crushed and roasted in a kiln so that they chemically break down (releasing carbon dioxide in the process) before being mixed with water to make a soft putty. In this way, limestone not only provides us with building blocks, but also with the glue for sticking other materials together. Mortar, cement and concrete are essentially artificial rock that can be spread or poured into any desired form and when set becomes hard as stone.


  Chalk also contains beds of flint nodules. Unlike the soft, bright-white, almost chemically pure calcium carbonate of chalk, the flints are hard and dark-coloured lumps of silica. While forams and coccolithophores build their casings out of calcium carbonate, other single-celled plankton like diatoms and radiolarians form their hard parts out of silica. When these organisms die, their siliceous carapaces drift to the seafloor and dissolve. This produces a siliceous ooze on the sea bed that then forms into flint nodules within the chalky sediment.


  As the soft chalk is weathered, the durable flint nodules are eroded out and remain scattered across the landscape. Flint was incredibly important in Stone Age toolmaking. Like volcanic obsidian that, as we saw in Chapter 1, was used for many of the earliest implements in humanity’s cradle within the Rift Valley, flint can be knapped to create a very sharp edge or point, perfect for butchering a kill, skinning and scraping animal hides to prepare into clothing, shaping wood, or creating knives, spear points and arrowheads. And flint has remained important ever since. Glass-making requires high-purity silica, and flint offers one such source. For example, flints from South East England were used by George Ravenscroft in 1674 for his lead crystal glassware.fn3 This lustrous glass was produced to rival that of Venice, where craftsmen obtained their silica by roasting white quartz pebbles picked from the bed of the river Ticino, flowing down from the Swiss Alps.17


  FIRE AND LIMESTONE


  We’ve explored so far how rocks like limestone and chalk have defined landscapes, and provided the raw materials for construction in the form of masonry blocks and as ingredients for mortar, cement and concrete. We build with these materials to protect us from the elements, but the very creation of this biological rock may also have helped to protect life on Earth from the threat of cataclysmic mass extinctions.


  One of the greatest spasms in the history of life on our planet occurred at the boundary between the Permian and Triassic periods, 252 million years ago. This end-Permian global extinction event happened when all the world’s landmasses were fused together into the single supercontinent Pangea, and it was by far the worst mass extinction to have occurred in the half-billion years of complex life on Earth. The fossil record reveals that around 70 per cent of all terrestrial and up to 96 per cent of marine species were wiped out in this apocalypse and it took the world’s biodiversity almost 10 million years to recover.18 This global wiping clean of the slate also marked a fundamental shift in the characteristic life forms on Earth: the era of ‘old life’ (the Palaeozoic) gave way to that of ‘middle life’ (the Mesozoic) – an age that came to be characterised by dinosaurs and gymnosperm conifer trees.fn4


  The cause of the Permian Great Dying is thought to have been massive outpourings of lava. Several pulses of extensive volcanism disgorged a total volume of perhaps 5 million cubic kilometres of runny lava that flowed for hundreds of kilometres, covering huge areas of land with seas of the hot stuff which then cooled and set as large regions of basalt rock.19 fn5 As these regions were flooded again and again with lava, layer upon layer of basalt built up. They can be seen today as the extensive mountainous plateaus of the Siberian Traps: the hundreds of layers stacked on top of each other resemble a staircase and so were named after the Dutch word for stairs, ‘trap’.fn6


  Such extensive volcanic eruptions would have released huge amounts of carbon dioxide into the atmosphere. Moreover, geologists reckon that the magma gushing out to form the Siberian Traps may have been supercharged with volcanic gases by two other factors. It is thought that as the mantle plume rose up from deep in the Earth’s interior beneath Siberia it melted some ancient oceanic crust that had been previously swallowed by subduction. This recycled crust was rich in volatile compounds and so released a large amount of gas when heated. It also appears that on their way up to the surface through the overlying crust these flood basalts encountered strata like coal seams, which the magma baked to high temperatures to release yet more gas.


  It seems likely, therefore, that the onset of the outpouring of the Siberian Traps wasn’t like any volcanic eruption we’d be familiar with today, but began with colossal belches of gases from the belly of the Earth. The huge volumes of carbon dioxide released by these eruptions created a powerful greenhouse effect. The Earth’s surface temperature rose rapidly, and the deeper ocean waters became anoxic – lacking in oxygen – asphyxiating life on the sea floor. Other noxious volcanic gases, such as hydrogen chloride and sulphur dioxide, may also have been projected high into the stratosphere. The output of hydrogen chloride would have severely depleted the ozone layer, allowing harmful ultraviolet rays from the sun to reach our planet’s surface. And the sulphur dioxide would have acted to partially block the sunlight, hampering photosynthetic life and the other life forms supported by it, before precipitating back out of the atmosphere again as acid rain.


  It’s this multi-whammy at the end of the Permian that rapidly collapsed ecosystems across our planet and triggered the largest mass extinction in the history of complex life on Earth. And the phenomenon wasn’t limited to the Permian: another flood basalt event around 200 million years ago, at the juncture between the Triassic and Jurassic periods, is believed to have caused the mass extinction that cleared the way for the dinosaurs to become the dominant land animals.


  But then something curious happened. There have been a number of other large flood basalt eruptions since the Permian and Triassic events, yet none of them seems to have triggered a similar mass extinction. Something must have changed on our planet to have made the Earth much more resilient to the potentially cataclysmic effects of mega-eruptions.fn7


  Two huge outpourings of lava about 60 million and 55 million years ago created the North Atlantic Igneous Province as North America rifted away from Eurasia, constituting the final cut in the break-up of Pangea. The basaltic rocks from this event – the distinctively geometric columns of Giant’s Causeway in Northern Ireland and corresponding features in eastern Greenland – have become separated by the opening of the North Atlantic Ocean. These outpourings of lava probably released even more molten rock than the Siberian Traps during the Permian extinction.21 And like the Permian flood basalt eruptions, the magma spewing out to form the North Atlantic Igneous Province also passed through volatile sedimentary rocks near the surface which would have released vast amounts of carbon dioxide as they were baked, in addition to that given off by the volcanic lava itself.22


  But these events triggered no mass extinction. There certainly was a shock to the Earth’s climate, and the second phase 55 million years ago coincided with the Palaeocene–Eocene Thermal Maximum we looked at in Chapter 3. Yet although a few deep-sea species did perish during this temperature spike, these events seem instead to have stimulated the rapid evolution of the three major orders of mammals that dominate the land today: the artiodactyls, perissodactyls and primates.


  So what is it about the Earth since the Jurassic that has made our planet so much more resilient against mass extinctions from large flood basalt events?


  One important factor is – again – the break-up of Pangea. Supercontinents are on the whole less effective at removing carbon dioxide from the air. Large areas of interior land far away from the sea become very dry with low rates of rainfall. This means less CO2 is being scrubbed by the erosion of rocks, and fewer rivers carry sediment and nutrients into the ocean to fertilise plankton growth, thus also suppressing the biological mechanism for absorbing CO2. So in the last 60 million years, since the final break-up of Pangea, the world has been more effective at removing carbon dioxide released into the atmosphere by large outpourings of lava. But this can’t be the whole story. The geological mechanism for lowering carbon dioxide in the atmosphere – by the erosion of mountains – works very slowly. Thus the sudden leap in CO2 resulting from the eruption of a large igneous province would trigger a mass extinction long before rock erosion was able to bring the levels back down again. It seems that the important factor was a crucial biological transition.


  During the early Cretaceous Period, around 130 million years ago, coccolithophores expanded out from the shallower waters of the continental shelves to live as plankton in the open ocean. Around the same time calcite-shelled forams also spread from their deep seafloor habitat to the surface waters of the seas. This meant that the vast open ocean itself, and not just the shallower waters around the continents, hosted plankton that produced calcite shells. When shells from dead coccolithophore and foram plankton rained down onto the seafloor they formed a new kind of sediment, creating limestone in the ocean deeps and not just on the continental shelves.23 Thus marine life was becoming much more adept at removing carbon dioxide from the atmosphere and locking it away in biological rocks on the deep sea floor. And since this time, the carbon dioxide levels on our planet have been steadily diminishing.


  Now even with the sudden injection of huge amounts of carbon dioxide into the air from flood basalt events, the oceans’ limestone-forming plankton were able to scrub this gas out much more rapidly than any geological processes. Since the early Cretaceous, therefore, the Earth has developed a powerful compensation mechanism for rapidly removing sharp rises in volcanic carbon dioxide before it can trigger runaway warming and mass extinctions. So when 55 million years ago the Palaeocene–Eocene Thermal Maximum started pushing carbon dioxide levels and global temperatures towards catastrophe, plankton saved life on Earth.


  Thus the biological rock of the White Cliffs of Dover and the limestone facade of the United Nations building can both serve as reminders of the deep connections within the Earth that across time have created the world we inhabit today.


  TECTONIC SWEAT


  Granite is the most common rock type of the continents. As we have seen, oceanic crust is formed of basaltic rocks that have solidified from fresh magma seeping out of rifts spreading on the sea floor. But granite is instead forged at convergent boundaries where tectonic plates are forced together.


  As oceanic crust is subducted, the water-bearing rocks of this descending plate are melted by the considerable pressure and temperature at depths of between 50 and 100 kilometres, while also being heated by the grinding friction as they slide underneath. This molten magma rises up into the overlying crust and pools into huge subterranean chambers. Here it begins to cool, and as the first minerals crystallise and sink out of the mixture – those with the highest melting point – the chemical composition of the melt left behind in this deep cauldron slowly changes. The early-forming minerals are low in silica (silicon dioxide), which means that the remaining magma becomes more and more enriched in it. Granitic magma is also formed when continents collide and the crust is thickened beneath the great mountain range that is created, partially melting at the bottom and again rising up through the overlying crust. When this silica-rich magma cools and solidifies it forms great subterranean masses of granite rock, often within the core of the mountain range formed above it by the same convergent tectonics. Granite is the sweat of plate tectonics.24


  This re-melting and chemical processing of the crust also means that granite is less dense than basalt. So in the recurring clashes of plate tectonics the granitic rocks ride over the heavier oceanic basalt and don’t become subducted – they survive and accrete together as the basement layer of the continental crust. Thus granite forms the very foundations of the continents, lying beneath the veneer of sedimentary deposits, and only becoming exposed on the surface as austere outcrops when the softer landscape has been eroded around it.


  As we have seen throughout this book, no sooner have they been thrust up into the skies than mountain chains experience the punishing forces of the planet that work to rub them away again. The expansion and cracking of freeze–thaw cycles cleaves and pulverises their rocks; rivers coursing down their flanks gouge out great valley networks; and driving glaciers scour the very summit, picking up and rasping fragments of the mountain’s own substance to further grind it down. But as mountains are eroded away, the weight pushing their thick crustal roots into the dense mantle is reduced and so they buoy back upwards a little more. The diminishing peaks are therefore relentlessly raised back into the grinding maw of erosion, like a block of wood that a carpenter smoothly pushes into a spinning sanding disk to wear it down. In the end, even the mightiest mountain chain is disassembled grain by grain over the expansive gulf of time of our planet’s history. Eventually, the mountains will be worn down to the merest stump, exposing their heart of hard granite.


  So when you stand on a pillar of granite, you are stepping on the very core of an ancient mountain range. During its formation, this granite would have had at least 10 kilometres of rock piled on top of it, now worn away over 100 million years or more of erosion. The tors of Dartmoor, El Capitan in Yosemite National Park, Rio de Janeiro’s Sugarloaf Mountain and the Towers of Paine in Chile were all created and then revealed in this way.25


  Granite is hard and durable, with a coarse-grained texture from the large crystals that had time to grow and develop as the melt cooled slowly deep underground. Since granite epitomises solidity and permanence, we have used it to build impressive monuments throughout history. Perhaps the most famous granite feature in the world is Mount Rushmore, in South Dakota. This granitic mass formed 1.6 billion years ago, and in the 1930s the faces of four US presidents – Washington, Jefferson, (Theodore) Roosevelt and Lincoln – were sculpted into its south-east side, so as to catch most sunlight. (The project as originally conceived was to carve the presidents’ forms down to the waist, but funding ran out.) The granite of this sculpture is exceedingly hard-wearing, and erodes at the rate of only about 2.5 mm a millennium – it will remain a symbol of American ideals for a very long time. In fact, the designer of the monument took this into account and had the presidents’ features carved several inches thicker, so that they will have worn back to their intended shapes 30,000 years in the future.26


  In the ancient world, the Egyptians were the masters of granite working, sourcing the material from the upriver Nile Valley in quarries in Nubia, in what is today northern Sudan.27 This they carved into their most enduring columns, sarcophagi and obelisks, such as the ‘Cleopatra’s Needles’ that now stand in London, Paris and New York (although a misnomer, as they were made over 1,000 years before the rule of Cleopatra).fn8 It was the rediscovery of the ancient Egyptian monuments and their display in the British Museum that inspired European stonemasons in the early 1800s to attempt to emulate their works and carve granite, only becoming successful with the development of steam-powered machinery for cutting and dressing granite in Aberdeen.28 Much of the granite used in Britain is sourced from Aberdeen, where it had been formed beneath the great Grampian mountain range 470 million years ago – long enough ago for erosion to rub away the kilometres of overlying rock to reveal the granitic core.29


  Even the durable resilience of granite is not impervious to the merciless action of the elements, though. As it reacts slowly with water, granite is chemically rotted and undergoes an almost magical transition. The quartz crystals tumble away as grains of sand, and another mineral component of the original granite, called feldspar, is chemically converted into kaolin, a type of clay. The water leaches out other impurities from the decomposing granite to leave behind only the fine, flakey particles of this purest of clays, snow-white in appearance. This can happen when the deep granite has been slowly exhumed and exposed to the elements, or while it is still underground and its own heat drives hydrothermal systems in the subterranean cracks and fissures.fn9


  Not only is the kaolin a pure, snow-white colour, but its powdery, plate-like particles make it wonderfully soft and malleable. This clay can be fired at high temperatures, creating pottery that is particularly strong and also translucent. Kaolin is therefore the raw material for the very finest of ceramics – porcelain.


  Porcelain was first developed by the Chinese around 1,500 years ago, and reached the Islamic world in the ninth century AD. The trade of porcelain into Europe gave it its name in English: fine china. The firing of porcelain vases, jugs, bowls and tea sets at high temperature makes them strong even when very thin to give them a refined delicacy and an almost ethereal translucency. It’s this that made porcelain so highly prized in comparison to other clay ceramics – earthenware or stoneware retain their opaque muddy colour even when colourfully glazed.


  When trying to emulate porcelain, English potters added the ground ash of bones from their abattoirs, but although reproducing the white colour this bone china was still inferior to porcelain. They eventually discovered the secret ingredient of kaolin clay, and the first commercially successful production in England was achieved in Stoke-on-Trent in the final years of the eighteenth century. The area has abundant coal for firing pottery kilns, and the Staffordshire potteries originally made use of the clay deposits found between the local coal seams, firing them into building bricks, floor tiles or huge pots for transporting butter down to London by packhorse.31 But with the development of techniques for manufacturing fine bone china, Stoke-on-Trent became the leading production centre in Europe for this rival to porcelain. Yet although the Stoke potteries had abundant coal for their kilns nearby, and came to use it for steam engines for crushing and mixing the raw materials and driving the potters’ wheels, they needed to import the crucial kaolin from Cornwall. Like Aberdeen, Cornwall has exposed granite formations, but here the rock has been hydrothermally processed into the soft white kaolin clay. And the demand for sending Cornish kaolin to the potteries of Stoke, as well as for transporting the delicate, finished china around Britain, was one of the major drivers behind the digging of the network of long canals in the early stages of the Industrial Revolution.fn10


  In this way granite, formed as the slow-cooling sweat of the crushing pressures and heat of plate tectonics, both gives monuments their enduring solidity and is converted into one of the most delicate and fragile of substances – porcelain china.


  THE GROUND BENEATH OUR FEET


  We saw earlier in the chapter how the ancient Egyptians and Mesopotamians constructed their civilisations with the local endowment of building materials provided by the underlying Earth. This is as true through modern history as it was for the earliest civilisations. Let’s explore how the normally unseen, subterranean world is reflected in the appearance of buildings across Britain, the place where the first nationwide geological map was drawn.fn11


  The geology of Britain is particularly diverse, displaying outcrops of rock from almost all ages of Earth’s history over the past three billion years. Tectonic shifts and erosion have, over time, re-exposed these different strata in complex swirling stripes across the country. In age they trend roughly north to south, from the most ancient rocks in the Scottish highlands to the youngest formations, created over the last 65 million years, in the South East. It is fascinating to see how throughout history the characteristics of buildings across Britain generally reflected the local geology: we recognise the dark granite of city buildings in Aberdeen and of farmhouses around Dartmoor, the buff-coloured Carboniferous sandstone of Edinburgh and Yorkshire, the golden Jurassic limestones of the Cotswolds villages, and the warm brown colour of clay used for bricks and roofing tiles in and around London. We have pulled the geology from beneath our feet and piled it into walls, and just by looking at a photo of a traditional building a geologist would have a good idea in which part of Britain it was taken.
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  Places with no suitable local stone had to make do as best they could. Chalk does not make a great building material – it’s a soft and crumbly rock, and doesn’t fare well in the face of weathering. It has, however, occasionally been used as a material called clunch, in the form of irregular lumps of rubble or cut into blocks and laid in courses – in East Anglia as well as in Normandy, for example. But generally across the Cretaceous landscape alternatives had to be found. Many cottages in the chalklands of Suffolk and Norfolk were constructed from timber frames, which were filled in with wattle and daub – a lattice of twigs covered with wet soil and straw – and then whitewashed with a solution made with chalk. These timber frames are sturdy, and if properly protected from damp, are durable enough to survive for centuries. As the chalklands also offered little material for roofing tiles, buildings in this geological area were traditionally thatched with reeds or else the long straw left over after the wheat harvest. So, while such timber-framed, thatch-roofed buildings have come to epitomise the quintessentially English countryside, it reflects in reality the paucity of the local geology for suitable building stone.34


  These idiosyncratic building styles became much more homogenised with the Industrial Revolution. Bricks were mass produced for constructing mills, factories and workers’ housing in the growing cities, and transported much greater distances along the canals and then railways. Slate, which has long been mined from the half-billion-year-old Cambrian rocks around Snowdonia in North Wales, began to be used as a roofing material across the country. Slate is a fine-grained rock that began as seafloor mudstone before it was squeezed and metamorphosed in the vice of plate tectonics. This forced all its particles to lie along a particular plane, so that a skilful tap with a chisel can split it into thin, perfectly flat slices: it is therefore ideal for making roofing tiles. Welsh slate supplied the expanding industrial cities throughout the nineteenth century and to this day these thin wafers of the Cambrian Period cap buildings across Britain.35


  The rocks of different regions around the world have been important not just for providing the raw materials for our construction projects throughout history: the underlying geology has also determined how our modern cities have developed.


  If you can remember a trip to Manhattan, or visit it now with Google Earth, you’ll see that there are two main areas of towering skyscrapers: the dense cluster of the downtown financial district on the southern tip of the island; and Midtown, sporting the Chrysler Building, Empire State Building and the Rockefeller Center. Between these two nodes of ultra-highrise edifices lies a spread of lower buildings. It was first argued by a geologist in the late 1960s that this distribution of buildings echoes the invisible strata beneath the streets.36


  Lumps of a dark, hard metamorphic rock known as schist – originally mud or clay transformed in the crushing heat deep in Earth’s interior – outcrop all over the city; New Yorkers on their lunch break might sit on a slab of it in Central Park while they munch their sandwiches. New York’s schist was baked beneath a huge chain of mountains running along the eastern United States from the Labrador coast down to Texas, as well as to eastern Mexico and Scotland (before the North Atlantic Ocean rifted open). This Grenville mountain range ran down the middle of a supercontinent even more ancient than Pangea, called Rodinia. Around 1 billion years ago the continent of Laurentia collided with two other continental plates, fusing them together and crumpling up the Grenvilles. Over aeons of time since, whilst the continents have split and recombined in different configurations, the slow but persistent erosion has whittled down this mountain range so that only its base remains today.


  In New York the schist rocks exist in a syncline, a trough-like dip underground that brings the schist layer close to the surface at the southern tip of Manhattan, and again in Midtown. This hard metamorphic bedrock provides the perfect foundation for bearing the immense weight of soaring skyscrapers. In between, held in the cup of the schist syncline, lies softer rock less supportive of massive buildings. Socioeconomic factors also played a role in the pattern of skyscrapers, with development occurring in already established commercial centres, for example, but on the whole the skyline of Manhattan follows the underlying geology: the areas with the tallest buildings are supported by the hard schist. The invisible subterranean world – the worn-down stumps of a truly ancient mountain range – is reflected above ground in the towering skyscrapers in the commercial districts: monuments not to the gods but to capitalism.37


  London is in some respects the opposite of Manhattan. Rather than an island bounded by two rivers, it is a city built around a river. But it is located in a similar geological setting. The wedge-shaped London Basin sits at the bottom of a syncline, where the rock layers have been buckled into a trough – in this case by the tectonic forces that also crumpled up the Alps. Indeed, the London Basin is part of the same rippling of surface rocks as the bulge of the Weald–Artois anticline that once formed the land bridge between Dover and Calais that we explored in Chapter 2. While the syncline in Manhattan brings hard, metamorphic schist rocks close to the surface in Downtown and Midtown, London and the whole of the lower Thames Valley runs along the floor of the syncline trough. This became filled with a layer of clay when a warm shallow sea lapped into the tapering depression around 55 million years ago.


  This London clay is decidedly unaccommodating for constructing the tallest buildings of the modern age. The reason why London, in contrast to New York, has so few skyscrapers is this thick layer of soft, putty-like clay beneath the city. Towers like The Shard or One Canada Square in Canary Wharf had to be built with very deep-piled foundations to support their weight. The thick clay layer is, however, ideal for digging tunnels: it is soft to bore through, but forms a stable and water-impermeable blanket for the tunnel.


  London built the world’s first underground metro line in 1863, and today, the Tube has been developed into a network of over 400 kilometres of lines, serving 270 stations (although not all underground). The underlying geography also explains why North London is so well served by the Tube network, but the south has far fewer lines. South of the Thames the clay layer dips to beneath the depth of the network, and tunnels must instead be bored through much trickier strata of sand and gravel. The London clay is also the reason why the Tube has become so uncomfortably hot. Underground caves are normally refreshingly cool, so this would appear as something of a paradox. In fact, when the tunnels were first dug the temperature of the clay was around 14 °C – indeed, in the early days the Tube was advertised as a place to keep cool on a hot summer’s day. But after more than a century the heat released by the trains’ motors and brakes – as well as by the millions of passengers – has been absorbed into the tunnel walls. And as the dense clay is a remarkably good thermal insulator this heat has found nowhere else to go.38


  So while the first true cities in the world, in the muddy plains of Mesopotamia, were constructed of sun-dried adobe bricks, underlying clay continues to direct how our modern metropolises develop: the extensive underground Tube network of London contrasting with the towering skyscrapers of New York.


  Let’s turn now from how the geology beneath our feet has offered us the natural fabric for building our civilisations and cities, to how humanity learned to extract from the rocks the materials for the tools and technology with which we transformed our world.


  Chapter 6


  Our Metallic World


  We’ve seen how humanity’s earliest tools were constructed from stone – by knapping lumps of chert, obsidian or flint – or made of wood, bone, leather and plant fibres. As we progressed through the Palaeolithic, Mesolithic and Neolithic periods (the Old, Middle, and New Stone Ages) we refined these technologies, moving from making chunky hand cutters and scrapers to small sharpened stone flakes suitable for spearpoints and arrowheads. Yet the beginning of the Bronze Age marked a deep transition in the human story: rather than making tools by simply reshaping what could be picked up from the natural world around us, we learned how to purposefully transform raw materials, extracting shining metals out of their rocky ores, forging and casting them, and perfecting alloy mixtures. And the rate of technological innovation accelerated over time. It took 3 million years from hominins making chipped stone tools for humans to smelt the first copper; yet we progressed from the Iron Age to space flight in just 3,000.


  Metals have been so revolutionary in human history because they offer a range of properties that no other materials provide. They can be extremely hard and strong, but unlike brittle ceramics or glass they are also flexible and shatter-resistant. For our more recent technologies, they are able to conduct electricity and resist the searing temperatures to which high-performance machinery is exposed. And over the past few decades we’ve come to exploit a staggering diversity of metals for our latest technology, especially in modern electronic devices.


  In this chapter, we’ll explore how metals have transformed human society from the Bronze Age to the Internet Age, and how the Earth provided them for us.


  ENTER THE BRONZE AGE


  The first metal we smelted for crafting tools and weapons was copper. Copper ores are often easy to spot – containing minerals coloured an attractive blue or green – and the metal is easy to smelt: it can be extracted by roasting lumps of the ore with charcoal in the same sort of kiln that is used for firing pottery. The burning charcoal provides both the high temperature needed, and also the ‘reducing’ chemistry to strip the metal from the oxide, sulphide or carbonate it is bonded with in the rock to leave pure copper.


  The problem with pure copper is that it is a pretty soft metal: the edges of tools hammered from it dull easily and must be constantly resharpened. A far superior material is offered by mixing copper with another metal to make an alloy – bronze. When larger atoms are interspersed among those of copper they stop the metal being as pliable: they essentially jam the layers of copper atoms from slipping past each other so easily, making the metal mixture harder and more durable. The earliest bronze to be made was an alloy of copper and arsenic, but this mixture was improved on with the copper-tin bronze that was first produced in Anatolia and Mesopotamia in the late fourth millennium BC and then spread to Egypt, China and the Indus Valley.1 One particular advantage of copper-tin bronze is that it melts at a much lower temperature and does not bubble, and so can easily be poured into a mould for casting.2 This enables craftsmen to form any shape of implement required, and then repair or even recast it when it becomes worn or gets broken.3 Bronze soon became the standard material for making ceremonial objects, cooking utensils, agricultural tools and weapons.4 The Neolithic had given way to the Bronze Age.


  The pioneering use of bronze in Mesopotamia is something of a surprise as this region does not have its own sources of tin, so this crucial ingredient of the alloy would have been traded over long distances. The tin used in western Eurasia during the Bronze Age came from mines in the Erzgebirge Mountains along the modern German–Czech border,5 from Cornwall and, to a small extent, from Brittany. The mines in Cornwall in particular came to offer the ancient world a large supply of the tin they needed. Ores of this vital metal were created when granite magma intruded up into sedimentary rock layers. The heat of this bulk of magma drove hydrothermal systems underground, with the circulating hot water dissolving metals from the surrounding volume and then redepositing them in fissures and fractures in the overlying rock as veins of rich ore.6


  We know that tin was traded by sea from Northern Europe by the Phoenicians sailing through the Strait of Gibraltar from about 450 BC, and before this along overland trade routes to the Fertile Crescent.7 And as tin was scarce in the ancient world, it would have commanded a high price. Copper ore, on the other hand, was more widely distributed, and our planet has made it available to us through a particularly intriguing process.


  FROM SEA FLOOR TO MOUNTAIN TOP


  Bronze Age craftsmen in the Mediterranean, Egypt and Mesopotamia drew heavily on copper mined from Cyprus.8 Indeed, the island gave its name to the Latin word for copper – cuprum – and hence its modern element symbol, Cu. We saw in Chapter 4 how the geological set-up of the Mediterranean created the perfect milieu for thriving seafaring societies, and the tectonic processes in this corner of the world also provided the crucial raw materials for building civilisations during the Bronze Age.


  Copper, along with other metals like zinc, lead, gold and silver, is deposited in high concentrations at mid-ocean spreading ridges,9 where tectonic plates are being heaved apart and magma wells up to form new oceanic crust. Right along the length of these opening cracks in the shell of the Earth hot magma oozes very close to the surface. Seawater trickles and soaks down through the rocks of the sea floor where it meets this magma and becomes superheated. It then surges back up through the crust, leaching minerals out of the surrounding rock as it goes, before it gets squirted forcibly back out of the seabed in hydrothermal vents. When this mineral-rich hot fluid hits the frigid ocean water, particles of metallic sulphide minerals precipitate in a churning, thick, inky dark plume, giving such hydrothermal vents their far more evocative nickname: black smokers. These black smokers form clusters of tall chimney-like structures, like some Gaudí-inspired industrial landscape, in the pitch-black ocean depths.


  Black smokers serve as oases on the barren deep sea floor for some of the most extreme life forms on Earth. These exotic communities living far beyond the reaches of sunlight include giant two-metre-long tube worms that were utterly new to scientists when the first black smoker fields were discovered by submersible in the late 1970s, as well as pale-white shrimp, snails and crabs. These sunless ecosystems are powered by microbes able to grow on inorganic energy sources like the metals and sulphides spewing out of the vents.


  The particles spurting into the ocean settle back down to smother the area around the vents in high concentrations of valuable metals – copper, cobalt, gold and others – deep on the sea floor, but they are currently inaccessible to miners. It takes special circumstances to make these metal deposits available to us.


  As we have seen, at convergent plate boundaries, where two tectonic plates butt head to head against each other, thick layers of sea-floor sediments become folded into mountain ranges. As a result, fossils of sea creatures are commonly found in the mountain peaks of the Himalayas or Alps, for example. These were once ascribed to mythological events like Noah’s great flood, until we came to understand the awesome earth-moving power of plate tectonics. But the oceanic crust itself, holding ancient black smokers, is composed of dense, basaltic rock and is almost always subducted beneath the lighter continental crust and swallowed into the depths of the Earth. Every now and then, however, rare slivers of oceanic crust escape being dragged down, and are instead squeezed up and pushed over the continental crust.10 This appears to happen more frequently with the smallest plates, just as in the Mediterranean with its plate fragments that got caught between Africa and Eurasia as the two crunched together. And this is exactly what has happened on the island of Cyprus.


  The oval-shaped mound of the Troodos mountains in the centre of Cyprus is the best example in the world of an ophiolite – a slice of oceanic crust that became beached on top of the continental.11 This oceanic crust was created in deep water about 90 million years ago, at a spreading rift in the Tethys Sea,12 and became scooped up on top of Cyprus with the closure of the Tethys as Africa pushed up into Eurasia. The Troodos mountains haven’t been significantly deformed and so this ophiolite shows a beautifully preserved cross-section of the layers within the oceanic crust;13 there are even recognisable fossils of tube worms and snails alongside the ancient hydrothermal vents. Troodos is like a gently mounded layer cake, and as the mountains eroded down, these layers have been exposed in concentric rings. The highest peak in the centre is made up of mantle rocks that would normally be found over 10 kilometres beneath the sea floor.14


  The Troodos ophiolite offers geologists a perfect opportunity for studying how new ocean crust is formed at a spreading rift (which is of course tricky to watch in action at current constructive plate boundaries like the Mid-Atlantic Ridge). But for Bronze Age civilisations it also made conveniently accessible the metals that had been spewed out by ancient deep-sea black smokers. With a chunk of oceanic crust dumped onto land, miners on Cyprus were able to dig into the relevant level on the mountainside where the metal deposits were located. Indeed, Troodos offered fabulously enriched ores, containing up to 20 per cent copper.15


  From the second millennium BC Cyprus became the major supplier of copper to Mesopotamia, Egypt and the Mediterranean world.16 As we have seen, in the Bronze Age charcoal was used to bake the metal out of its ore in copper smelting furnaces, and so Cyprus’s productivity also depended on a large supply of timber. In fact, by studying the 4 million tonnes of slag heaps on the island that were dumped as waste once the copper metal had been extracted from the mined rock, archaeologists have been able to calculate how much timber was required. It turns out that throughout the 3,000 years of copper production on Cyprus, the entire area of pine forests covering the plains and the mountainsides of the island would need to have been cleared at least sixteen times over17 – an early example of sustainable woodland management.18


  Much of the Cypriot copper was traded by the Minoans, the first major civilisation in Europe.19 Based on the island of Crete, but with trading posts across the eastern Mediterranean, the Minoans thrived for over a millennium from about 2700 BC.20 We don’t know what these people actually called themselves – the term Minoan was coined by archaeologists in the early twentieth century after the Greek myth of King Minos (with his labyrinth and minotaur) who was believed to have lived on Crete.21 The Minoans built large multi-storey palace complexes and were also expert at water storage and distribution, enjoying well-developed wells, cisterns and aqueducts long before the Romans – and the world’s first flushing toilet at the royal palace in Knossos.22 But above all, they were master bronze-workers and mariners, spreading their cultural influence through their prowess at sea and trade networks that stretched across the eastern Mediterranean.23 Most of the bronze artefacts and tools that the Minoans produced and exported were made with copper mined on the nearby island of Cyprus. The Minoan civilisation grew rich by trading this metal wealth and shipping it around the known world. But as we have seen in the case of Iran, enjoying the spoils of plate tectonics can have a nasty flip side.


  The same subduction boundary that created the rich copper deposits on Cyprus runs past Crete, forming a deep trench lying just 25 kilometres south of its shores. One consequence of subduction is that the plunging plate releases blobs of molten rock that rise back to the surface to feed an arc of volcanoes. This row of volcanoes forms directly above the melting point in the mantle and so appears on the surface at a characteristic distance downstream from the subduction line. The Hellenic arc is located about 115 kilometres north of the Cretan trench, and here the volcanic peak of Thera – known today as Santorini – poked above the lapping waves of the Aegean Sea. This active volcano has been erupting sporadically for thousands of years, but at some time between 1600 and 1500 BC Thera abruptly detonated in one of the most violent eruptions in history.


  The eruption almost completely destroyed Thera – the submerged caldera left behind is a mere husk of the original mountain – and the vast plume of pulverised rock hurled up into the sky covered Crete entirely with ash. Ports like Amnissos on the northern coast, facing Thera across 100 kilometres of open sea, were devastated, buried by volcanic pumice rock swept there by a tsunami triggered by the explosion. But much like the eruption of Vesuvius destroying the Roman cities of Pompeii and Herculaneum one and a half millennia later, for archaeologists the catastrophe served to capture a snapshot of Minoan life at the time, preserving their distinctive writing, ceramics, artworks and architecture.fn1


  It seems that this catastrophic explosion didn’t coincide exactly with the collapse of the flourishing Minoan civilisation, although the precise dating of either event is difficult.fn2 But what is clear is that within a few generations of the Theran eruption, Minoan society was in terminal decline: its palaces were destroyed25 and the island succumbed to invasion by the Mycenaean Greeks.26 What had made the Minoans so successful was their maritime proficiency and trade and so the sudden loss of much of their fleet and ports to the tsunami following the eruption, as well as the destruction of their major trading port of Akrotiri on Thera itself, would have hit their economic infrastructure hard. It’s likely too that the Minoans suffered acute food shortages and even famine with the loss of their fishing boats and the flooding of their agricultural fields by seawater.27 The natural disaster shifted the balance of power in the region and left Crete vulnerable to Mycenaean conquest. But it was the Phoenicians, inhabiting the strip of land that is now Syria, Lebanon and Israel, who came to dominate the shipping in the Mediterranean (see here).28


  The Troodos Mountains on Cyprus from which the Minoans had sourced their copper form a large, accessible and exceptionally well-preserved ophiolite, but they are not unique. As plate collision closed up the Tethys Sea to create the Mediterranean, other slithers of ancient oceanic crust were squeezed out on top. Ophiolite metal deposits can also be found in bands around the rim of the Mediterranean, within the Alps, Carpathians, Atlas and Taurus mountain ranges. And around the world other ocean-closing events have also thrown up oceanic crust. Some of the largest mines today, such as Rio Tinto in Spain, Noranda in Canada and those along the Ural Mountains in Russia, dig into rich black-smoker metal deposits of copper, zinc, lead, silver and iron.29


  Copper-tin bronze provided humanity with metal tools, utensils and weapons for around two millennia, before it was superseded by a far superior metal – iron.


  FROM WROUGHT IRON TO STEEL


  In fact, we have been using iron for tens of thousands of years, not for its metallic properties but as a colourful pigment to adorn and express ourselves. Ochre can vary in colour from brown through yellow to vibrant red, depending on the exact iron oxide mineral and how much water it contains in its structure. We’ve ground the various forms of ochre into a powder to decorate our body and colour our hair, and made it into a paint for rock and cave art from at least 30,000 years ago. And it appears that our human species wasn’t the first to have used these natural colours: ochre has also been found alongside flint artefacts in Neanderthal sites dating back over 200,000 years.30


  What was truly transformative in the history of civilisation, however, was when we learned to extract pure metallic iron from these rust-coloured oxide ores. As we have seen, although there were a number of copper sources, tin was very scarce throughout the Bronze Age. Iron, on the other hand, is available in huge deposits and widely distributed around the world. But the reason that iron came to be exploited later than copper and bronze is that it is so much harder to tease this metal from its rocky ore.


  The first furnace developed to smelt iron was the bloomer, where iron ore and charcoal were fired together but not at temperatures high enough to cause the iron to melt and flow away from the slag. Instead, the hot but still solid, spongy lumps – or ‘blooms’ – of iron mixed with slag were removed from the furnace and then hammered to separate the metal as pure wrought iron. ‘Wrought’, the archaic past particle of the verb ‘to work’, is an appropriate term: it takes an enormous amount of back-breaking labour with hammer and anvil to refine a bloom into pure iron. Iron smelting and smithing in this way was established in Anatolia by around 1300 BC.


  A later development was to build much taller furnaces and pump a stream of air up from the bottom with bellows, to attain higher temperatures for melting the iron. This is the blast furnace. Adding limestone as a ‘flux’ helps the slag to flow, improving the separation of the iron and removing impurities. The molten metal can then be drained out of the base of the furnace as pig iron, or cast iron. Cast iron is high in carbon (around 3 per cent), which makes it strong but brittle. The first blast furnaces were operated as early as the fifth century BC by the Chinese, who in the first century AD were also the first to drive the bellows with waterwheels.31 Blast furnaces and cast iron were adopted by the Arabs in the eleventh century, but didn’t arrive in Europe until the late 1300s.32


  Beginning at different times in regions around the world, the Iron Age transformed society. Bronze had remained relatively expensive, and so to a large extent it was the preserve of the ruling elites, or was used to equip the armies they pitched against each other. Iron ores, on the other hand, are plentiful and offer a general purpose metal for a whole range of practical artefacts. Iron implements are also much more durable and better at holding a sharp edge than those made of bronze. This was important not just for weapons and armour, but also for everyday tools. Iron axes made a huge difference for clearing forests to open up new areas of farmland. And iron-tipped ploughs not only increased the productivity of existing agriculture but enabled humanity to transform into fields land that was previously uncultivable. Both these tools opened up whole new regions for settlement.


  In particular, the development from the late third century AD of the heavy mouldboard plough, with an iron cutting blade at the front of the ploughshare, made productive agriculture possible in the dense soils of the European landscape north of the Alps. Rather than just scratching a groove into the soil, the heavy plough slices deep into the sod and then flips it over round the curved mouldboard. The effect is to essentially turn upside down the entire topsoil, helping with weed control and mixing in fertiliser, and the furrows also greatly improve drainage of clay soils prone to waterlogging.33 With this iron-made innovation the dense clay soils of Northern Europe became far more productive than the sandy soils around the Mediterranean. So with the help of iron axe and plough, the rolling North European plains were gradually transformed from post-Ice Age forests and waterlogged meadows into a great swathe of grain fields.34 This in turn drove a fundamental shift in the population distribution and urbanisation of Europe over the subsequent centuries.35


  If the material properties of copper are improved by mixing it into an alloy, the same is true of iron. Steel is an alloy of iron with a small amount of carbon, typically 1 per cent or less, and therefore sits midway in carbon content between pure wrought iron and cast iron. And like bronze, steel alloy is far harder than the pure metal. The exact properties of the steel can be tuned by varying the content of carbon: from soft but tough low-carbon steel to hard but brittle high-carbon steel. Over the centuries, metalworkers have developed a variety of techniques to achieve the desired amount of carbon: cooking wrought iron with charcoal so that it absorbs a little more carbon, or mixing proportions of wrought and cast iron. But high-quality steel remained laborious to create and so was reserved for critical applications like the cutting edge of knives and swords, or where its flexibility was required in small components, such as the springs in clocks.


  Our current age of cheap, mass-produced steel began in the 1850s with the development of a simple way to remove carbon from pig iron. The Bessemer Process involves holding the molten pig iron in a tall cauldron and then blowing air up through the liquid metal. This burns off the carbon and removes other impurities, essentially creating a blank slate of pure iron, so that measured amounts of carbon can be mixed back in to produce whatever grade of steel you require. This innovation slashed the time to process 5 tonnes of steel from one day to about quarter of an hour,36 prompting an explosion in steel output and dramatically dropping its cost. Thus the late Industrial Revolution transformed society into a far more metallic world. Today, steel is ubiquitous in household utensils and appliances, tools, machinery, railway tracks, ships and cars. We’ve also come to use it as the structural skeleton of our buildings, to provide embedded rebars to reinforce concrete and the framework of skyscrapers.


  So if the Iron Age revolutionised human settlements, agriculture and warfare, our modern world is built with its alloy, steel. But where did this iron come from?


  THE IRON HEART OF STARS


  Ultimately, all the iron on Earth – from that in crustal rocks to the red-coloured haemoglobin carrying oxygen around in your veins – comes from the nuclear fusion reactions in the cores of stars. The universe created by the Big Bang contained mainly the simplest element, hydrogen, with some helium and a tiny amount of lithium thrown in. All the other elements in our periodic table were made by nuclear fusion in stars – cooked within their cores as they burned, or created when massive stars exploded at the end of their lifetime.


  Iron is the star-killer element. When enough helium ‘ash’ produced by hydrogen fusion has built up in the core of massive stars, this then reacts to create heavier elements like carbon, oxygen, sulphur, silicon, and finally nickel and iron. Iron is the stablest element, and no more energy can be released by fusing it. As the giant star can no longer produce enough energy to hold up its outer layers, it collapses in on its own core, before exploding in an extremely powerful event known as a supernova. This final burst of fusion creates many of the heavier elements of the periodic table, and scatters all these atoms out into the cosmos. Several other key elements are produced by the violent collision of neutron stars, such as gold in a wedding ring, rare earth metals in a smartphone, lead on a church roof and uranium in a nuclear power station.37 In this way, not only our planet but also the molecules of our bodies are made of stardust.38


  The Earth formed out of a disc of dust and gas swirling around the proto-Sun around 4.5 billion years ago. Dust motes stuck together to build grains, which coalesced into larger and larger lumps of rock, and these accreted with gravity to form our planet. The heat of all these impacts melted the primordial Earth, and most of the dense iron sank to the very core, leaving a thick layer of silicate-rich mantle, which slowly cooled and solidified on top to form a thin crust. Many other metals dissolve readily in iron – they are known as siderophile (‘iron-loving’) – and so were also scrubbed out of the Earth’s mantle and dragged down to the core as the iron sank. Consequently, siderophile elements like gold, silver, nickel and tungsten, as well as the platinum group metals we’ll come to shortly, are depleted in the rocks of the Earth’s crust. The precious gold that we’ve coveted through history was delivered to the Earth’s surface by asteroid impacts after the planet had differentiated into its iron core and silicate mantle.39 fn3


  The iron heart of our world also serves to generate the Earth’s magnetic field. Churning currents of molten iron in the outer core of our planet generate this field just like a dynamo. This has been hugely important since the eleventh century for the navigation compass used first by Chinese and then Islamic and European sailors (and for the migrating animals that were able to sense Earth’s magnetic field long before us). But even more fundamentally, this magnetic cocoon has acted like a deflector shield to fend off the stream of particles gusting from the sun – called the solar wind – and so protect the Earth’s atmosphere from being blown away into space. Thus the existence of complex life on Earth is itself dependent on this core of hot iron: the iron in your blood not only links you to the ancient stars that created it in their nuclear forge but also to the magnetic shield around our world that protects life on Earth.


  Not all the Earth’s iron sank to the core, though: it is still the fourth most abundant element in the crust, making up 5 per cent of the weight of all rocks on average. But to be useful for humanity, iron must have become concentrated into rich ores that can be mined and smelted. And this takes us to a very particular moment in our planet’s history.


  WHEN THE WORLD RUSTED


  Virtually all the iron ore mined around the world throughout history comes from a kind of rock that formed during a singular period in the Earth’s development.


  Banded Iron Formations or BIFs (and the deposits eroded from them) make up by far the largest share of the iron ore we use. Each formation can be hundreds of kilometres long and several hundred metres thick, and the best ores contain more than 65 per cent iron.41 As their name implies, they have a distinctive stripy appearance, each band being between a millimetre and several centimetres thick. The layers are made up of iron-oxide ores – haematite and magnetite – alternating with chert or shale rock.


  And they are almost unimaginably old. The great majority of Banded Iron Formations were laid down in a relatively brief period of worldwide deposition 2.2–2.6 billion years ago,42 around the time the first continents were forming on our planet.fn4 The fact that iron ore all over the world dates to pretty much the same moment in the Earth’s history indicates that something truly profound was happening to the planet at that point. The BIFs were laid down on the bed of the ancient oceans, and their stripes reveal fluctuating conditions in the primordial waters: the ore sedimented as a gentle drizzle of grains of iron minerals settled out of the water onto the sea floor, alternating with periods of deposition of normal marine mud. But the curious thing is that today iron only dissolves in seawater in vanishingly tiny concentrations. So how was all this iron deposited from the seas in a prolific spell around 2.4 billion years ago? What was different back then?


  If you were to travel back to this time of BIF, you’d encounter a truly alien world. The young Earth was still much hotter inside than today, and this would have driven rampant volcanism. The planet-spanning ocean was broken only by arcs of volcanic islands and tiny continents that had begun to emerge. Ultraviolet radiation from the sun blazed down onto the barren surface. The skies were probably permanently shrouded in sickly-yellow, hazy clouds and the air was full of nitrogen and carbon dioxide. And, crucially, there was no oxygen – you would have needed a spacesuit to walk around on your own homeworld.


  Today, oxygen makes up a full fifth of every breath you take. But for the first half of the Earth’s lifetime, the world had essentially no oxygen gas in its atmosphere and oceans. The oxygen in our air, and that dissolved in the seawater, was put there by life. Some organisms are able to harvest the energy in sunlight to transform carbon dioxide into the organic molecules that make up cells, and in the process they split water, H2O, to release the oxygen as a waste gas. This biological alchemy is known as photosynthesis, and it empowers the cell to be incredibly self-sufficient and manufacture all it needs from only light, carbon dioxide and a few other dissolved nutrients.


  The kind of cells that developed this ability to photosynthesise and release oxygen are known as cyanobacteria.44 All the more complex sunbathing life forms – diatoms, algae, seaweed as well as all plants and trees on land – inherited this capability from a crucial evolutionary event about a billion years ago when their single-celled ancestor took cyanobacteria inside itself. And it was these minuscule early cyanobacteria, swarming in the primordial seas and giving off oxygen exhaust fumes from their photosynthetic machinery, that eventually oxygenated the entire planet. Geologists studying the change in ancient rocks can see a sharp indicator of the first rise in oxygen levels 2.42 billion years ago, known as the Great Oxidation Event (GOE). Although this only saw oxygen levels rise to perhaps a few per cent of today’s,45 still far too low for a breathing human, it had profound implications for the chemistry of the Earth and the development of life. In fact, the GOE is the most significant revolution in the history of the planet.46


  Shortly after the Great Oxidation, around 2.2–2.3 billion years ago, the Earth appears to have descended into the longest, and probably the most severe, instance of glaciation in our planet’s history. Back then, the sun was about 25 per cent dimmer than it is today, and to remain warm enough for water on its surface to remain liquid the Earth would have needed a substantial greenhouse effect to insulate the world. The ancient atmosphere contained significant amounts of methane, which is a powerful greenhouse gas, but the increased oxygen would have reacted with the methane and removed it, effectively stripping the planet of its warming blanket. Temperatures plummeted and caused a global glaciation, dubbed Snowball Earth, with thick ice smothering almost the entire surface of our planet.47 It remained locked in this whitened state for 10 million years until the ongoing volcanic activity had built up enough carbon dioxide in the atmosphere for the big thaw to begin.48 Rescuing the planet from such deep glaciations is one of the major benefits of volcanism for life on Earth.fn5


  Many microorganisms that were around at the time of the Great Oxidation Event could not cope with reactive oxygen gas and were wiped out by this toxic pollution – effectively an oxygen holocaust. In order to survive in the new world order, organisms had either to evolve to survive the presence of this toxic gas – by developing ways to exploit its reactivity to unleash greater amounts of energy from their metabolism, as our cellular ancestors did – or else become restricted to secluded habitats where oxygen doesn’t penetrate, like sea-floor mud or deep underground.fn6


  But more complex multicellular life like animals and plants depends on oxygen to survive, as well as an ozone layer to shield the planet’s surface from destructive UV rays. And so although there were vast numbers of organisms poisoned by the reactive oxygen gas or banished to anoxic refuges, the Great Oxidation Event paved the way for all complex life on the planet. Atmospheric levels finally approached those of today, sufficient for the emergence of animal life, around 600 million years ago.


  This brings us back to the creation of the Banded Iron Formations that we mine around the world. Oxidised iron is barely soluble in water – and this explains why in today’s well-oxygenated oceans iron is so scarce. But the reduced form of iron dissolves very well, and so on the primordial Earth before the Great Oxidation Event levels of this reduced, soluble form of iron were very high in the oceans, released from submarine volcanoes or washed in by rivers from the eroding landmasses. During the Great Oxidation, cyanobacteria proliferating in the oceans slowly but surely oxygenated the surface waters. The ocean depths, however, remained anoxic and so were rich in dissolved iron – around 2,000 times more than what we find in the seas today. But every time deep water was pushed up onto shallow marine shelves it mixed with oxygen, the iron was oxidised so that it could no longer remain dissolved, and it settled onto the sea floor, creating the Banded Iron Formations. And so the planet rusted.


  Virtually all the iron ore mined today and throughout history was created within 200 million years of the Great Oxidation Event 2.42 billion years ago as BIFs. In this way, today’s blue skies, the lungfuls of life-giving air we inhale, and the iron that has provided the tools of our civilisations for millennia are all deeply linked. And oxygen has another benefit: it enables us to make use of fire.


  For 90 per cent of the planet’s history there has been no fire on Earth. While there were volcanic eruptions, there was not enough oxygen in the atmosphere to sustain combustion.fn7 Thus the rise in oxygen not only allowed more complex life to evolve on Earth, but it gave humanity fire as a tool. We first used it for keeping the night’s cold and predators at bay, cooking food, and clearing land. Humanity then learned how to exploit the transformative heat of fire: to bake clay into hard ceramic pottery or building bricks, to make glass, or to smelt metals for tools. Today, we use fire for generating electricity and driving a huge range of industrial processes; and we harness tiny bursts of flame in the engine cylinders of our cars. We are as utterly reliant on fire today as were our Palaeolithic ancestors who huddled around a campfire; we’ve just hidden it behind the scenes of the modern world.


  THE PERIODIC TABLE IN YOUR POCKET


  In the ancient world, only a handful of different metals were used across society, including copper and zinc in bronze utensils, iron in steel tools and weapons, lead in plumbing, and precious metals like gold and silver in decoration, jewellery and currency. These metals remain important in the modern world and, indeed, we still very much live in the Iron Age. Iron, and especially that mixed into the alloy steel, accounts for around 95 per cent of all metal used by today’s industrialised civilisation. Other metals are still crucial, but the applications we put them to have shifted substantially. Copper, for example, was used first as a major alloy component for the tools and weapons of the Bronze Age, but it declined in significance and trading value with the development of iron smelting and the availability of this superior metal. But in the last two centuries copper has resurged in importance as a relatively abundant metal that conducts electric current well, providing the wiring of our modern electrified world. We are using the same Bronze Age metal, but reflecting technological change through history, we now exploit different properties.


  We’ve also discovered and learned how to make use of new metals. One of the most prominent is aluminium. This is in fact the most abundant metal in the Earth’s crust (about 8 percent overall), but it is devilishly difficult to separate from its rocky ores. It wasn’t until the end of the nineteenth century that we learned how to mass-produce it cheaply, by passing electricity through its molten ore. It then became widely used as a building material and for food packaging. In particular, aluminium is very lightweight, and so it came into its own with the expansion of aviation from the First World War. But it is in recent decades that the number of metals we use in our technological society has really exploded.


  How many different kinds of metal do you think you have on your person right now? A handful? A dozen? You may be astonished to hear that today over 60 different metals are employed in a single hand-held electronic device alone. These include base metals such as copper, nickel and tin; special-purpose metals like cobalt, indium and antimony; and the precious metals gold, silver and palladium.50 Each one is exploited for its particular electronic properties, or for the tiny, powerful magnets used in the speaker and vibration motor. A whole range of non-metal elements are included in your smartphone too, such as carbon, hydrogen and oxygen in the plastics, bromine as a flame retardant, and silicon for the microchip wafers. Of the 83 stable (non-radioactive) elements in existence, around 70 are used in making an everyday consumer device like a smartphone – which means you carry about 85 per cent of the entire available terrain of the periodic table in your pocket.51


  It’s not just electronics that employ such a multitude of metals. The high-performance alloys used in the turbines of a power station or an aircraft jet engine mix more than a dozen, and the reaction-accelerating catalysts in the chemical industry – including those making modern medicinal drugs – employ more than 70 different metals. Yet most of us have never even heard of many of these critical metals – elements with exotic names like tantalum, yttrium or dysprosium.


  This expansion in the diversity of metals we’ve come to exploit has been staggering. While microchips today contain around 60 different metals, as recently as the 1990s it was only about 20.52 Take indium, for example. This metal was discovered in 1863, and in the Second World War was used to coat bearings in aircraft engines to protect them against corrosion. But it wasn’t until the 1990s that indium came into widespread use when a thin film of indium-tin oxide was added to our screens, exploiting a rare combination of properties – the metal oxide is both transparent and electrically conductive. Today indium is used in everything from flat-screen TVs to laptops, and in particular the touch-sensitive screens of modern smartphones and tablets.53 Similarly, gallium was discovered within a few years of indium, but again didn’t find any widespread application until the electronic age: today it is used in integrated circuits, solar panels, blue LEDs and laser diodes for Blu-ray discs.


  Most of these exotic-sounding metals belong to one of two groups: the rare earth metals (REMs) and the platinum group metals (PGMs). The metals in each of these two sets are chemically very similar, which means that they have become concentrated in the same minerals and are extracted at the same time by our separation processes. These roughly two dozen metals really do define our present technological age – over 80 per cent of their exploitation has happened just since 1980.54 And if they are the key ingredients of our current technological age, they will be even more crucial in the future as we transition away from the current carbon economy. They will give us the compact but powerful magnets needed in the generators of wind turbines and the motors of electric vehicles, as well as high-capacity rechargeable batteries.


  The seventeen rare earth metals are made up of the ‘lanthanide’ series of elements in the sixth row of the periodic table, as well as the chemically similar elements scandium and yttrium. Their title is something of a misnomer, though, as they’re not actually all that rare in the planet’s rocks – apart from the radioactive promethium, of which there is no more than about half a kilogramme in the entire Earth’s crust.55 Lanthanum, for example, is almost as abundant as copper and nickel, and in fact three times more so than lead. And all the REMs are at least 200 times more common than gold.


  So the problem isn’t so much their overall abundance in the crust, but the difficulty in extracting them. The fact that the rare earth metals are chemically similar and so occur in the same kinds of minerals means that they are also difficult to isolate from each other as pure metals. Even more troublesome is the maximum concentrations at which they occur within rocks. Many other metals become concentrated by particular geological processes into rich ores, such as the Banded Iron Formations or the thick seams of silver running through Cerro Rico that we’ll come to in Chapter 8. But the chemistry of the REMs means that they tend not to become enriched into high-grade ores, but instead are mostly thinly dispersed in low concentrations through rocks. On the whole, therefore, mining them specifically isn’t economically feasible – it costs more to extract them than they are worth. Thus the geographic availability of rare earth metals that can be mined profitably is limited around the world. They are extracted today in small amounts in India and South Africa, but since the 1990s the vast majority of global production has been in China.


  The six platinum group metals – rhodium, ruthenium, palladium, osmium, iridium and platinum – are clustered in the middle of the periodic table, and like the REMs they are chemically similar, which again means that they tend to occur together in the same mineral deposits. But unlike their rare earth cousins, the platinum group genuinely are precious metals. They are among the rarest stable elements in the Earth’s crust – some are millions of times scarcer than copper. Platinum itself is one of the more common metals within this group, yet worldwide production is only a few hundred tonnes a year, compared to 58 million tonnes of aluminium or over 1 billion tonnes of pig iron. Iridium is particularly rare and present in the Earth’s crust at only about one part per billion: on average, 1,000 tonnes of crustal rock contain no more than 1 gramme of iridium. Like the other platinum group metals (and gold), iridium is a siderophilic element and consequently virtually all that was present on the primordial Earth was dragged deep into the interior as iron sank inwards to form our planet’s core.fn8


  The PGMs are also known as noble metals, as they are resistant to chemical attack and corrosion, even at high temperatures. Being both rare and unreactive, platinum is an attractive material for jewellery, and about a third of the annual production of this precious metal goes to adorning our bodies.fn9 But unlike other precious metals like gold – which is primarily used today in jewellery or reserves of wealth, with only about 10 per cent going to industry, mainly as electrical contacts – the platinum group metals are employed in a huge range of practical applications: they are used in everything from turbine engines to spark plugs, from computer circuits and hard drives to contacts in heart pacemakers.57


  The majority of platinum itself is used for catalytic converters on vehicle exhausts to reduce harmful emissions, and for catalysts for the chemical industry. These are employed for refining petroleum and creating pharmaceuticals, antibiotics and vitamins, as well as in the production of plastics and synthetic rubber. Perhaps the most significant use, however, is for agriculture. Here it serves as a catalyst in the chemical process that produces artificial fertiliser – an activity that effectively mines the atmosphere for nitrogen.58 It is estimated that today around half of the human population are fed with the help of this metal.59


  The extreme rarity of platinum group metals means that they can only be mined from rocks where these elements appear in substantially higher concentration than their average in the Earth’s crust. They are therefore limited to sites that have undergone somewhat quirky geological processes. The platinum group can become enriched within certain ores of copper and nickel, and so some PGM extraction is achieved as a by-product of mining these industrially significant metals. Sources include mines near Norilsk in Russia, where deposits formed by the eruption of the Siberian Traps at the end of the Permian Period 250 million years ago (see here) are being dug,60 and the Sudbury Basin in Canada. The Sudbury Basin is one of the largest, and oldest, impact craters known on Earth. This crater was originally around 250 kilometres across, and formed 1.85 billion years ago when an asteroid over 10 kilometres in diameter slammed into the planet. This colossal hole in the ground filled with magma containing copper, nickel, gold and platinum group metals, which then crystallised into rich ores.61 But by far the greatest source of platinum group metals in the world is a single region of South Africa.62 Around 95 per cent of the global reserves of PGMs occur in what is known as the Bushveld Complex.63


  The Bushveld Complex is one of the most metal-rich spots in the world. This is a vast saucer-shaped lump of igneous rock, about 450 by 350 kilometres in size and up to 9 kilometres thick in places. It formed about 2 billion years ago – not too long after the Banded Iron Formations were deposited in the oceans around the world – when a huge mass of magma intruded to within a few kilometres of the surface, and then cooled slowly underground. As the magma cooled, different minerals separated out and solidified, like a huge layer cake. One of these layers was enriched in platinum group metals to a level of about ten parts per million, substantially higher than most other rocks, but still offering only about 5 grammes of platinum and palladium for every tonne mined.64 It’s still not entirely clear what unusual geological conditions acted to concentrate such rare PGMs about a thousandfold, but 2 billion years later it is this thin layer that we now mine for the vast majority of the platinum group we use.65


  Historically, metals have been used for their mechanical strength for tools and weapons. Today we still employ a wide range of them in construction, and high-performance alloys serve in power generation, transport and industry. But we’ve also come to use a staggering diversity of metals for their catalytic properties in accelerating chemical reactions – which, as we saw, includes helping feed the global population – or their electronic characteristics for modern devices. Compared to the metals of antiquity like copper or iron, many of these elements that run the modern world are very hard to find in appreciable ores around the world, and the Earth has only provided us with them in rare spots with unusual geological conditions. Indeed, several of the metals we’ve looked at in this section are now considered as ‘endangered elements’ of the periodic table.


  ENDANGERED ELEMENTS


  One of the biggest concerns for continuing to meet our industrialised world’s appetite for resources is the future availability of several of the most important technological metals. Endangered elements include some of the PGMs, several REMs, and lithium, the lightest metal, used in rechargeable batteries. Indium and gallium too are among those picked out as being under serious threat in the coming years.66 fn10


  The problem isn’t that these elements will disappear altogether, but that the rising demand for technological applications could greatly outstrip their limited supply. Take the rare earth metals, for example. That the world has become so reliant on Chinese production of the REMs – currently around 95 per cent of the global total – causes a great deal of concern over ensuring that their supply continues to meet the growing demand. This is only heightened by the fact that in many cases there is no known alternative metal that performs just the right function. REM prices spiked in 2010 after China announced a 40 per cent cut in its export quota, citing its own domestic demand and environmental considerations. Although this has been relaxed again there is still great concern over the continued supply of these elements so critical to our technologies.67


  As is normal when supply restrictions cause price rises, this created the economic incentive for other sources to be exploited, and new mines and refining facilities are opening up in Australia, Brazil and the United States. But even when these become fully operational China will still dominate the production of the heavy REMs, which are the scarcest and most valuable of the rare earths.68


  But another, far more surprising solution is being considered. Some of the scarce metals used in modern electronics, such as the indium of your smartphone’s touchscreen, are used in vanishingly thin films or mixed in tiny quantities with other metals, which makes them hard to recycle at the end of the device’s lifetime. Many others, however, can be recovered with a little effort. After decades of our simply discarding obsolescent gadgets, many landfills may now hold veritable mother lodes of these valuable metals. And this raises an intriguing possibility: landfill mining – picking back over our rubbish for the buried treasure it contains. A test site at a landfill 60 miles east of Brussels, for example, aims to recover building materials and convert waste into fuel, but also seeks to sort and recover valuable metals. And landfill mining could begin soon in Britain too: four sites that have been tested were found to hold significant amounts of aluminium, copper and lithium.69 The opportunities for prospectors are particularly good in the high-tech dumps of Japan, however. It has been calculated that its buried waste contains three times the global annual consumption of gold, silver and indium, and perhaps as much as six times that of platinum. In fact such artificial ores made up of reduced mobile phones can contain thirty times the concentration of gold as an actual goldmine.70 fn11


  This chapter has brought us from the Bronze Age to the modern world of high-tech metals, and explored how particular geological conditions on our dynamic Earth provided us with raw materials for the tools of civilisations. But precious metals like gold and silver have also served through history as a medium of exchange – they were minted into coins to facilitate commerce and trade between disparate cultures. One of the earliest long-range overland trade networks stretched across Eurasia and connected China and the Mediterranean: the Silk Road.


  Chapter 7


  Silk Roads and Steppe Peoples


  The continent of Eurasia, stretching 12,000 kilometres from the Atlantic to the Pacific oceans, contains over a third of the total land surface area of our planet, and has hosted many of the most sophisticated civilisations in history. It is in Eurasia that different cultures developed wheeled transport, iron-smelting, transoceanic trade links and industrialisation. Two aspects have defined the course of history across this sprawling land mass: long-distance trading routes over the great breadth of the continent, and nomadic peoples repeatedly spilling out of the continental interior to challenge the civilisations growing around its margins. It is the fundamental planetary characteristics of climate bands, and the environments within them, that have created these themes.


  THE HIGHWAY ACROSS


  Long-distance overland trade across central Eurasia was well established by the first millennium BC to satisfy the Chinese demand for jade from Central Asia and the Mesopotamian desire for lapis lazuli from Afghanistan.1 But this long-range commerce intensified dramatically from the first century AD. By that time two great powers had arisen on opposite sides of the wide Eurasian landmass: Han China to the east and the Roman Empire in the west.


  In China, civilisation had begun along the riverbanks of the River Wei and lower Yellow River,2 before spreading further south to the Yangtze. It is this plain between the mighty Yellow and Yangtze rivers that forms the heartland of China.3 Wheat and millet were grown in the drier north, and rice in the wetter climatic zone of the south, where two crops could be harvested every year.4 Whereas the fields of Egypt were rejuvenated annually by the flooding of the Nile, Chinese farmers had received their endowment of fertile soils as a lump-sum deposit. Blankets of loess soil were formed over the last 2.6 million years of the recurring ice ages by windblown dust from retreating glaciers and desert regions.5 Accumulations of this fertile soil can be 100 metres thick in places, forming impressive plateaus, but it is also eroded and deposited by rivers in alluvial plains.6 Loess soil is mineral-rich, porous and has a distinctive buff colour – indeed, the Yellow River is named after the loess sediments that it carries.fn1


  This agricultural core of modern China was unified in 221 BC, after 250 years of warfare, by the victorious Qin dynasty (which gave us the name China). Like Egypt, China was able to achieve such early and long-lasting political unification, and protection from external threats, because of its natural frontiers:8 the Pacific coastline to the east, the inhospitable highlands of the Tibetan Plateau and Himalayas to the west, and dense jungle to the south. The main weakness was the northern boundary, marked not by a distinct topographic feature like a mountain range but by a smooth ecological gradation from the fertile agricultural plains into the Gobi Desert and then the arid grasslands of Central Asia. By around AD 100, under the Han dynasty, the Chinese empire had expanded north to the Gobi Desert and Korean Peninsula. It also reached west in a long arm following the contours of the landscape through the Gansu Corridor, marked by a string of oases between the towering Tibetan Plateau and the Gobi Desert, and into the Tarim basin holding the Taklamakan desert to protect its trade routes across Central Asia.


  The expanse of the Roman Empire too was defined by natural boundaries. By AD 117, the time of its greatest extent, Rome had expanded from a small town halfway up the Italian Peninsula to a vast empire encompassing around a fifth of the global population at the time. At this high-tide mark, the Roman Empire completely encircled the Mediterranean – or mare nostrum, ‘our sea’, as it was called – its frontiers following the features of the landscape. In the west, the empire stretched to the Atlantic coastline of the Iberian Peninsula and Gaul (France), and up through drizzle-swept Britain. Its northern limits rested along the banks of the Rhine and Danube rivers that snake through the European plains. The frontier followed the Carpathian Mountains to the shores of the Black Sea, and then along the line of the Caucasus. Reaching down through Mesopotamia and round the coastline of Palestine, the empire then extended along the Nile, and finally followed the North African coast until the land gave way to the inhospitable dust of the desert.fn2


  [image: image]


  
    The limits of the Roman (top) and Han Chinese (bottom) empires in the second century AD were defined by natural features.
  


  At the beginning of the second century AD, the Roman and Han Chinese empires shared many features. Both had roughly the same population of about 50 million, and covered approximately the same territorial area – around 4–5 million square kilometres. The Roman Empire was based around the rim of its internal sea, the Mediterranean, which made for easy internal transport and trade, whereas the core of China spread across plains watered by the mighty Yellow and Yangtze rivers. Rome built roads for overland transport, China more canals, and both civilisations constructed fortified walls to keep the barbarians at bay.10


  At this point of their greatest extent, the Roman and Han territories combined stretched to encompass a full three-quarters of the complete breadth of the Eurasian continent between the Atlantic and East China Sea. And they were brought together by the trade of one precious commodity – silk.


  China had been using silk to pay off the aggressive Xiongnu tribe beyond its northern borders, or to buy their horses,11 and it already traded silk to Persia. But now it found an eager new market even further afield with Rome, where the elites valued this beautiful fabric from the East.12 Chinese silk first reached the eastern Mediterranean by overland caravans,13 but was also traded along the sea passage we explored in Chapter 4: by ship across the Indian Ocean, up the Red Sea, through the desert by camel to the Nile and then by boat to Alexandria.14 fn3


  Trade along the Roman–Han axis reached its peak in the early second century AD, before the collapse of the Han dynasty in AD 220 and the slow decline of the Roman Empire. But commerce between East and West continued through the centuries. Today we know this long-range trade between the extremities of Eurasia as the Silk Road. But the term is a misnomer. There was never just one road, but rather an extensive network of routes linking cities, oasis towns and trading entrepôts – an entire web of transport and commerce draped across Central Asia. And although we usually imagine the Silk Road as a transcontinental link between its remote termini in China and the Mediterranean, trade in between these waypoints was just as crucial, with the routes extending into northern India and Arabia.
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    The main overland routes and entrêpots of the Silk Road across Eurasia.
  


  The history of the Silk Road illustrates the extraordinary extent to which the terrain of our world has ordered and directed our movements, lifestyles and trade. From the northern plains of China the Silk Road passed along the Gansu Corridor, a 1,000-kilometre-long passage running between the towering Tibetan Plateau and the Gobi Desert. After passing the oasis city of Dunhuang and the Jade Gate of the Great Wall, the route raches the lip of the Tarim Basin and the punishing Taklamakan desert lying in this depression. One fork of the Silk Road now headed north along the feet of the Tian Shan mountain range, while the other passage hugged the southern edge of the desert that meets the Tibetan Plateau. Both routes converged again at Kashgar and the road then threaded through mountain passes across either the Tian Shan to the west or the Pamir mountains to the south. A further route crossed through Ürümqi and the northern Tian Shan, making use of the Dzungarian Gate valley to pass through the mountains.


  After negotiating the Taklamakan desert and Tian Shan mountains, the Silk Road passed along valleys and then wove across the deserts of Central Asia – through modern-day Uzbekistan, Turkmenistan and Afghanistan – connecting oases and trading stops like Samarkand, Bukhara, Merv and Herat. A southerly branch of the caravan network bore south to Kabul, and from there threaded through the Khyber Pass over the Hindu Kush mountains of the Western Himalayas and down into the Indus valley.18 Continuing west, the Silk Road passed south of the Caspian Sea through Persia, linking large entrepôts like Baghdad and Isfahan, and then carried on to Damascus and the ports of the eastern Mediterranean; or it turned north to the Black Sea, from where the goods were carried to Europe by ship.


  The exact nodes in this trans-Asian network varied over history, with consecutive empires routing the trade through their preferred cities, but this broad outline gives us a fair idea of the enormous, sprawling web of what we have come to call the ‘Silk Road’. And much of the great east–west communications network across the breadth of Asia passed through a particular climate band – desert.


  The particular environment of the Silk Road was dictated by invisible movements of the atmosphere high above the heads of the travelling merchants. Around the equator, where sun-driven evaporation and rising air causes lots of rainfall, we find the dense tropical rainforests of our planet, stretching across the Amazon, the islands of the East Indies, and central and western Africa. (As we saw in Chapter 1, East Africa’s original rainforest was replaced by dry savannah due to the tectonic uplift of the Great Rift System.) But by the time this air has rolled over through high altitude and sunk back to the surface again, at around 30° north and south of the equator, it has become very dry: and here it creates the most arid regions on the planet’s surface. In the Southern Hemisphere, this dry band includes the Great Sandy Desert of Australia, the Kalahari in South Africa, and the Patagonian Desert in South America. In the mirror-image band stretching across the Northern Hemisphere lie the Mojave and Sonoran deserts in America, the Sahara, the Arabian Peninsula and the Thar Desert in north-west India.


  The pattern is slightly more complicated in South East Asia, however. Here the desert band is disrupted by the monsoon system and its seasonal high rainfall. We’ll see in Chapter 8 how the Tibetan Plateau and Himalayas act to strengthen the monsoons over India, but these high mountains, and their offshoots like the Pamir, Kunlun and Tian Shan ranges, also act to block moisture-laden air from the Indian and Pacific Oceans from entering Central Asia. Many of the deserts, such as the Gobi and Taklamakan that the Silk Road had to negotiate, are created by this rain-shadow effect, and as a result the desert band in Asia extends much further from the equator than on other continents. Although some of these deserts are beset with shifting sand dunes – the Taklamakan is the second largest shifting-sand desert in the world after the Rub’ al-Khali that covers most of the southern Arabian Peninsula – many have a hard, pebble-strewn surface that is readily passable if you carry enough water supplies.


  So not only did the crumpling tectonic uplift over the past 40–50 million years build the wide arc of the Himalayas but it also formed the deserts behind them. And it is both these deserts and the mountain ranges that defined the landscape the Silk Roads threaded across. Here one animal was uniquely suited to moving through this arid climate band and facilitate trade between east and west: the camel.


  As we saw in Chapter 3, the camel evolved in North America and migrated across the Bering land bridge during an ice age several million years ago. While it died out in its birthplace, two varieties developed in the Old World: the two-humped bactrian camel in Asia (domesticated about 3000 BC)19 and the single-humped dromedary in the hotter deserts of Africa (domesticated around the second millennium BC).20 The camel’s ability to carry much greater weight for longer before needing rest, and its need for much less water, made it far superior to the horse or donkey for transport through these arid regions.


  Contrary to popular belief, camels do not store water in their humps, which is in fact a store of body fat. Rather than distributing fat all over their bodies in an insulating layer, as many mammals do, camels use their humps as fat reservoirs, which provide energy while allowing the animal to remain cool. The camel is uniquely adapted to desert survival. After a week or so of trekking through an arid landscape, it can have lost almost a third of its body water with no ill effect – the animal can cope with such extreme dehydration without its blood becoming dangerously thick.21 The camel’s kidneys and intestines are able to produce highly concentrated urine and dung so dry it can be used to fuel a fire; it can also recapture moisture it would otherwise have breathed out,22 the water recondensing in its nasal passage like the drips from an air-conditioner unit. And the padded feet of the animal allow it to traverse such diverse terrain as desert sands, swamps or rock-strewn landscapes.23


  Camels were essential for the trade in incense which began about 4,000 years ago. Although Arabia lies within the Earth’s desert band, in the south-west of the peninsula mountains capture enough rainfall from the summer monsoons to create a rare patch of vegetation. Here frankincense and myrrh can be extracted from small shrubby trees growing among these mountains. As they are best harvested in spring and autumn, their growing cycle is out of synch with the seasonal monsoon winds that facilitate sea transport up the Red Sea to Egypt or across to India, and so overland travel by camel was far more suitable. Caravans carrying incense skirted up the coast of the Red Sea through the Arabian Desert and then across the Sinai to Egypt and the Mediterranean, or they made their way east to Mesopotamia.24


  In North Africa, camel caravans crossed the Sahara from about AD 300,25 bringing Sudanese gold to the Mediterranean. On their return the traders carried common salt mined from beneath the sands (which had been deposited by vanishing lakes as the Sahara desiccated) south to the trading town of Timbuktu, where it was loaded onto canoes and taken by river deeper into Africa. By the early thirteenth century the Empire of Mali had emerged, fed by the belt of fertile soil alongside the River Niger and its tributaries and by mining rich gold fields, and Timbuktu now became a royal city.26 The salt-for-gold trade persisted for centuries, and finding the mysterious source of the precious metal was one of the major motivations for Portuguese sailors exploring the West African coast in the early 1400s (to which we’ll return in Chapter 8).


  Camels were also critical to the Silk Road crossing the arid latitude zone of Asia. Here too the animals were ideally suited for traversing diverse landscapes: sure-footed on their padded hooves over rock-strewn ground, and able to tolerate the climatic extremes between the deserts and high mountain passes.27 With a single pack camel able to carry a load of over 200 kilogrammes, and caravans easily numbering several thousand animals, their total cargo could rival that of a large merchant sailing ship.28


  Although the arduous overland journey meant that in general it was high-value commodities that were moved along the Eurasian trade network, silk was not the only merchandise.fn4 Spices like pepper, cinnamon, ginger and nutmeg were carried west. India traded cotton and pearls, Persia exported carpets and leather, Europe sent silver and linen. Rome traded its high-quality glass, and topaz and coral from the Red Sea. Frankincense from the south Arabian Peninsula, as well as precious stones and dyes such as indigo, were also carried across Central Asia.30


  But the huge importance of the Silk Road through history was not limited to trade goods. Together with the maritime trading routes along the southern coastlines of Eurasia, this extensive overland transport network also provided highways for the diffusion of ideas, philosophies and religions. Breakthroughs in mathematics, medicine, astronomy and map-making, as well as innovations and new technologies including the stirrup, paper-making, printing and gunpowder, all spread between peoples across Eurasia along these trade routes.31 The integrated overland and maritime networks were the internet of their time, allowing not just commerce over long distances but also the exchange of human knowledge.fn5


  From the sixteenth century, however, the Silk Road began to lose its importance, as trade by land was outcompeted by the global oceanic network knitted together by European mariners in the age of exploration. The ancient Silk Road entrepôts, once some of the most vibrant places on Earth, lost their bustle and shine, and although some of the caravan stops, such as Samarkand and Herat, remain populous cities today, many other trading posts live on only in our cultural memory. It was the coastal ports that began to dominate global trade.


  Nonetheless, for centuries the Silk Road was enormously influential for the movement of goods, people and ideas, as caravans threaded their way through mountain passes and across deserts. And it was the ecological zones and landscape of central Eurasia that created a fundamental distinction in the organisation of societies across the continent, leaving an indelible imprint on its history.


  SEAS OF GRASS


  We have seen how the bands of deserts running around the world are created by the dry, descending air of the circulation pattern in the Earth’s atmosphere (as well as the rain-shadow effect behind mountain ranges like the Himalayas). But the temperature gradient from the planet’s poles towards the equator also defines a series of layered climate zones, and the distinct ecosystems that are found within them.32 These horizontal stripes on our planet exist in both hemispheres but they are more pronounced in the Northern with its far greater land mass.


  Here the northernmost zone, nearest the pole and stretching across northern Siberia, Canada and Alaska, is tundra. Very cold temperatures and a short growing season produce a bleak landscape in which little more survives than scattered dwarf shrubs, heath and hardy lichen clinging to rocks. It is populated only by reindeer herders or caribou hunters.33


  South of the tundra lies the taiga, a stripe of dense conifer forests. This subarctic ecological zone covers most of Canada, Scandinavia, Finland and Russia, and gradually turns into the deciduous forests of Northern Europe and the United States at its southern limit. Whilst unsuited for agriculture or raising livestock, the taiga has been an important source of furs, including mink, sable, ermine and fox. In early modern history the demand for furs drove trappers across this taiga belt, and it turned Moscow into a major trade hub. In pursuit of furs, Russia expanded eastwards through the fifteenth and sixteenth centuries, across Siberia as far as the Pacific coast and the northern frontiers of the Chinese Qing Empire.34 In the seventeenth century, French and other European trappers similarly pushed through the Canadian forests.35 fn6


  South of the tundra, our planet’s climate becomes temperate, before turning tropical closer to the equator. This pattern of ecological zones, arranged like stripes between pole and equator, has defined the lifestyles and economic possibilities of the people living within them throughout history. One ecological region in particular has had an enduring influence on the civilisations around the margins of the Eurasian interior.


  Sandwiched between the northern, cold climatic band of the taiga and the chains of deserts to the south is a vast tract of grasslands. In Eurasia, this ecological zone is known as the steppes, and they sit in the same band of latitudes as the prairies of North America, with the Argentinian pampas and the South African veld appearing in the corresponding belt in the Southern Hemisphere.


  Running through the centre of the Eurasian continental landmass, the steppes aren’t affected by the moist oceanic winds, and so receive little rainfall. This makes them too arid for most trees to survive, and the prevailing vegetation is drought-resistant grass. The grass in turn supports great numbers of ungulate mammals (many of which, as we saw in Chapter 3, originally evolved in this ecosystem). The steppes extend more than 6,000 kilometres in a continuous, broad belt from Manchuria to Eastern Europe. They are a vast sea of grass, larger than the entire continental US, but pinched in places into narrow corridors by mountain ranges; as a result they can be roughly divided into three main areas.


  The Western or Pontic–Caspian Steppe runs from the Carpathian Mountains and the mouth of the Danube river, bordered by the Black Sea and the Caucasus to the south, all the way to where the Ural Mountains encroach within a few hundred kilometres of the Caspian and Aral seas. (The Great Hungarian Plain forms an island of grassland in the west, cut off from the main belt by the Carpathian Mountains.) The Central or Kazakh Steppe reaches from the Urals to the Tian Shan and Altai mountains, with the Dzungarian Gate in between, through which the northern route of the Silk Roads passed. The Eastern Steppe stretches from Dzungaria, through Mongolia, and along the northern margin of the Gobi Desert into Manchuria, until it reaches the forests that line the Pacific coast.fn7


  The steppes are not an environment well suited to human habitation. Temperatures vary greatly between the seasons. In the dry heat of summer they can rise to 40 °C, and what rain there is falls in heavy thunderstorms. In winter, under the cloudless skies, the steppes become bitterly cold with temperatures dropping to –20 °C or less, the ground gets smothered in deep snow, and howling winds scour the flat landscape. But most significantly, with little vegetation beyond tough grass that our gut cannot digest, the steppes have not much to offer hunter-gatherers and present a formidable barrier to those travelling on foot. To survive in the steppes, you need mobility as well as a way of generating food.


  While the camel was ideally suited to Earth’s desert band, the grassy steppes stretching across central Eurasia provide a perfect habitat for the horse. The natural range of horses around the world shrank dramatically between 10,000 and 14,000 years ago with the closing of the last ice age. The horse fell extinct in North America, and as the world warmed the species also disappeared from the Middle East. With the retreat of the ice sheets wide areas of dry grasslands across northern Eurasia were replaced by dense forests, and in Europe the horse survived only in a few isolated pockets of natural pasture. But in the steppes of Central Asia, horses and their equid relatives became the most common grazing animals, and here they were hunted by the Neolithic tribes. Archaeological evidence indicates that more than 40 per cent of the meat in their diet came from equids.


  [image: image]


  
    The ecological band of the steppes reaching across the spine of Eurasia.
  


  In fact, horses were at first domesticated not for transportation, but for food. Cattle will not graze grass if they cannot see it through the snow, and the tender nose of sheep allows them to feed only through soft snow. Both are therefore liable to simply stand and starve to death in a winter pasture with forage just beneath their feet. The horse, however, is well-adapted to the cold grasslands and can break even through icy, compacted snow with its hooves to uncover the winter grass beneath; it is also instinctively able to crack through frozen-over water to find drink. Indeed, the trigger for humans to begin domesticating horses may well have been climate change that brought colder winters to Eurasia.37 This was achieved possibly as early as 4800 BC in the steppes north of the Black and Caspian seas.38


  Humans learned how to control and ride the animals, and this proved utterly transformative. As we saw in Chapter 3, it was the domestication of grazing mammal species like sheep and cattle that bestowed on humans the ability to convert grass into nutritious meat and milk. Yet settled farmers have limited pasture available for their livestock and this can get exhausted quickly by grazing animals. Herders on horseback with vast grasslands at their disposal could range far further and control much larger herds. In addition, the introduction of solid-wheeled wagons, pulled by oxen, from Mesopotamia around 3300 BC gave the steppe peoples the opportunity to take with them all they needed39 – food and water supplies, tents for shelter – and roam freely for long periods with their herds across the vast grasslands.40 This combo package of herbivorous ungulate livestock, fast-moving horseback riding and oxen-pulled wagons serving as mobile homes opened up the steppes for widespread human habitation.fn8


  Irrigated agriculture for cultivating grain is possible only in the more fertile areas along the few rivers that cross the steppes. So on the whole people survived here as pastoral nomads: by raising livestock and constantly moving with their herds between different grazing grounds, following the seasons.43 And the landscape of the steppes presents few obstructions to overland movements. This core region of Asia is tectonically ancient terrain, uncrumpled by recent plate collisions and rubbed flat by erosion. While the southern margin of Eurasia is characterised by great mountain ranges, the band of the steppes running through the middle of the continent is largely free of such barriers. The exception are the Ural Mountains, one of the rare chains in Asia that run in a north-south direction,44 separating the Western and Kazakh steppes and constricting travel to a narrow passage between their bottom tip and the Caspian Sea.fn9 But apart from the Urals, there are few natural barriers like marshes or forests. Horsemen and carts can rove easily across the steppes, turning them into a vast natural highway that sprawls right across the continent and which came to shape the history of Eurasia as a whole.


  These nomads entered into an uneasy relationship with the settled agrarian societies around the margins of the continent, ranging from peaceful yet tense coexistence to armed conflict. They traded their herds and their animals’ products – cattle, wool from their sheep, and especially the horses they bred in large numbers on the grasslands. They also hired themselves out as mercenaries in the armies of the Eurasian civilisations, often helping to guard their frontiers against incursions from other nomad tribes. They demanded protection money from merchant caravans passing through their lands, or they would ambush them. But they exerted their greatest influence on the course of Eurasian history when they emerged from the depths of the steppes in large numbers to invade the territories of the civilisations settled around the rim of the continent.


  Horse-riding nomads were a formidable foe for these agricultural and maritime societies.46 At times they demanded tributes and could be paid off; at others they raided farms and villages for plunder, and after pillaging what they could carry, they would simply melt back into the vast expanse of the grasslands. Without substantial numbers of their own mounted cavalry, the armies of the agrarian societies could not pursue them into the sea of grass, the arid plains offering no food to support campaigns of foot soldiers. And repeatedly throughout history, loosely aligned in large confederations, nomadic tribes erupted out of the steppes to invade and conquer the settled civilisations, at times forging huge empires that stretched across Asia.47


  Yet the influence of the steppe peoples on the civilisations of the Eurasian rim did not just consist of direct military assault. As nomadic herders, they were constantly on the move; but when there were disruptions to the delicate equilibrium of their environment – a surge in population numbers or a deterioration of the grazing grounds due to a shift in climate – entire tribes were forced to migrate from their existing grounds to seek better pasture. As a result waves of disruption rippled across the steppes when a succession of displaced tribes moved across the flat plains pushing their neighbours off their turf, like billiard balls recoiling off each other. Eventually some steppe peoples would be forced to cross into the lands of the settled societies, for example Manchuria and northern China in the east, Ukraine and Hungary in the west.48


  Thus the history and fate of civilisations around the margins of the great Eurasian landmass – in China, India, the Middle East and Europe – has been the story of a recurring struggle against nomadic tribes emerging from the central heartland of the steppes. The Scythians were among the first to master mounted warfare. They originated around the Altai Mountains and came to dominate much of the steppe region between the sixth and first centuries BC, riding westwards to confront the Assyrian and Achaemenid empires in Mesopotamia and Persia, and also fighting Alexander the Great. China was repeatedly confronted by steppe peoples, including the Xiongnu, Khitans, Uighurs, Kirghiz and Mongols.49 And between the fifth and sixteenth century AD a succession of nomad groups poured from the steppes into Europe – the Huns, Avars, Bulgars, Magyars, Kalmuks, Cumans and Patzinaks, as well as the Mongols.50


  For millennia, the steppes represented a great churning cauldron of pastoral nomads, repeatedly brimming over its lip to spill into the domains of the settled, agrarian civilisations around the continental margin. This conflict between the two was an enduring dynamic of Eurasian history, and is fundamentally born of an ecological distinction between dry grasslands and fertile agricultural lands – the worlds of the steppe and the sown – and the different human lifestyles they support. But it was the landscape of the continent that shaped and channelled these migrations and invasions along the same courses time after time.


  DISPLACED PEOPLES


  In the same way that the Silk Road passed through narrow corridors, valleys and mountain passes, the landscape provided convenient passageways for armed raiders to cross into the lands of civilisation. If these channels facilitated trade along the overland routes, they also made the settled societies around the Eurasian rim vulnerable to raids and conquest.


  India was largely protected by the great barrier of the Himalayas, but the narrow Khyber Pass through the Hindu Kush provided an entry point for invaders. China, as we saw earlier, also generally benefited from natural barriers, but its central plains were open to nomad incursions from the steppes to the north, and from the west through the Dzungarian Gate, which leads invaders along the Gansu Corridor into the heartlands of China.51


  The Great Wall was built to defend China against the influx of nomads from the steppes. After unification, the first emperor of the Qin dynasty fortified this northern frontier from 221 BC,52 and the walls were extended by the Han between 200 BC and AD 200 to guard the stretch of the Silk Road that passed along the Gansu Corridor to the Tarim Basin. However, much of the most impressive remnants of the wall date to the construction during the Ming dynasty from the mid fourteenth century. On the face of it, the Great Wall serves as a demarcation line between two elementally different lifestyles and cultures – the nomadic and the settled, the barbarians and the civilised. But in a deeper sense, these fortifications were built along the fundamental ecological boundary between the wet, fertile lands supportive of agriculture and the dry, harsh steppes in the heart of the continent, where only pastoralists could survive. Nonetheless, China was repeatedly invaded by steppe peoples, often entering through the Dzungarian mountain pass and along the Gansu Corridor. Just as the Khyber Pass provided a point of entry into India for nomadic raiders, China was also attacked along the route of the Silk Road. The passageways of trade also facilitated invasion.


  On Eurasia’s western edge, Europe is vulnerable to incursions and invasions along a few major low-lying routes and highland passes that provide access to nomads from the steppes. From the western steppes, one route passes south of the Caucasus and Black Sea along Anatolia; another heads north of the Black Sea to the Carpathian Mountains, and then either north between these mountains and the Pripet Marshes, or south following the Danube Valley, both ways taking invaders into the heart of the Northern European plains.53 The Huns that challenged the Roman Empire from the fourth century AD, the Bulgars migrating into the Balkans in the seventh century, the Magyars entering the Hungarian plains in the ninth, and the Mongol invasion of the thirteenth century, all originally approached Europe from the steppes along these corridors.54


  If the clashes between nomadic tribes and settled societies reflected the lifestyle supported by their respective habitats, the natural world and distribution of the different ecosystems also dictated the steppe nomads’ course of action after they had invaded the agrarian lands.


  The formidable threat presented by the horse peoples was largely attributable to their mobility. Unlike the slow-moving armies of the settled civilisations, nomads were able to operate swiftly over vast distances. But the steppe raiders were bound by a fundamental ecological constraint. Their military prowess depended on being able to field great numbers of fast-moving mounted warriors, but their horses needed to be fed. This was simple in their natural habitat of the vast grasslands of the steppes, but as soon as the invaders penetrated too far into the agricultural lands around the Eurasian rim they struggled to nourish their mounts. Irrigated farmland yields plenty of grain from a small area for feeding people, but it is not effective as pasture for supporting great numbers of horses.


  This constraint imposed by Nature reveals that the arable and pastoral lifestyles are intrinsically incompatible, and so after enjoying the spoils of victory the invaders from the steppes were either forced to withdraw back to their expansive natural pastures, or fundamentally change their ways and assimilate into the settled society.55 It should not surprise us, therefore, that the Huns, who invaded the very heart of Europe in the mid fifth century AD, chose as their centre of operations the Hungarian Plains – an ecological borderland between steppe and agricultural fields, and the westernmost pocket of the steppe grasslands.56


  Others abandoned their nomad ways. The Ottoman Turks were originally pushed out of the steppes and into Anatolia in the thirteenth century by the Mongol expansion of Genghis Khan. Here they established themselves by adopting a European style of warfare relying on fortifications, and formed slave armies of captured Christian boys who were forced to convert to Islam, the famous Janissaries.57 By the end of the thirteenth century the Ottomans had become a major threat to the states of Christendom, and in 1453 they captured Constantinople and brought to an end the Byzantine Empire.58


  Nomadic horsemen riding out of the steppes were the cause of two of the most defining moments of world history: the fall of the Western Roman Empire, and the conquest of Asia by the Mongols.


  DECLINE AND FALL OF THE ROMAN EMPIRE


  We saw earlier how by the first century AD the Roman Empire had expanded around the rim of the Mediterranean, stopping at the natural borders defined by the deserts of North Africa and the mountain ranges and large rivers in Europe. By AD 300, however, the full length of the empire’s north-eastern border along the Rhine and Danube rivers was under pressure from the growing population of Germanic tribes occupying the wilds beyond. The situation worsened a few decades later with a series of violent incursions and forced migrations triggered by a horse people emerging from the steppes that pushed these tribes over Rome’s borders. These horse people are widely believed to be the same confederation of nomadic tribes which on the eastern limit of the steppes belt had been challenging China since the third century BC:59 the Xiongnu. When they appeared in the west, they came to be known as the Huns.60


  The Huns now moved westwards across the steppe belt, in all likelihood seeking better pasture during a period of regional climate change – we have evidence of a cooling in the Northern Hemisphere at that time that caused droughts in the steppes and would have diminished grass resources for feeding their flocks and horses.61 The Huns reached the Don river by the 370s AD,62 in the process displacing other nomad groups who in turn drove settled villagers off their lands in Eastern Europe.


  Huge numbers of these refugees arrived at the frontier of the Western Roman Empire along the Rhine and Danube rivers, and before long tribe after tribe began to pour into Roman territory – Burgundians, Lombards, Franks, Visigoths, Ostrogoths, Vandals and Alans.63


  By the end of the fourth century, after driving a succession of tribes in front of them like a great bow wave of peoples fleeing out of the way, the Huns themselves arrived at the borderlands of the Roman Empire. They set about conquering the tribes living north of the Danube before turning on the Eastern Roman Empire, which had been spared much of the earlier tribal migrations and invasions. Led by the fearsome Attila from 434, the Huns ravaged Greece and the Balkans in successive campaigns, and reached the walls of Constantinople itself. They were stopped by the city’s formidable fortifications, but nonetheless were able to exact huge tributes from the Empire.


  Emboldened by these successes in the east, Attila now turned his aggressions to the Western Roman Empire. Advancing along the Danube and Rhine, sacking city after city along the way, he invaded Roman Gaul (modern France) in 451, before being beaten in battle by an alliance of the same tribes and horse peoples who had been originally displaced by the Huns’ emergence from the steppes. But Attila returned the following year to devastate the plains of northern Italy, and forced the emperor to agree terms to stop the Huns from marching on Rome. Attila died two years later and the Hun Empire dissolved shortly afterwards but they had already set in motion the wheels for the destruction of the Western Roman Empire.64


  And it wasn’t just the Romans who felt the brunt of these displaced peoples. Persia too experienced an onslaught of nomadic tribes spilling over the Caucasus and sacking the cities of Mesopotamia and Asia Minor.65 At the very end of the fourth century the Eastern Roman Empire and Persia, facing a common enemy, put aside their long-running enmity to work together in the construction and garrisoning of a huge fortified wall. Running for around 200 kilometres from the Black Sea to the Caspian Sea, the wall was fronted by a 4.5-metre-deep ditch and studded with 30 forts along its length, manned by 30,000 troops. This Persian wall is second only to the Great Wall of China as the longest defensive barrier ever constructed, and was built for exactly the same purpose: to defend the boundary between settled civilisation and the barbarian wilderness.66


  But for the Western Roman Empire it was already too late. The frontier along the Rhine and Danube had become overwhelmed, and wave after wave of migrating tribes crashed through the defences. The Visigoths marched down through the Italian peninsula and in 410 sacked the city of Rome itself.67 The Vandals, another tribe that had been displaced by the Huns, advanced though Central Europe, crossed the Iberian Peninsula and invaded Roman North Africa to seize in 439 the city of Carthage and the surrounding regions that had supplied grain to the Western Empire. Their conquests also included Sicily, Sardinia and Corsica, and in 455 the Vandals too sacked Rome. By 476, the centralised control of the Western Roman Empire had effectively dissolved, its former territories now divided into kingdoms ruled by the Germanic tribes that had flooded across the imperial frontiers from the east – the Franks in France and Germany, the Visigoths in Spain, and the Ostrogoths in Italy. Through the Middle Ages these kingdoms developed into the nations of modern Europe.


  The Western Roman Empire had been destroyed by the ‘great migration’ of settled tribes and pastoralists from the steppes. Once again, it is fundamental planetary causes that explain this turning point in history. Ultimately, the fall of Rome was due to the ecological distinction between the arid grasslands of the Eurasian steppes that sustain horse-riding pastoral nomads and the wetter lands around the rim that supported the settled agriculture of the empire, and a climate shift within the steppes that triggered these waves of displaced peoples.


  PAX MONGOLICA


  In the thirteenth century, horse people from the steppes again changed the course of history across Eurasia. The Mongols emerged from the grasslands and in just twenty-five years they succeeded in conquering more territory than Rome had annexed in four centuries.68 The Mongol Empire not only united the tribes of the vast Eurasian steppe, but also included China, Russia and much of South West Asia, making it the largest land empire the world has ever known.69 The leader who instigated this spectacular campaign was the son of a prominent tribal chief in eastern Mongolia, born with the name Temüjin (perhaps meaning blacksmith). But it is his adopted title by which he has become (in)famous: the ‘fierce ruler’ – Genghis Khan.70


  Genghis Khan belonged to just one of many nomadic tribes herding sheep on the northern fringe of China, but by 1206 he had unified the surrounding tribes and become master of the Mongolian steppes.71 With his power base consolidated, his hordes of mounted raiders now thundered out of the steppes to attack the civilisations around the rim of Eurasia. They invaded northern China in 121172 and then swept through Central Asia.73 Genghis Khan died in 1227, but his successors proved just as successful in their military expansion.74 The Mongol conquest continued across the Middle East before the tribesmen headed up through the Caucasus to southern Russia and into Eastern Europe.75


  Here they advanced into Poland and the plains of Hungary, reaching the outskirts of Vienna76 and spreading panic throughout Christendom.77 But Europe was spared by a fateful twist of history. The Great Khan at that time, Genghis’ son and successor Ogodei, died suddenly, and the Mongol leaders withdrew to their capital in Karakorum to select their next supreme ruler. In the end, the khans did not attempt to continue their conquest towards the Atlantic – the Mongolian empire effectively ended at the western terminus of the steppe belt.78 Instead they turned east again, conquering China in its entirety and establishing themselves as the Yuan dynasty.79 Its first emperor, Kublai Khan, ruled from Shangdu – spelled as Xanadu by Coleridge in his famous poem – before moving his throne to Beijing.80 fn10


  By the end of the thirteenth century the Mongol Empire stretched across the entire breadth of Asia, from the Pacific Ocean to the Black Sea. During this incredible expansion, the Mongols had been notoriously savage in their treatment of cities that refused to surrender immediately.82 They slaughtered all inhabitants – men, women, children, as well as livestock – leaving behind only empty streets and pyramids of skulls. This deliberately gruesome wielding of violence was designed to encourage the next cities in their path to capitulate without a struggle – the horrifying reports of their savagery spread ahead faster than the advance of their armies. But the Mongols weren’t just the fearsome hordes of ferocious warriors of the popular conception. Once resistance had been subdued, captured towns and cities were often rebuilt under the Mongols’ careful stewardship.83 The khans were also remarkably tolerant of the different peoples they ruled over, permitting cultural and religious freedom.84 After the initial campaign of shock and awe, the Mongols were able to win over hearts and minds.


  Moreover, when the initial fury and violence of conquest had passed, the unification of Asia produced an era of booming trade across the breadth of the continent. This has come to be known as the ‘Pax Mongolica’ – echoing the Pax Romana, the period of stability and prosperity around the Mediterranean during the Roman Empire a millennium earlier. For around a century from 1260, the Mongol khanates ensured the secure passage of merchants across Asia, and their skills in administration and savviness in keeping taxes low all combined to foster commerce.85 In contrast to the smash-and-grab tactics of earlier nomad invaders who relied on plundered loot or tributes extorted from the agrarian civilisations, the khans appreciated that they could profit far more from trading than from raiding. Commerce along the Silk Road flourished during this period, the caravans not only striding along the old desert routes of Central Asia but also turning further north to the Mongolian capital Karakorum and across the grassy steppes.86 The Mongols had accomplished the linking of east and west like no one before.


  As a result, spices and other luxury goods poured into Europe.87 The blast furnace arrived in the west during the Pax Mongolica, and the Mongols also introduced Chinese gunpowder to Europeans,88 changing for ever the nature of warfare. But the unification of Asia and the ease of movement across the continent had another profound ramification for history. Something else far more destructive also entered the bloodstream flowing along the communication arteries across Eurasia: disease.


  The Black Death emerged from the steppes and surged across this connected world in the mid fourteenth century. Bubonic plague reached China by 1345 and Constantinople in 1347. From there it travelled to Genoa and Venice aboard merchant ships,89 and had spread to Northern Europe by the following summer. People already weakened by poor nutrition due to a series of harvest failures – the arrival of the plague coincided with the beginning of the first cold spike of the Little Ice Age90 – quickly succumbed to the disease. Within just five years the Black Death had killed at least a third of the European and Chinese populations,91 and also devastated the Middle East and North Africa. Around 25 million people died in Europe alone.92


  The plague hit the Mongol khanates just as hard, their grip on power already weakened by internal rivalries. In China, the Yuan dynasty was overthrown by the Ming in 1368, and across Eurasia the vast Mongol Empire again splintered into many states without political or economic unity. The steppes became once more a mosaic of jostling nomadic tribes, and the highway between East and West crumbled. But in Western Europe, the aftermath of the Black Death brought some beneficial outcomes. The severe depopulation meant that many lords had lost the tenants on their land, and so were forced to accept lower rents and a more mobile peasant workforce. The shortage of labour also meant that craftsmen and agricultural workers could demand higher wages. This relaxed the serfdom under the feudal system and improved social mobility in Western Europe where the guilds in the more populous, mercantile towns already had considerable sway.fn11 The disruption of the Black Death, which had emerged from the steppes and spread with the help of the trade infrastructure maintained by the Mongols, shook the foundations of feudalism and helped create the beginnings of a different and more mobile society.93


  And the conquests of the Mongolian superpower had other far-reaching consequences for the history of Europe. As they had surged westwards they had destroyed the great Islamic empire of the Khwarezmids in Central Asia, massacring their trading entrepôts of Samarkand, Merv and Bukhara, as well as devastating Baghdad, the capital of the Abbasid Caliphate. But crucially, the Mongols had stopped short of advancing far through Europe. The ports of Venice and Genoa remained the major mercantile centres of the West and grew in wealth and power through the later medieval period and Renaissance. By destroying the old Muslim core of Eurasia but sparing Europe, the Mongols had tipped the power balance in the region and Europe was given the opportunity to pull ahead and begin to develop faster than the Islamic world.94 Still, when Constantinople fell to the Ottomans in 1453, the Byzantine Empire had been little more than a rump state for more than a century, with Muslim rulers dominating the whole eastern Mediterranean and blocking the trade routes from the East into Europe.95 It was for this reason that European mariners began to look west for new maritime routes to the riches of China and India in the Age of Exploration, as we’ll see in the next chapter.


  END OF AN ERA


  For millennia, the steppes had represented a vast wilderness, home to nomadic pastoralists. These grasslands had supported large numbers of horse-riding warriors, able to strike at the agricultural civilisations around the rim of Eurasia in devastating raids. But from the mid sixteenth century, first the states of Renaissance Europe, and then Russia and China, began to decisively shift the balance of power between the worlds of the sown and the steppe. The pivotal development was that of a whole system of interrelated advances known as the Military Revolution. The agrarian states learned to effectively use gunpowder for musket and cannon, developed coordinated military drills to deliver devastating firepower on the battlefield, established far-reaching logistics to keep their troops supplied, and transformed their economies to support larger and larger standing armies.96 These innovations centralised military power, allowing rulers to consolidate their control and unify fiefdoms into large single states, marking the beginnings of our modern nations.97


  Steppe societies were unable to compete with this military progress. While they could trade for firearms, just as throughout history agricultural societies had bought horses from the steppes, their purchasing power was restricted by a far less developed economy than that enjoyed by the consolidated agrarian states. This tipped the balance for the first time squarely away from the pastoral nomads in favour of the settled societies. The final gasp of nomad power was drawn in the 1750s with the defeat by Qing China of a confederation of Mongol tribes in Dzungaria. The military threat from the steppes had finally been contained and a long chapter of Eurasian history drew to a close.98 Never again would an empire of nomads emerge from the steppes and trigger an existential crisis among agrarian civilisations.


  On the contrary, it was agrarian civilisations on the margins of the steppes which now began to penetrate further and further into these open grasslands, settling them and cultivating the soil, and thereby further strengthening their economies.99 Russia and China expanded into this middle ground, until their borders came to abut each other.100 Russia in particular grew into a great superpower by expanding into the steppes formerly ruled by the Mongol Empire, not in search of pasture for livestock and horses, but to exploit the rich mineral resources of this huge region and to turn it into high-yielding farmland, making use of a fertile loess soil that had been further enriched with nutrients by the grasses which had grown here for millennia.101 The expanding Russian Empire gradually transformed the Pontic–Caspian Steppe north of the Black and Caspian seas into vast fields of golden, swaying wheat.102 And by the 1930s these lands had become of immense strategic importance.fn12


  The major motivation for Hitler’s invasion of the Soviet Union in June 1941 was not just to seize the vital oilfields of the Caucasus region but also to lay claim to the fertile farmland of the former steppes to the north. These were both to provide their huge agricultural potential and satisfy Hitler’s vision for securing Lebensraum – ‘living space’ for the continued survival of the German people.


  Operation Barbarossa ultimately failed, with the Wehrmacht defeated as much by the challenges of logistics across such vast distances as by the onset of the bitterly cold winter of the steppes and by the Red Army. But Hitler’s ambitions illustrate powerfully how the terrain of the steppes has been profoundly transformed over the past few centuries – from a wilderness inhabited by horse-riding pastoralists threatening the settled civilisations of Eurasia to rich, cultivated farmland now vital for feeding these same agricultural societies.fn13


  The long era of Eurasian history with nomadic societies from the steppes repeatedly clashing with the civilisations around its rim was born of an ecological and climatic distinction, with contrasting regions supporting either horseback pastoralism or settled agriculture. The overland trade routes across the deserts of North Africa and Arabia, and the Silk Road linking the breadth of Eurasia, were also dominated by a particular climate zone – that of the band of deserts created by the dry, descending arm of one of the great circulation patterns in the Earth’s atmosphere. The global circulation patterns are also responsible for the prevailing winds around the world, and these the Europeans charted and learned to exploit during the Age of Exploration to create huge oceanic trading networks and powerful overseas empires.


  Chapter 8


  The Global Wind Machine and the Age of Discovery


  The Age of Exploration began on the Iberian Peninsula, the very western extremity of Eurasia, peripheral to the exchange of goods and knowledge across the continent. The kingdoms that were to become Portugal and Spain could only regard with envy the riches trafficked by ports like Genoa and Venice across the Mediterranean. Through the Middle Ages, much of Iberia had been under Islamic control, after the Umayyad Caliphate had invaded across the Strait of Gibraltar in 711.fn1 The Christian kingdoms of the peninsula pushed back during the centuries of the Reconquista, with Portugal securing the full extent of its kingdom along the western coast by the mid thirteenth century. But it remained hemmed in by its larger and richer neighbour, Castile, and faced only the unknown expanse of the Atlantic.


  The Portuguese continued their holy war across the Strait of Gibraltar, and in 1415 captured the Muslim port of Ceuta on the northern tip of Morocco, one of the end-points of the trans-Saharan caravan routes. It was here that the Portugese first tasted the wealth that might be acquired if they could outflank the Muslim world and carry this gold and slave trade on their own ships.1 They began to explore the West African coastline to find the sources of the gold, and before long some mariners contemplated the possibility of sailing all the way round the southern tip of Africa to reach India and the riches of the spice trade.2


  Then, by the late fifteenth century, the kingdoms of Castile and Aragon united into what would become modern Spain. In 1492 they completed the Reconquista of the peninsula when they captured the last Moorish stronghold of Granada, and joined Portugal in seeking new overseas trade routes and territories through the Atlantic.fn2


  VOLTA DO MAR


  In the Atlantic, at some distance from the European and African coasts, lie four small archipelagoes: the Canary Islands, the Azores, Madeira, and the Cape Verde Islands. For the Romans the Canary Islands marked the end of the known world,fn3 but knowledge of them seems to have been lost during the Dark Ages: they literally vanished off the maps. They were rediscovered and encountered alongside the other, previously unknown archipelagoes, in the late fourteenth and early fifteenth centuries when Portuguese and Spanish sailors began venturing beyond the Iberian Peninsula.4 They found the Canaries, only about 100 kilometres off the coast of Morocco, to be already settled by indigenous tribes, probably descendants of Berbers from North Africa, but the more remote Azores and Cape Verde Islands were uninhabited when the Portuguese reached them.


  Iberian sailors heading out to sea soon encountered the Canary current that carried them southwest down the African coast. At about 30° latitude, prevailing northeasterly winds picked up to carry them to the Canary Islands. This course along the Moroccan coastline, borne by favourable currents and winds, was an ancient sea route, used by the Phoenicians to trade along the north-western coast of Africa with their galleys, which were also fitted with banks of oars. The problem for European sailors venturing out 2,000 years later was how to get home again. Sailing ships don’t need teams of straining oarsmen and can therefore carry more provisions and trade goods, but they struggle to make headway against adverse currents or winds.


  The critical innovation developed by Portuguese navigators is known as the volta do mar – the turn, or return, of the sea. In order to get back northeast to Portugal from the Moroccan coastline or the Canaries, they turned out west into the expanse of the Atlantic Ocean. This seems pretty paradoxical at first but the Canary current weakens further offshore, and as soon as the ships were north of about 30° latitude they could pick up prevailing southwesterly winds and ride them all the way back home. Thus, on their return voyage to the Canaries these sailors took advantage of different regions of oceanic currents and atmospheric wind circulation. It just so happens that the Canary Islands lie close to the region on Earth where the northeasterly trade winds give way to the southwesterlies.


  We’ll come back to this later, but at this point it’s worth explaining a perplexing quirk in the way winds and ocean currents are named. A wind is specified by the direction from which it is blowing, so a northerly wind blows from the north towards the south. Ocean currents, on the other hand, are named the opposite way: by the direction in which they are going. Thus a northerly current arrives from the south and carries you north. This is potentially very confusing, but it does carry a degree of sense. When you’re on land, the direction a wind is coming from is the important aspect: what matters is from where a storm arrives, or the direction in which you need to turn a windmill. But for a ship being carried along by an ocean current, it’s where it’s taking you that is important – especially if it’s towards a reef or shoal that could wreck you.5


  If you steer a wide, looping volta do mar course through the open ocean to return to the Iberian Coast from the Canaries you will get to Madeira. Although Madeira actually lies closer to Portugal, the Canaries were discovered first as the prevailing northeasterly winds carried the European ships straight there from the Strait of Gibraltar. As successive Portuguese expeditions pushed further and further down the African coast, they steered wider volta do mar courses out into the mid Atlantic, and in the process encountered the Azores. This archipelago lies about 800 kilometres from the edge of the Iberian peninsula, and from here another ocean stream, the Portugal current, carried the ships back to port. Finally, the Cape Verde islands, lying off the western bulge of the African continent at the point where the Sahara desert yields to the thick tropical rainforest of Central Africa – the islands’ name means the ‘Green Cape’ – were discovered by the Portuguese in 1456.
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    The Atlantic archipelagoes and example volta do mar routes exploiting different regions of winds and currents.
  


  Unlike islands such as the Isle of Wight, Mallorca or Sri Lanka, which sit on the continental shelf but have been cut off from the mainland by rising sea levels, these Atlantic archipelagoes stand isolated in the ocean: they are the very tips of volcanoes rising from the sea floor.6 In fact, the Azores are the peaks of the highest volcanoes of the Mid-Atlantic Ridge, the great spreading rent in the oceanic crust that stretches all the way to Iceland.7 fn4


  The Atlantic islands provided important oceanic staging posts for the Iberian explorers – they were stepping stones in the ocean. The Canaries in particular presented a vital stop for taking on board provisions and fresh water, enabling ships to embark on longer voyages.8 The Azores offered a similar function on the route home. The early navigation between the African coast and these different archipelagoes also served as crucial training grounds, allowing European sailors to gain proficiency and confidence for attempting greater voyages into the unknown. It was here that they began to understand the grand-scale circulation within the planet’s oceans and atmosphere, and how to exploit these patterns of currents and winds.


  But the Atlantic islands also became economically valuable in their own right. Their climates and rich, volcanic soils made them perfectly suited for growing crops like sugar.9 Madeira had originally been densely forested – it took its name from the Portuguese for ‘wood’10 – but the forests were rapidly cleared by Portuguese sailors and the land turned to the cultivation of wine and sugar. By the end of the fifteenth century, Madeira was producing almost 1,400 tonnes of sugar every year,11 the plantations worked by slaves brought from the African mainland. So the Atlantic islands played a pivotal role in the Age of Exploration, but their ‘discovery’ also presaged the ugliest aspects of European expansion: territorial conquest, colonialism and plantations worked by slave labour.


  TO THE CAPE OF STORMS


  If you look at a map, Cape Bojador appears as no more than a bump in the convex coastline of West Africa. Yet for a time this innocuous-looking, duney headland was considered the southernmost point to which it was possible to sail along the African coast – treacherous to navigate, it was known in Arabic as Abu Khatar, ‘the Father of Danger’.12


  The maritime tradition of the time was for ships to hug the coast. Staying close to the shoreline gave regular access to food and fresh water and, more importantly, provided landmarks for navigation. But around Cape Bojador the gentle winds blowing along Morocco give way to strong winds from the east that threaten to blow any ship out into the open ocean.fn5 In addition, a broad, submerged sandbar at the cape extends from the shore over 20 miles out to sea, reducing the water depth to just a few metres. Thus a ship leaving sight of the coastline to steer around that danger risks being caught by the stronger currents and dragged further and further out into the ocean.13


  But then, in 1434 the Portuguese navigator Gil Eanes came up with a revolutionary new technique that allowed him to round Cape Bojador – known today as current sailing. To sail in a desired direction through complex winds and oceanic currents you need to take into account the deflection to your ship’s course by the unseen current. The only way Eanes could have done so is to have meticulously measured both the direction and speed of the current at the Canary Islands before setting off, and then at several points along the way by hauling in his sails or dropping anchor to get a reading on the local current and make the necessary corrections to his course. Eanes may have initially guessed the compensatory course he needed to sail, or perhaps he even calculated it, as modern mariners would, by plotting a triangle on his nautical map: marking the line between his current position and his destination, the line of deflection from the current, and joining these with a third line that showed the actual course that must be steered to compensate for the current. Cape Bojador was thus conquered by Portuguese navigators seeking to understand the patterns of the sea. And as they began to master them, they gained confidence to sail further from the shore.


  Once the way past Cape Bojador had been shown, successive Portuguese expeditions pushed steadily further down the coast of West Africa, discovering the Senegal river as well as the Cape Verde archipelago lying 570 kilometres offshore. By 1460 the Portuguese had sailed 3,000 kilometres down the African coast, and were now edging round the lip of the great bulging protrusion of West Africa to enter the Gulf of Guinea.14 Here the Guinea Current carried them east, but the explorers found that the prevailing northeasterly winds that had been a reliable companion all the way south since the leaving the Canaries gave out. They now had to contend with the light and variable winds of the doldrums.


  In 1474 Portuguese captains reached the point where the African coast turned south again, and when soon after they crossed the equator they lost sight of Polaris, the ‘pole star’. This is a bright star in the constellation of Ursa Minor (the Little Bear, or Little Dipper) that just happens to lie directly above the North Pole. If you want to work out your latitude – how far north of the equator you are – you simply measure the angle between Polaris in the night sky and the horizon. But as the star now disappeared from view, the sailors were entering not just uncharted waters but strange new parts of the world where even their navigational techniques no longer worked. The Portuguese word coined for losing sight of Polaris was desnorteado – to be ‘dis-northed’ – and it soon took on the more general meaning of being lost or confused.15 fn6 But as Portuguese sailors continued down the African coast, on the opposite horizon they caught sight of the Southern Cross, a bright constellation that could serve the same guiding function in the Southern Hemisphere.16


  As the Portuguese continued with their quest to find the southern tip of this mysterious continent, each mission stopped regularly to collect information about the local geography, languages and, crucially, the goods that could be traded. Their ships also took with them stone pillars to be erected at the furthest point along the coast they reached on each expedition. Not only were these intended to stake territorial claims for the glory of the Portuguese crown, but they also served as a visible marker to be exceeded by subsequent voyagers.17 These small monuments carried in the hold of the pitching and rolling caravels as they sailed towards new frontiers were the fifteenth-century equivalent of the flags carried by US astronauts on the Apollo missions to the Moon.


  Yet the first successful rounding of the tip of Africa was a step change from this slow probing along the coast: it required a radical new approach.


  In the late summer of 1487, Bartolomeu Dias set out from Lisbon, passed the Canary Islands, rounded Cape Bojador, and retraced the route along the African coastline now familiar from decades of Portuguese exploration. After four months at sea, Dias had passed the stone pillar marking the furthest point previous expeditions had reached. As he continued to follow the shoreline, he named the bays and capes that he encountered after the saints’ days: the Gulf of Santa Marta (8 December), São Tomé (21 December), Santa Vitória (23 December), and so on, like time-stamps marking his progress on the map. On Christmas Day he christened the Gulf of St Christopher, the patron saint of travellers.18


  All along this coastline Dias’ ships had been pushing against adverse flows, tacking both against a steady southerly wind and a current pushing north up the coastline. Then Dias made a radical decision. He turned his ships away from land and headed out into the vast ocean, watching the comfort and safety of the coast recede over the horizon. His hope was that the same trick necessary for returning home from the North African coast against the Canary current – heading out further to sea on a looping volta do mar course to pick up westerly winds – would also work in the South Atlantic to carry them round the southern tip of Africa and find the passageway to the east.


  Dias’s flash of insight paid off, and by about 38° south the hoped-for westerly winds began to pick up. The ships finally turned east with these winds, and after nearly a month in the featureless expanses of the South Atlantic, they at last made landfall. Following the shoreline they realised that the coast was now heading northeast: they had successfully rounded Africa’s southern tip and were on the far side of the vast continent. But with their onboard provisions running out, Dias was forced to erect his final marker pillar and turn back home. It was only on the way back that he actually caught sight of what he believed to be the tip of the continent. He named it the Cape of Storms, reflecting the turbulent conditions at the junction of the Atlantic and Indian Oceans. On Dias’s return home King João II renamed it the Cape of Good Hope, so as not to discourage the next waves of explorers.19 fn7


  Dias’ voyage would change the course of history. First, he had confirmed that the classical geographer Ptolemy was wrong and that there was an end to Africa; thus a sea-route from Europe to the riches of the Indian Ocean circumventing the Islamic world was eminently plausible. But second, and just as importantly, he had discovered the band of westerly winds in the South Atlantic that can reliably carry mariners round the tip of the continent.21 Rather than hugging the African coastline and battling against northerly currents after crossing the equator, the solution is instead to steer a wide looping course into the mid Atlantic. The same volta do mar trick developed for returning from the Canary Islands in the North Atlantic also works in the South Atlantic – the wind bands in the Northern and Southern hemispheres are mirror images of each other. This gave European navigators the first inkling of the grand-scale patterns of circulation in the planet’s oceans and atmosphere, which they soon came to understand more deeply and began to exploit.


  A NEW WORLD


  While the Portuguese had been finding a route around the southern tip of Africa, a Genoese navigator was trying to raise support for a voyage sailing in the opposite direction: he believed he could reach the orient by sailing west. He finally found patronage from Queen Isabella of Castile, who in 1469 had married King Ferdinand II of Aragon to unify their realms and form Spain. He was known to his sponsors as Cristóbal Colón. In English, we call him Christopher Columbus.


  Contrary to a commonly held view today, no educated person in medieval times believed the Earth to be flat. In the third century BC Eratosthenes, a Greek geographer, astronomer and mathematician working at the Library of Alexandria, understood that the world is a sphere and calculated its circumference to be 250,000 stadia, or around 44,000 kilometres – remarkably close to its real value. Indeed, the techniques of celestial navigation used by sailors to plot their latitude by the stars is predicated on the very principle that the Earth is round. Columbus was also not the first person to propose that India could be reached by sailing west from Europe: the Roman geographer Strabo had suggested the same in the first century AD. And there was evidence that something did lie over the watery horizon. Reports from the Atlantic islands described flotsam drifting in from the west: unfamiliar trees, canoes and the bodies of people neither European nor African in appearance.22


  In order to secure financial support for his expedition, Columbus had to convince potential sponsors that the proposed voyage was achievable. But how do you estimate the distance travelling west from the edge of Europe to China or India before you’ve accomplished such a journey? The solution was to start with the calculated circumference of the world and then subtract the overland distance from Europe to the Orient – the approximate width of Eurasia was known from travellers along the Silk Road. The problem was that these calculations yielded a westward oceanic distance of around 19,000 kilometres, or about four months of sailing with reliable winds. Such a journey was utterly impossible at the time. Ships simply couldn’t carry enough food and clean water to keep their crews alive for this long on the open seas without making landfall for fresh supplies.


  Not to be deterred, Columbus pulled the sort of sleight of hand used by any intransigent believer absorbed in the strength of their own convictions. He fudged the numbers. Columbus took the lowest calculation of the Earth’s circumference available at the time, along with the greatest estimate of the breadth of Eurasia, and arrived at a significantly shortened sea distance to the west. He used the measurements of Paolo dal Pozzo Toscanelli, a Florentine mathematician and map-maker, who not only grossly underestimated the circumference of the globe, making the world a third smaller than it really is, but also believed that Japan lay 2,400 kilometres east of China, thus offering a chance to break up the long sea voyage. Columbus argued that he would be making landfall in the islands off Japan after travelling only 3,900 kilometres from the Canary Islands. This would amount to just a month’s sailing time. Indeed, Columbus claimed that the Orient lay not far over the horizon from the position of the Azores.23 He never considered the possibility of an unknown continent lying in the way: by his calculations there simply wasn’t room for one in the western seas.


  The Portuguese refused to sponsor the venture, however. King João II’s advisors regarded Columbus’ numbers as a dangerous underestimate and the proposition foolhardy. And in any case, Bartolomeu Dias had just successfully rounded the Cape of Good Hope and shown Portugal the open gate to the Indian Ocean via their African route. The Genoese, Venetians and English also declined to get involved; but at last Columbus’ repeated lobbying of the Spanish court bore fruit. Queen Isabella was advised that although the proposition might be high-risk, it also offered the possibility of enormous gains. And this is where a degree of blind historical luck played to Columbus’ fortunes.


  The Treaty of Alcáçovas in 1479, which ended the War of the Castilian Succession, had handed the Canary Islands to Castile while the Portuguese kept possession of Madeira, the Azores and the Cape Verde Islands. This agreement worked clearly in favour of the Portuguese in the Atlantic, with Castilian ships forbidden to sail to these archipelagoes; indeed, the Portuguese were given exclusive rights over any lands that had been or would be discovered south of the Canaries. If Castile wanted to pursue its own territorial and trading interests the captains would have to head west. And it just so happens that the Canaries offered the ideal starting point for ships sailing in that direction across the Atlantic.


  Had Columbus’ proposal been accepted by King João II he would have embarked on his audacious westward voyage from the Azores. Lying as they do about 850 kilometres further west of Madeira and the Canaries, we now know that these islands are situated about a third of the way from the edge of Europe to the American coast. But the Azores also lie further north than the other Atlantic islands, and at this latitude the prevailing winds blow towards the east – unfavourable for any Atlantic crossing. The Canaries, however, lie within the zone of the northeasterly trade winds that blow all the way to the Caribbean. By sheer historical fluke, Isabella’s support – and the Treaty of Alcáçovas – meant that Columbus attempted his crossing from an archipelago that happens to be upwind of the Americas. If his expedition had set sail from the Azores it would likely have perished deep in the ocean.24


  On 3 August 1492 Columbus’ three ships slipped their moorings at the port of Palos de la Frontera and sailed southwest to the Canary Islands. Here Columbus restocked his provisions, made some repairs, and then turned the prow of his ships in the direction of the sunset. Carried by the easterly trade winds over the featureless expanse of the Atlantic Ocean, they made landfall five weeks later in the Bahamas.fn8 Columbus then continued further southwest to explore the coastlines of Cuba and Hispaniola. Here he heard of a people inhabiting the Lesser Antilles island arc whom the Spanish named cariba or caniba, from which we get our words Caribbean and cannibal.fn9


  After four months of exploring these islands, Columbus was ready to return home to receive his expected riches and glory. But how to travel back from a place that has never before been reached by sea? Columbus first tried to simply sail back the way he had come, but he soon realised that his ships would have a hard time beating a course upwind into the same easterlies that had borne them on the outward journey, and that they risked running out of provisions before reaching land. He decided to turn north instead, and in the middle latitudes, he picked up the same band of westerly winds that blow past the Azores and which carried him back to Europe. Therefore Columbus’ expedition would have been impossible without the knowledge gained by Portuguese sailors that the prevailing winds blow in opposite directions in neighbouring bands of latitude, won through their methodical efforts to push down the African coast for decades before Columbus had even been born.25 Crossing the Atlantic in midwinter exposed the weary sailors to ferocious storms, but after a month’s sailing Columbus’ ships arrived safely in the Azores,26 and from there they returned to Spain.


  Columbus made a total of four voyages west, mapping out the chains of tropical islands in the Caribbean, but it wasn’t until the third expedition that he actually set foot on the American mainland, in what is today Venezuela. Yet to the end of his life, Columbus still maintained that he had reached the Orient.27


  By the early 1500s, scores of tropical islands had been mapped by European sailors, as well as the long South American coastline continuing past the equator with its big rivers, suggesting that they drained an expansive area inland. Other explorers also reported large land masses far to the north. Alarmed by Spain’s supposed new route to Asia along the latitude of the Canary Islands, England’s king Henry VII sent the Venetian navigator Giovanni Caboto (or John Cabot) on an expedition to find an alternative route through the North Atlantic, which reached Newfoundland.


  It became clear that Columbus had not reached the Orient – but what exactly had been discovered? It began to dawn on Europeans that perhaps the lands to the west were all one continuous coastline, that they had stumbled across not a series of new islands, but an entire continent – a whole New World.


  THE GLOBAL WIND MACHINE


  The Portuguese had spent the best part of a century inching their way down the coast of Africa before they finally found its southern tip and the gateway into the Indian Ocean. Now, within a generation of the discovery of the Americas in 1492, European sailors ventured across all the world’s oceans and completed the first circumnavigation of the Earth. This was a revolution that heralded the birth of today’s global economy.


  All this was only possible because mariners had come to understand the patterns of reliable winds and currents around the globe, which now determined the trade routes that brought great riches to Europe. But what causes these alternating bands of prevailing winds around the world, which in turn drive the great wheeling currents in the oceans?


  The warmest part of the Earth is the equator, which receives the most direct sunlight over the year. The air near the equatorial surface heats up and rises, but as it ascends it cools, the moisture condenses into clouds and then falls as rain. At high altitude, the cooling air mass diverges and splits to the north and south, like a T-junction high in the atmosphere. Each of these arms travels about 3,000 kilometres before descending to the ground again, now very dry, at around 30° latitude – roughly one-third of the way between the equator and the pole – in both the Northern and Southern hemispheres. These two bands around the Earth are called the subtropical highs because the air crushing down here creates slightly higher pressure. The warm air rising from the equator, on the other hand, leaves behind a low pressure region.


  From the subtropical highs at 30° latitude the air then travels back towards the equator as surface winds to complete this great vertical circuit. This zone of reliable winds, which was so important for the European crossing to the Americas, is a manifestation of the same atmospheric circulation pattern that produces the world’s great bands of tropical rainforests and mid-latitude deserts which we discussed in the last chapter. These two immense atmospheric rolling patterns, convection currents just like those around your radiator at home, are known as Hadley cells, and they operate like paired cogs, separated by the equator and rotating in opposite directions. The movement of the Hadley cells, driven by equatorial warming, is a great heat engine – no different in principle from a steam engine or the internal combustion engine in your car, albeit one with a power rating of about 200 million million watts – ten times greater than the entire power use of global human civilisation today.28


  But there’s another important aspect of our planet that influences the winds on Earth. Our planet, and its atmosphere, is rotating. Because the Earth is a solid sphere, this means that the surface at the equator is moving faster than that at higher latitudes. And so as the air returns from the subtropical highs towards the equator the ground beneath turns eastwards faster and faster. There’s a small amount of friction between ground and atmosphere that starts to drag the air along with the surface, but the air is unable to pick up speed sideways fast enough as it moves, and so the winds blowing towards the equator get left behind by the rotating surface. The upshot is that they are effectively deflected in a smoothly curving path towards the west. This is known as the Coriolis effect, and it influences anything moving over the surface of a rotating sphere, for instance the trajectory of ballistic missiles. Or to put it another way, if you imagine yourself rocking about on a ship in tropical waters, the prevailing winds appear to blow from the east, but a more accurate description would be that you and the Earth’s surface are spinning quickly through the atmosphere, and the easterlies are like the wind in your hair when you’re driving fast in your car with the top down.


  Any winds blowing in the Northern Hemisphere are deflected by the Coriolis effect to their right, and those in the Southern to their left. Thus between the latitude of 30° north and the equator the prevailing winds follow a curved path towards the southwest, and so by the nomenclature for winds are called northeasterlies. And the same is true in the Southern Hemisphere: the air returning north along the surface to the equator is again deflected towards the west to produce prevailing southeasterly winds. These easterlies are known as the trade winds, and as reliable winds blowing through the tropics they have been absolutely crucial for mariners.fn10


  The band where the returning northeasterly and southeasterly trade winds meet each other around the equator is called by modern atmospheric scientists the Intertropical Convergence Zone (ITCZ). But to sailors it’s known as the doldrums. This is the region of low-pressure air, characterised by light winds or periods of dead calm, that was first encountered by Portuguese sailors crossing the equator on their journey down the African coast in the late fifteenth century. The region can prove disastrous for ships as they wait for the winds to pick up again or an ocean current to carry them out. They can find themselves becalmed and stuck in the doldrums for weeks, and in this equatorial region of hot and muggy climate it may mean not only a delay in delivering your cargo back to port but it can also spell death as your onboard fresh water supplies run out. Samuel Taylor Coleridge evoked the desperation of sailors becalmed in the Pacific doldrums in ‘The Rime of the Ancient Mariner’:


  
    Day after day, day after day,


    We stuck, nor breath nor motion;


    As idle as a painted ship


    Upon a painted ocean.


    Water, water, every where,


    And all the boards did shrink;


    Water, water, every where,


    Nor any drop to drink.

  


  The location of the ITCZ is determined by rising air warmed by the sun, and so it shifts north and south of the geometric line of the equator with the seasons. And because land warms up more quickly than the ocean in summer, the ITCZ band is pulled further away from the equator by the continents. It therefore follows a decidedly sinuous, snakelike path around the waistline of the world. This makes the exact location and width of the ITCZ hard to predict, and increases the risk of sailors getting caught out in the doldrums.
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    The grand circulation currents in the Earth’s atmosphere that create the alternating bands of prevailing winds.
  


  Beyond the 30° latitude of the descending arms of the Hadley cells, at around 60° north or south the surface air, although cooler than at the equator, is still warm enough to rise into the atmosphere and drive another convection loop. And just as with the Hadley cells, the surface winds blowing back towards the equator at the bottom of this loop are smoothly deflected to their right by the Coriolis effect, producing the band of winds called polar easterlies.


  The third and final pair of grand circulation currents in the Earth’s atmosphere are the two Ferrel cells, operating in the middle latitudes between 30° and 60°. But unlike the other two, the Ferrel system is passive: it’s not directly driven by its own rising warm air, but by the rolling of the Hadley and Polar cells it nestles between. It’s almost like a freewheeling gear being forced round by two powered cogs turning on either side of it. Where the descending arms of the Ferrel and Hadley cells merge, at around 30° north and south, they form two subtropical ridges of high pressure known as the ‘horse latitudes’. These regions are also characterised by light, variable winds or calm conditions; and so, like the doldrums, sailors learned to be wary of them.


  Because the Ferrel cell is driven by the Hadley and Polar cells on either side it turns in the opposite direction. And this fact has been hugely important in the Age of Sail. The surface winds of the Ferrel cells blow not towards the equator but the poles, and so the Coriolis effect instead deflects them in the opposite direction. This is the zone of the westerlies. Two different latitude bands of winds blow to the west – the trade winds of the Hadley cell and the polar easterlies – but if you want to sail east you can only do that within the realms of the two Ferrel cells and the westerly surface winds they produce. This is the route back to Europe from Central and North America, first exploited by Columbus once he realised he needed to sail north into this zone to return home.


  The zone of westerly winds has proved just as vital in the Southern Hemisphere. As we noted previously, due to a quirk of the current distribution of the continents through plate tectonics, the Northern Hemisphere is packed with land masses and their mountain ranges which disrupt the flow of winds. The Southern Hemisphere, on the other hand, is dominated by open ocean, free of windbreaks. In particular, below about 40° only the bottom tip of South America and the two islands of New Zealand impede the uninterrupted rush of the westerly winds all the way around the world. The southern westerlies consequently tend to be much stronger than their northern counterparts, and sailors came to call this zone the Roaring Forties. And if they dared to push even further south, risking fierce wind and waves, frigid climate and threat from icebergs, navigators could take advantage of the even stronger Furious Fifties or Shrieking Sixties.


  This pattern of alternating bands of winds between the equator and the poles also drives the currents in the world’s oceans which too have been enormously important for knitting together our world into huge trade networks. The neighbouring zones of the easterly trade winds and the westerlies blow the surface water in opposite directions. This, coupled with the fact that the continents block the water from simply circling the world, and that water moving north or south across the globe also feels the Coriolis effect, creates great wheeling surface currents known as ocean gyres. There are five major gyres, in the North and South Atlantic, North and South Pacific, and in the Indian Ocean. These ocean gyres turn clockwise in the northern hemisphere, and anticlockwise in the southern, and like the direction of the wind bands they mirror each other over the equator.


  The Canary Current, coursing along the North African coast, was well known to Phoenician and later Iberian sailors, as we saw earlier. This is the eastern arm of the gyre circulating in the North Atlantic; the Gulf Stream, bearing warm waters from the Caribbean up to Northern Europe, forms the western arm. The Gulf Stream was discovered in 1513 when Spanish explorers sailing south along the coast of Florida realised they were being pushed backwards despite sailing with a strong wind. (Because water is so much denser than air, even a gentle ocean current can have a much greater effect on a sailing ship than the wind.) The commercial implications were immediately realised: heavily-laden galleons needed only slip into this wide, fast-flowing river within the ocean to be readily carried north and then round with the westerly winds back home.29 The Brazil Current, running along the east coast of South America, is the mirror-image counterpart of the Gulf Stream and carries ships south into the zone of the westerly winds which they then pick up for rounding Africa into the Indian Ocean.fn11


  So overall, in each hemisphere the atmosphere enveloping the planet is divided into three great circulation cells, like giant tubes wrapped around the world, each rolling in place and shifting north and south slightly with the seasons. These produce the major wind zones of the planet – easterly trade winds, westerlies and polar easterlies – which in turn drive the circulating ocean currents. Pretty much the entire wind pattern on Earth can therefore be explained by three simple facts: the equator is hotter than the poles, warm air rises, and the world spins.


  This sums up the general pattern of banded winds around the globe. But there is one region of the world with a unique wind system that drove a thriving maritime trading network long before Europeans encountered it.


  INTO THE MONSOON SEAS


  When you hear the word ‘monsoon’ your mind may well fill with imagery of a verdant and muggy Indian landscape being lashed by torrential rain of fat, heavy drops. The word derives from the Arabic mausim, meaning ‘season’,30 and the monsoons are of course crucial for the wet and dry seasons that shape agriculture across South East Asia. But scientifically speaking, the monsoons are the result of the distinctive atmospheric conditions around South Asia and the pronounced rhythmical reversals in the direction of the prevailing winds. Here was a system of winds completely alien to anything Portuguese sailors had encountered before in the Mediterranean or the Atlantic.


  Following in the footsteps (or at least the ship’s wake) of Bartolomeu Dias, another Portuguese explorer, Vasco da Gama, set sail from Lisbon in the summer of 1497 to complete the sea route to India. He took the now customary route along the north-west African coast, re-watered in the Cape Verde islands, and then travelled round the bulge of Africa. But rather than hugging the familiar African coastline into the doldrums in the Gulf of Guinea, he turned his ships southwest into the gaping expanse of the Atlantic, enlarging Dias’ volta do mar into a huge looping course that took him thousands of kilometres away from land.31 Far out at sea he encountered the Brazil Current that carried him steadily south until he picked up the prevailing westerly winds, discovered by Dias a decade earlier, which bore him readily back east to the tip of Africa.


  Da Gama and his crew had just spent over three months at sea, travelling around 10,000 kilometres through the Atlantic, making it by far the longest voyage through open ocean undertaken by that time. By comparison, Columbus had spent only 38 days sailing west before his nervous crew became mutinous and demanded to turn back – only to fortuitously sight land two days later.


  Da Gama now worked his way round the cape, pushing against the current that sweeps around the south-eastern African coastline. On 16 December 1497 they passed the final stone pillar erected by Dias. By the following March, he reached Mozambique, entering the realm of the Arabic sea traders. In the port of Malindi, in modern-day Kenya, he first encountered Indian merchantmen and here da Gama was able to secure the services of a Gujarati pilot with knowledge in navigating the Indian Ocean.32 Heading off in late April they were blessed with a steady wind to the northeast – da Gama was yet to appreciate the nature of the monsoon winds and the fortuitous timing of his journey – and the fleet headed on a diagonal course cutting right across the Indian Ocean, making for Calicut on the Malabar Coast. On 29 April they noticed the North Star on the horizon: they had re-entered the Northern Hemisphere. Vasco da Gama’s ships arrived in Calicut on 20 May 1498, after having crossed over 4,000 kilometres of open ocean in only twenty-five days. He had finally achieved the decades-long dream of Portugal’s explorers and traced a sea route from Europe to India and the riches of the Spice Islands.


  The Portuguese spent some time exploring the Indian coast before embarking on the voyage home in early October. But now it showed that de Gama’s grasp of the rhythmical mechanics of the monsoon wind patterns was woefully inadequate: no navigator with local knowledge would have attempted to cross southwest to the African coast at this time of year. Da Gama’s ships found themselves battling against a headwind and were forced to beat back and forth, making very slow progress. Worse still, they were frequently becalmed, while their drinking water turned foul and scurvy reared its ugly head amongst the crew.fn12


  They eventually reached the East African coast at Mogadishu. Their dismally mistimed return passage had taken 132 days. If only they’d waited two months before attempting the journey they could have sailed before the winter monsoon winds to make the crossing in just a few weeks. By the time the Portuguese finally made it home they had been away for almost exactly two years and travelled around 40,000 kilometres.34 Their feat of courage and endurance had come at the cost of the lives of two-thirds of the crew, many having succumbed to scurvy. The rhythms of the monsoon winds must be heeded.


  But their ships had returned with holds full of cinnamon, cloves, ginger, nutmeg, pepper, and rubies, whereas Columbus’ first expedition had found little of any worth. So although it was Columbus’ eight-month expedition of 1492 that is most remembered today, in many ways da Gama’s 1497 voyage was far more impressive. He had discovered what Columbus set out, but failed, to find: the sea route to the riches of the East.


  THE MONSOON METRONOME


  The monsoon winds are driven by exactly the same process you’ll be familiar with from the changing breezes on a trip to the seaside. During the day, the land warms up more quickly, and to a higher maximum temperature, than the surface of the sea alongside it. This causes the air over the land to rise, and the cooler air over the sea is sucked into the low pressure region left behind, driving a convection current with a steady wind that blows from the sea to the land – an onshore breeze. Conversely, the ground cools much more quickly after sunset, and so the warmer, rising sea air pulls in behind it air from the land to drive an offshore breeze. If you sit on the beach over sunset you can often feel the distinct reversal in wind direction. The only difference is that monsoons occur on a much grander scale, and seasonally rather than daily. In the summer the land mass of continents heats up more quickly than the surrounding sea surface, driving a monsoon wind that pulls in moist air from over the ocean. Through the winter, the ocean retains more of its warmth so that the convection cell reverses, the monsoon winds flip direction, and dry air from higher in the atmosphere descends onto the continent.


  Seasonal monsoon winds are created by the temperature differences between several continental land masses and their surrounding ocean. West Africa as well as North and South America also experience weak monsoons but the monsoon winds over India and South East Asia are by far the strongest on Earth, and this comes down to geography. The Tibetan Plateau is the world’s largest and highest, measuring roughly 2,500 by 1,000 kilometres, and rising on average more than 5 kilometres above sea level. When the ground of the Tibetan plateau warms in the summer sunshine it also heats up the air in the upper atmosphere. This gives a big boost to the rising air currents at the beginning and end of the summer monsoon season. Even more important in driving the strong monsoon winds is the Himalayan mountain range along the southern edge of the plateau. This acts like a high wall, a barrier that blocks cold, dry air from the north being sucked down over India and mixing with the warm, moist air from the ocean, which would subdue the atmospheric circulation. The Himalayas essentially insulate India and provide the conditions for a powerful monsoon effect.35 So the strong monsoon winds of south Asia are another consequence of plate tectonics – the result of India crashing into Eurasia about 25 million years ago.


  India sits in its enveloping ocean like the central spike in a huge ‘M’, and as it warms up with the beginning of summer, the rising air currents suck in moist air from the ocean that encircles it, which then itself ascends, cools and condenses into clouds that release huge amounts of monsoon rain. The Intertropical Convergence Zone, as we saw earlier, snakes around the waistband of the Earth where the trade winds blowing from the north and south meet each other. During the summer, the heating of India and the effects of the Tibetan Plateau and the Himalayas are so pronounced that the ITCZ is pulled over 3,000 kilometres north of the equator, and then swings far to the south again in winter. Thus the ITCZ band sweeps through the region, the trade winds from the Southern Hemisphere push right over the equator in summer, and in winter the northerly winds extend into the Indian Ocean and islands of the East Indies.
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    The seasonal pattern of reversing winds in the Monsoon Seas.
  


  In effect, the geography of India disrupts the ‘normal’ wind patterns that we encounter around the rest of the globe. From one season to the next, the winds over the whole of South East Asia periodically flip direction, like the great breathing in and out of huge planetary lungs. Through the eleventh to fifteenth centuries, long before the arrival of Portuguese mariners, ships making use of these winds to sail across the Indian Ocean and among the myriad islands of the East Indies created a dynamic and diverse trading network, with bustling ports along the routes.36


  The reversal of the monsoon winds is as regular and predictable as a metronome, and simply by timing your voyages right you can sail to where you need to go on favourable winds, load up on goods and re-provision your ship, and then simply wait for the winds to shift direction and carry you all the way home again. Navigating in the Indian Ocean or around the East Indies is therefore different from sailing the Atlantic or the Pacific. There the trick is to move north or south between neighbouring atmospheric circulation cells with either the tropical easterly trade winds or the mid-latitude westerlies – you pick the wind direction you need by a change in space. But the trick for navigating the monsoon seas is to wait for the seasonal reversal and sail back pretty much the way you came – you pick the right wind direction by a change in time. And this is something that Vasco da Gama completely failed to appreciate when he entered the Indian Ocean in 1498.


  EMPIRE OF WATER


  From the year after da Gama’s return, the Portuguese began sending annual expeditions to India along his new route.fn13 These mariners also learned their lesson from da Gama’s punishing return voyage and quickly acquired knowledge of the rhythms of the monsoon winds that dictate the sailing schedules through the Indian Ocean and islands of South East Asia. Now in possession of this key navigational understanding, and with their large, cannon-wielding ships and experience of building strong fortifications born of centuries of incessant warfare in Europe, the Portuguese rapidly asserted their dominance in the region and continued further east in their quest for the source of the spices. In 1510 they conquered Goa, turning it into their main base of operations around the Indian Ocean,fn14 and the following year they took Malacca so as to control the maritime traffic through these straits. Once they had ascertained where the Spice Islands were located, they sent an expedition to occupy the Moluccas in 1512. The Portuguese also gained permission to establish trading centres in Macau, on the south Chinese coast, in 1557, and in Nagasaki, Japan, in 1570.


  By 1520, the income from Portugal’s spice trade across the Indian Ocean provided nearly 40 per cent of the Crown’s total revenue. Portugal had created a new kind of empire, made powerful and wealthy not through possession of large areas of territory but by the strategic control of sprawling oceanic trade networks on the other side of the world – an empire of water.39


  Where the Spanish and Portuguese had led the way, the Dutch, British and French followed. The rivalry between these marine trading powers triggered colonial wars around the world as they attempted to eject each other from strategic ports and forts, and control chokepoints to dominate the critical sea passages. Through exploration and maritime trade Europe’s centre of gravity shifted decisively from east to west. Europe was no longer the world’s western extremity, the distant terminus of the network of the Silk Road threading its way across Asia. And the Mediterranean – the inland sea that had witnessed millennia of city states, kingdoms, and empires competing with each other for dominance – became almost parochial, fading from its previous centrality into relative insignificance.


  The New World, and the new maritime routes to India and the Orient, offered Europeans access to a seemingly inexhaustible trove of territory and resources, wealth and power. As European navigators decoded the secrets of the planet’s wind patterns and ocean currents they reached across the great expanses of the world’s oceans, linked formerly unconnected regions of the planet, and began the process of globalisation.40 The Age of Exploration was therefore not just a process of filling in the world map with strange new lands, but also of discovering invisible geographies. European sailors learned how to use the alternating bands of planetary winds and wheeling ocean currents like a great interlinked system of conveyor belts, to carry them where they wanted to go.


  The early exploration ships were slender-hulled and rigged for the greatest manoeuvrability around unknown coastlines, and in particular for beating into the wind. But these small caravels with triangular ‘lateen’ sails required large numbers of expert crew and had little stowage space for cargo alongside the necessary provisions. The ideal design for transoceanic trade is a broad ship rigged with large square sails, which is much simpler to handle and so minimises the crew size whilst maximising the hold space for supplies and profit-making cargo. These square-rigged ships, exemplified by the Spanish galleons, catch a great deal of motive force but can only ever ride with the wind: beating against the breeze is virtually impossible.41 This meant that in contrast to the early years of exploration, the trade routes that came to establish the European imperial presences overseas were strongly dictated by the direction of the prevailing winds, and this had profound implications for patterns of colonisation and the subsequent history of our world. The three most important of these were the Manila Galleon Route, the Brouwer Route and the Atlantic Trade Triangle.


  TOWARDS GLOBILISATION


  While the Portuguese were establishing their trade empire in South East Asia, the Spanish were exploring their possessions in the Americas and began looking for their own westward route to the riches of the Spice Islands.


  By 1513 a Spanish explorer had trekked across the Panama isthmus and was the first European to set eyes on the ocean on the far side.42 As we saw in Chapter 2, Ferdinand Magellan – a Portuguese navigator but sailing for the Spanish – passed round the bottom tip of South America in 1520 through the strait that now bears his name and called this new ocean the ‘Mare Pacificum’ – the Peaceful Sea.43 His fleet rode north along the coast with the Humboldt Current of the South Pacific Gyre before picking up the trade winds to sail westward to the Philippines, which he claimed for Spain. Magellan was killed on the island of Mactan, but his fleet continued on their voyage and in 1521 reached the Moluccas, the famed Spice Islands themselves and at the time the sole source in the world of nutmeg and cloves.fn15


  The problem for the Spanish voyage to the Spice Islands was that the mariners had found a route west across the Pacific, but did not know the winds needed to return east to the Americas. The only ship of Magellan’s expedition to make it home did so by continuing west across the Indian Ocean, completing the first circumnavigation of the globe. As her captain wrote: ‘We made a course around the entire rotundity of the world – that by going by the Occident we have returned by the Orient.’45


  It took another forty years before Spanish sailors had gained knowledge of the winds that allowed a return journey back east across the Pacific to the Americas. Realising that the pattern of winds in the Pacific replicates that of the Atlantic, navigators sailed north from the Philippines as far as the coast of Japan before picking up the band of westerlies (in the Ferrel circulation cell of the atmosphere) that carried them in the right direction.46 The discovery enabled the Spanish to bridge the vast Pacific Ocean with regular round-trip shipping, the Manila Galleon Route. This ran between the colonies of New Spain in Acapulco, in present-day Mexico, and Manila in the Philippines, and for 250 years – from 1565 to 1815, ending with the Mexican War of Independence – this Pacific crossing was the longest-running trade route in history.47 The westerly winds across the Pacific delivered the galleons to the coast of California, where they needed way stations to be resupplied after this long ocean crossing and before setting off on the last leg of their journey south down the coast to Mexico. This explains the strong Spanish colonial presence in the region, with the names of the major cities of San Francisco, Los Angeles and San Diego still recalling the Spanish influence today.


  The main cargo carried west across the Pacific on this route was silver. In the 1540s the Spanish discovered rich silver veins in Mexico, as well as the ‘silver mountain’ of Potosí high in the Andes.48 fn16 Most of this silver was taken up the South American coast on the Humboldt Current to the Panama Isthmus, carried across this narrow land bridge by packs of mules and then loaded onto ships bound for Spain.52 Sailing across the Atlantic in treasure flotillas the Spanish galleons were the prey of French, Dutch and English corsairs with memorable names like ‘Peg Leg’ Le Clerc and Francis Drake.


  About a fifth of the mined American silver was sent across the Pacific aboard Manila Galleons and in the Philippines it was traded for Chinese luxuries: silk, porcelain, incense, musk and spices.53 Ultimately, whether it was carried on the Manila Galleon route to the Philippines for trade with the Chinese, or back to Spain and then filtered through the European empires towards the east, about a third of all South American silver flowed to China,54 which placed a higher value on this precious metal even than on gold. Some of the silver was traded with India, where in the early seventeenth century the Mogul ruler Shah Jahan built a resplendent mausoleum for his wife – the Taj Mahal. This enduring symbol of love also epitomises the early global economy that was taking off with the Age of Sail: South American silver exploited by the Spanish, and handled through European merchants, ultimately financed a monumental building project in India.55


  For a time, Spain grew immensely rich and powerful with this stream of silver coming out of the Americas. But like the Atlantic Trade Triangle, to which we’ll come later, this immense European wealth came at a great human cost for the workers mining the depths of the silver mountain for months at a time, suffering the heat and dust at a lung-straining altitude of 4,000 m. Potosí has been memorably described as the ‘mountain that eats men’.56


  The seventeenth century saw another crucial new route opened to the East Indies. The passage discovered by the Portuguese in the last years of the fifteenth century went round the tip of Africa, followed up the continent’s eastern coastline and crossed to India, before heading round to the Strait of Malacca. The route dipped only slightly into the band of westerly winds to carry ships past the southern tip of Africa. These are the Southern-Hemisphere mirror image of the mid-latitude westerly winds that the Spanish learnt to ride from the Philippines to Mexico on the Manila Galleon Route. But as we saw earlier, in the Southern Hemisphere these westerlies are unobstructed by major land masses and are consequently far stronger. It wasn’t for over another century, however, that sailors realised how they could fully exploit the Roaring Forties.
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    Connecting the world: major oceanic trade routes exploiting different wind bands and ocean currents.
  


  In 1611, Captain Henrik Brouwer of the Dutch East India Company passed the Cape of Good Hope and instead of heading northeast towards India turned south, deeper into the westerlies. These carried him fully 7,000 kilometres east before he exited this fast-moving ocean freeway and turned north again to Java. The Brouwer Route, making use of the Roaring Forties, took less than half the time of the traditional passage – not least because it obviated the need to wait for the monsoon winds in the Indian Ocean. As well as offering a far quicker voyage to the Spice Islands, this more southerly and cooler route away from the tropics kept the crew healthier and supplies fresher.


  The development of the new passage had a number of profound historical consequences. It was sailors taking the Brouwer Route who first set eyes on the west coast of Australia. And detouring south around the Indian Ocean meant that the passage shifted the gateway into the East Indies from the Strait of Malacca to the Sunda Strait between Java and Sumatra. The Dutch founded Batavia – present-day Jakarta – in 1619 as their operational centre in the region and to command this key strait. This zone of strong winds was also the reason behind the founding of Cape Town: the Dutch needed a resupply port for ships before the long final leg of their journey. The Roaring Forties wind belt is therefore the reason why Afrikaans is spoken today in South Africa.fn17


  It was spices that drove the early years of the Age of Exploration and the global oceanic trade carried by European ships, but by 1700 new commodities had come to dominate demand. Crops originally grown in Africa and India had been transplanted to the New World and large amounts of coffee were now being produced in Brazil, sugar in the Caribbean, and cotton in North America.58 And the demand for labour needed to mass-produce these commodities for the European markets led to another transcontinental trading system, which is arguably the most significant of all for the shape of the world today.


  In simple terms, the Atlantic Trade Triangle linked Europe, Africa and the Americas to serve Europe’s insatiable hunger for cheap cotton, sugar, coffee and tobacco. Ships sailed from Europe with goods manufactured in these developed nations, such as textiles and weapons, down to the West African coast to trade them with local chiefs for slaves they had captured. They then transported these slaves across the Atlantic to sell them in the colonies, to plantation owners in Brazil, the Caribbean and North America.fn18 The capital raised by selling this human cargo was used by the captains to purchase the commodities grown on the plantations, the produce of the slaves’ labours. The cargo holds of the slave ships were scrubbed with vinegar and lye and they then took these raw materials back to Europe for manufacturing, and so completed the loop.61 There were variations on the exact routes sailed and the wares transferred at each leg in overlapping circuits, as well as short hops shuttling goods along certain stretches of coastline,62 but this was the core of the Atlantic Trade Triangle that operated between the European homelands and their colonial territories from the late sixteenth to the early nineteenth centuries.


  Before shipment across the Atlantic, African slaves were held in coastal forts, known as factories, often established at the mouth of rivers as this offered the easiest way for transporting captives from further inland. The great majority of slaves were taken from West Central Africa – the region between the equator and about 15° south – and along the Gold Coast, the Bight of Benin and the Bight of Biafra in the Gulf of Guinea. This too is largely due to the mechanics of atmospheric circulation patterns and ocean currents. From these locations it is easier to cross to South America with the southeasterly trade winds and then south down the coast with the Brazil Current for the Brazilian coffee plantations; or follow the northeasterly trades and north equatorial current to the sugar plantations of the Caribbean islands, the cotton plantations of Alabama and Carolina, and tobacco plantations of Virginia. The Atlantic slave trade was banned in 1807, but continued by smugglers until the abolition of slavery with the conclusion of the American Civil War in 1865. By this time over 10 million Africans had been forcibly seized and transported to the Americas,63 many dying in the abysmal conditions on the way or in the first year or two on the plantations. About 40 per cent were taken to Brazil, 40 per cent to the Caribbean, 5 per cent to what became the United States, and 15 per cent to Spanish America.64


  The shipping merchants sold their cargo for a profit at each stage of the triangle, and so like an economic perpetual motion machine the system generated huge financial gains for its masters with each turn of the crank. While the European nations began to use waterwheels and then steam engines to power their mills and factories, the enslaved human workforce overseas providing the raw materials was an equally important component of the machinery driving the economics of industrialisation. Before the forces of abolitionism gathered strength, the taste of sweetened tea or a slug of rum, the feeling of a clean shirt on the back, and the invigorating inhalation of pipe smoke made Europeans close their minds to the human suffering that was ultimately providing for their lifestyle.65 fn19


  The huge areas of new land that made up Europe’s overseas colonies and the raw materials and profits they provided helped create the conditions for the Industrial Revolution, but just as crucial for powering this transformation was the availability of seemingly limitless amounts of energy from the subterranean world, to which we’ll now turn.


  Chapter 9


  Energy


  For the vast majority of the 10,000-year history of settled humanity we have been an agrarian society. Sedentary peoples have fed themselves on crops grown in the nearby fields and raised animals for meat, milk and traction power. Husbandry has also provided the fibres we make into clothes to protect ourselves from the elements: cotton, linen, silk, leather and wool.


  In essence, agriculture gathers solar energy from a certain area of land, and transforms it into nutrition for our bodies and raw materials for our community. Over time we have increased the agricultural output either by expanding the area under cultivation – by clearing forest to make way for farmland and developing new tools and techniques, such as the heavy plough, to cultivate previously marginal land – or by selective breeding of higher-yielding crops and animals, and crop-rotation schemes. We have become increasingly adept at this through history, and consequently our population has boomed.


  Felling forests has also provided the firewood we need for cooking our food and heating our homes. And timber provided the heat energy needed to convert the raw materials we gathered from the natural environment into products like pottery, bricks, metals and glass. To create the greater temperatures required in our kilns, furnaces, forges and foundries, we have carbonised wood to make charcoal. In this way, by relying on charcoal made from forests, even steel and glass production was tied to the growth of trees. As our population grew and the demand for timber to be used as fuel and construction materials increased, we began to run out of nearby natural forests and learned how to coppice. Coppicing is the system of managed forestry where trees such as ash, birch and oak are felled and allowed to resprout from the trunk to redevelop into another mature tree. Coppicing can be carried out in repeated cycles to provide a continual supply of wood from the land.fn1


  But as the population in Europe continued to grow, even coppicing could not satisfy our insatiable appetite for firewood and construction timber. From the mid seventeenth century this shortage became more and more acute and the price of wood rose inexorably. Europe was hitting ‘peak wood’: all suitable land was already being used to grow food and the production of fuel could not be increased any further. Then, however, a new source of energy began to be explored that not only kept our home fires burning, but provided levels of energy that far outstripped muscle power.


  SUNSHINE AND MUSCLE POWER


  For most of human history, the power required for building and maintaining civilisation had been provided by muscles, whether those of human labourers or draft animals. Muscles, properly employed and coordinated, can achieve phenomenal feats: the pyramids of Giza, the Great Wall of China, the cathedrals of medieval Europe – all were constructed with muscle power and simple mechanical contraptions like rollers, ramps and winches. But muscles need to be fuelled by food, which in turn requires farmland and pasture. And so as our population swelled and agricultural land became increasingly scarce, muscles got expensive.2


  There already were alternatives to muscle power that harnessed natural, renewable energy sources. Much was accomplished with the turning force provided first by the waterwheel and then the windmill. The waterwheel was invented around 2,500 years ago, and by the first century AD it was used by the Chinese for driving the bellows in blast furnaces for smelting iron.3 The most extensive waterwheel facility constructed by the Romans was in Barbegal in southern France, built soon after AD 100.4 Here a system of sixteen waterwheels made up the greatest known concentration of mechanical power in the ancient world,5 with a total output equivalent to 30 kilowatts of power.fn2 Windmills first appeared in Persia in the ninth century AD, and were constantly refined as they spread across medieval Europe. The Low Countries in particular adopted windmills with great enthusiasm for draining polders and reclaiming land from the sea, as we saw in Chapter 4. Waterwheels and windmills came to provide the motive power for everything from grinding grain into flour, pressing olives for oil, sawing timber, crushing metal ores and limestone, and driving rollers to squeeze iron bars into shape.


  This mechanical revolution, which gathered pace from the eleventh to the thirteenth centuries, saw medieval Europe become the first society not to base its productivity on the straining toil of human or animal muscles alone. But even so, energy availability remained a limitation on productivity, with waterwheels and windmills subject to the vagaries of river levels and wind breezes. Even though waterwheels or windmills alleviated the physical exertion of running production processes, we continued to live in a world run on muscle power and sunshine.


  Over history we have learned to divert the energy of the sun through the ecosystem and channel it instead into our bodies and our society. It was sunshine that ripened our crops and nurtured our forests. Indeed, for most of our history the productivity of civilisation had relied on, and was limited by, photosynthesis and how quickly plants could generate food and fuel on the land we had at our disposal.


  This system has been given various labels, such as the Organic Energy Economy, the Somatic Energy Regime, or the Biological Old Regime,6 but they all allude to the same truth: before the eighteenth century, the entire history of civilisation had been supported by solar energy harvested by crops and forests, and muscle power supplied by human labourers and draught animals which in turn had to be fuelled by food gathered from plants. But if society’s productivity is governed by the growth rate of crops and coppices – by how quickly you can harvest the sunshine – it is fundamentally limited by the suitable land that is available. Moreover, the food you eat and the firewood you need for manufacturing compete with each other over the same land. There is a hard ceiling on what agricultural empires can achieve.


  The only way to escape these limitations is to find sources of energy that don’t require you to harvest sunlight directly. And this was accomplished in eighteenth-century Europe, by tapping into the huge stockpiles of stored energy lying under our feet. Rather than trying to extract more energy from the land surface, we burrowed underground to extract caches of ancient forest growth, in the form of coal. Coal is essentially a combustible sedimentary rock and a single coal seam represents the condensed essence of many seasons of forest growth – it is fossilised sunshine. Just one tonne of coal can provide as much heat energy as a year’s firewood taken from a whole acre of coppiced woodland. It was coal that built the modern world.


  THE POWER REVOLUTION


  We used coal long before the Industrial Revolution. When Marco Polo travelled along the Silk Road to China in the late thirteenth century, he described how the Chinese had the odd practice of burning pieces of black stone for fuel.7 And even in Britain, by the end of the second century AD, the Romans were mining many of the main coalfields in England and Wales for use in metalworking or their underfloor heating systems.8


  It was textile manufacturing that set in motion the process we call the Industrial Revolution. A series of inventions transformed this cottage industry in the second half of the eighteenth century, with machines now able to spin cotton and wool fibres into thread, and then weave these threads into fabrics. The availability of cheap cotton from Britain’s colonies in America and India – we’ve explored these international trade networks in the last chapter – supplied this growing demand as the mills rapidly increased their capacity, and at first waterwheels provided the motive power. But the force that really drove the progression of the Industrial Revolution was the virtuous circle that existed between coal, iron production and the steam engine.


  The Industrial Revolution started gathering momentum with the introduction of coke to fuel blast furnaces. Coal dug from the ground is not pure carbon fuel, but contains impurities like volatile organic compounds, sulphur and moisture. Coking is the process by which coal is first heated without allowing it to ignite and burn – in much the same way as charcoal is produced from wood – to drive out these impurities to create a hotter-burning fuel, and in particular to remove the sulphur which can taint the iron and make it brittle. Coke-fired blast furnaces made the production of iron much cheaper, providing the material for construction projects and increasingly sophisticated machine tools.


  The exploitation of huge underground coal reservoirs, and the coke produced from it, released early industrialising Britain from the limitations of coppiced forests and provided an enormous supply of energy for creating the products needed by society. But it was the steam engine that marked a truly monumental advance, providing force and movement without the need for animal muscles. Fundamentally, the steam engine is a converter, able to turn thermal energy into kinetic energy: it transforms heat into motion. The first steam engines were employed at coal mines to pump out groundwater so that ever deeper seams could be dug. Given that they were sited at collieries, it didn’t matter that the earliest, primitive designs were enormously hungry for fuel. But a string of innovations and improvements made steam engines increasingly energy-efficient and powerful.


  The steam engine became a general-purpose power plant. It served as the ‘prime mover’ in factories, where a single engine could drive a whole workshop floor of machine tools via a system of overhead belts and chains. More compact and fuel-efficient, high-pressure steam engines were developed for transport, their considerable weight spread out across the surface by the laying of railway tracks; or they were mounted in a ship, supported by the buoyancy of the hull. Steam soon came to haul freight and passengers around the world. By 1900, steam engines provided about two-thirds of the power needed in Britain, carried 90 per cent of all land transport along railways and bore 80 per cent of cargo across the seas.9


  This was the essence of the three-way process that drove the accelerating pace of industrialisation. Steam allowed us to mine ever greater amounts of coal, coal-fired smelters and foundries produced more and more iron, and both coal and iron were used to construct and run more steam engines to mine coal, produce iron, and build yet more machinery at ever increasing rates. In this way, coal, iron and the steam engine formed a virtuous triangle.


  The reason why this industrial transition is so important in our history is that it released us from the previous energy limitations on human civilisation. Coal provided prodigious amounts of thermal energy without the need for coppicing, and the steam engine removed the reliance on animal and human muscles. Without huge reserves of buried fuel it is unlikely that civilisation would ever have progressed beyond an essentially agrarian state. So how has the Earth provided this ready-to-go energy resource waiting for us?


  FOSSILISED SUNSHINE


  You will no doubt know that coal was created by the burial of ancient trees. And as we have seen repeatedly throughout this book, once again there was something quirky about the geological period which saw the most productive and widespread era of coal formation. These prevailing conditions had profound ramifications for life on Earth.


  Although plants first colonised the land about 470 million years ago, evolving from branching green algae growing in lakes,10 it took a long time for plant cover to build up sufficiently to produce the earliest, and still very minimal, coal deposits. Within the almost 400 million years when substantial forested areas covered our planet, by far the most massive and widespread coal deposits were created in the Carboniferous, a 60-million-year period ending about 300 million years ago. Indeed, it is coal formation that gave this geological age its name. There have been other, later periods of coal formation in our planet’s history, but the Carboniferous dominates by the sheer quantity of coal deposited and its widespread extent. Around 90 per cent of the coal we’ve used since the Industrial Revolution dates to this short period of geological history.


  Normally, when living organisms die, whether that’s an oak or an owl, they are decomposed to release the carbon in the organic molecules of their bodies back into carbon dioxide in the air, which is then captured again by photosynthesising plants. For such vast amounts of carbon to be turned into coal during the Carboniferous, something has to block that decomposition process, and it seems that in that period for some reason the Earth’s carbon recycling scheme broke down. Trees died but didn’t rot. Fallen vegetation accumulated on the ground, becoming peat, which was then buried deeper and deeper underground to be cooked into coal in the internal heat of the planet.


  The key prerequisite for peat to accumulate is simply that the growth of vegetation has to be faster than the rate at which the dead material can be removed by decomposition or, on a longer timescale, the deposits can physically erode away. And it was lush, vigorously growing forests in a lowlying, subsiding swamp environment, where dead trees became buried without oxygen before they could decay completely, that seems to have tipped the balance.


  In the Carboniferous Period, our world looked very different. This far back in time, the layout of the continents, constantly scuttling around the face of the Earth under the influence of plate tectonics, was in a completely different configuration. Throughout this period, the major landmasses were crunching together to be welded into a single whole, assembling the supercontinent Pangea.


  Great, lowlying basins in what is now eastern North America and Western and Central Europe sat across the equator, forming tropical swamps where dense forests flourished. The trees that filled these swamp forests still reproduced with spores – as described in Chapter 3 – and would have looked unsettlingly alien to us. They were ancient relatives of the horsetails, clubmosses, quillworts and ferns that in today’s forests humbly occupy the shady understorey. Much of the coal that eventually formed was produced by lycopsids,11 trees related to today’s clubmosses. Their metre-thick trunks were very straight with few side-branches, curiously green-coloured, and textured with a regular dimple pattern where old leaves had fallen off – fossils of these trees look almost like tyre tracks. Growing over 30 metres high, they supported a compact crown of long, blade-like leaves.


  These lush wetland ecosystems also teemed with grotesque animal life. The Carboniferous undergrowth trembled with giant cockroaches remarkably similar in appearance to those of today, spiders the size of horseshoe crabs (although not yet spinning webs), and 5-foot millipedes. Newt-like amphibians as large as horses lumbered through these swamps with a wide-limbed, sprawling gait.12 And giant predatory dragonflies, with wingspans up to 75 centimetres,13 soared through the hot and humid air. But if you could travel back in time to take a stroll through these lush forests you’d be struck by the notable absence of certain sounds which would feel eerie once you noticed it: the complete lack of birdsong. In these ancient skies only insects had taken to the air – birds would not appear for another 200 million years. Many other creatures you might expect in this sort of environment were also yet to evolve – no mosquitoes whined among the tepid pools, but there were also no ants, beetles, flies or bumblebees.14


  While the Carboniferous provided the ideal environmental conditions for lush tree growth, later eras were also warm and muggy, so these alone cannot account wholly for the huge coal deposits from this period. It is less their vigorous growth than the fact that the dead trees didn’t rot away and accumulated in thick layers of peat that requires explanation. The languid swamps around the Carboniferous equator would certainly have helped, the oxygen-poor soil in these fetid marshes slowing the activity of decomposition microbes. But swamps have existed throughout planetary history: they’re not a uniquely Carboniferous feature.


  So what might have been special about the world around 325 million years ago? Why did fallen tree trunks seem so reluctant to rot away? Why did the carbon recycling fail so spectacularly during the Carboniferous, leading to the creation of much of the coal that was to fire the Industrial Revolution?


  One explanation, which has become popular over recent years, is that in the Carboniferous fungus, which plays a central role in the decomposition process, simply wasn’t biochemically equipped to break down the fallen trees.


  To grow ever taller, the early trees needed to develop greater internal strength to support themselves. All plants contain cellulose, a molecule made up of long chains of sugar units that strengthens their cell walls – a linen jacket, a cotton shirt and the paper page you’re reading at the moment (unless you’re swiping through on an e-book device, in which case think of the cardboard box it came in) are all composed of cellulose. But what really gave these towering trunks their strength was the biological invention of a second molecule: lignin. It explains why the small moss-like plants of the early Devonian became the towering trees of the Carboniferous. And importantly, lignin is much harder to break down than cellulose.15


  If you walk through a forest today, your nose filling with the heady aromas of the humus-rich soil and the foliage, you’ll notice that the dead wood of a log to the side of the path has become pale-coloured, and soft and spongy in texture. This is caused by white rot fungi, which decompose the dark-coloured lignin in wood. (Particularly tasty varieties include the oyster mushroom and shiitake.) But during the Carboniferous Period, so this theory goes, trees had newly formulated lignin to reinforce their wood, but fungi had not yet had time to develop the necessary enzyme toolkit to break it down. Much of the solid bulk of trees had become indigestible and for millions of years when they fell they simply piled up on the ground.


  But while this is a satisfying hypothesis, it unfortunately doesn’t stand up to more recent evidence. For one, the most common kind of coal-forming trees in the Carboniferous swamps didn’t actually contain much lignin. And although North America and Europe didn’t form much coal in the geological period immediately following the Carboniferous – the Permian – some areas in China did, and this was after the supposed emergence of lignin-decomposing fungi.16 So if it wasn’t an evolutionary time lag between forests reinforcing themselves with lignin and fungi developing the capability to digest it, what was it about the Carboniferous that made it so very prolific at turning trees into coal?


  It appears that the reason for the vast Carboniferous coal deposits is not primarily biological but geological.


  While the tropical region around the equator remained warm, the late Carboniferous Period was actually a pretty cold time in the Earth’s history, with large ice sheets forming in the south of Gondwana – so despite its popular conception, the Carboniferous world was not all steamy jungles. These glacial conditions were caused by the configuration of the continents at the time. The congregating land masses stretched from the South Pole, across the equator and pretty much all the way to the North Pole. This blocked the circulation of warm tropical and cold polar ocean waters around the world – the conveyor belt we encountered in Chapter 8 – obstructing the transfer of heat from the equator to the poles. The fact that Gondwana sat across the South Pole also supported the accumulation of thick glacial ice in the region: as we saw, ice caps cannot grow as extensively over open ocean.


  The vigorously growing Carboniferous forests were also partly responsible for triggering these glacial conditions.17 The trees had been sucking carbon dioxide out of the air for their photosynthesis, and when they died and much of their organic material became locked up as peat rather than rotting away, they didn’t release that carbon back into the air. As a result, the amount of carbon dioxide in the atmosphere dropped considerably, and the low levels of this greenhouse gas would also have contributed to global cooling. And as the decomposition of dead organisms consumes oxygen from the air to make that carbon dioxide, an increase in peat production also led to an increase in atmospheric oxygen levels, perhaps to as much as 35 per cent (today the concentration of this life-sustaining gas in our atmosphere is 20 per cent).18 These high oxygen levels are believed to have contributed to the evolution of the giant insects, such as the large-winged dragonflies, we encountered earlier.


  From the mid Carboniferous, therefore, Earth was becoming an icehouse. Fluctuations in the global temperature and thus the amount of water locked up in the ice caps (governed by wobbles in the Earth’s orbit, as we saw in Chapter 2) caused cycles of rising and falling sea levels, just as during the ice ages of the past 2.5 million years. As the Carboniferous sea rose and fell it repeatedly advanced and then retreated over vast stretches of the lowlying swamps. In the process, vegetative matter got buried regularly under layers of marine sediment, to one day become coal seams. Indeed, if you look at the exposed layers of rocks in a coal measure you’ll see a vertical sequence of coal seam, marine sediments like mudstones, lagoon sediments such as shale, and then sandstones from a river delta on which a new soil layer has formed, followed by another coal seam. These stacked layers within the coal measure can be read as a geological manuscript telling the story of the repeated flooding of the swamp basins.


  In places like South Wales or the Midlands of England, where coal is found next to ironstone, both fuel and ore for smelting can be sourced in the same place – it’s like the Earth is offering us a 2-for-1 discount. Sometimes we even get a 3-for-1 deal. Lying just beneath the coal measures and so often found exposed on the surface in the surrounding landscape, are limestones formed during the early Carboniferous when global ocean levels were high and flooded lowlying land in shallow, warm seas. As we saw in Chapter 6, limestone is used as a flux in iron smelting to help the metal melt and remove impurities. Furthermore, the ‘seatearth’ layers just beneath each coal seam, which often preserve the fossilised roots of the swamp trees, are frequently rich in hydrous aluminium silicates. Such minerals make this clay layer exceedingly refractory and able to withstand high temperatures of 1,500 °C or more, so Nature also provides us with the perfect fireclay building material for lining the furnaces or crucibles for pouring molten metal.19 Thus the changing conditions through the Carboniferous sometimes provided in the same area in successive strata the raw materials for the Industrial Revolution.


  It was this periodic flooding and burial of the lowlying swamps that preserved the peat and compressed it under successive layers of sediment to form coal. And the swings between glacial low and interglacial high sea levels, reflecting the icehouse conditions at the time, were a direct consequence of plate tectonics and the configuration of the word’s continents. But there was a second unusual feature of our planet during the Carboniferous which contributed to coal formation: the landmasses weren’t just arranged in a clump between the North and South poles but were still actively crashing together.
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    Major coal-forming basins during the construction of the supercontinent Pangea.
  


  The Carboniferous Period saw the ongoing construction of the supercontinent Pangea, as the great northern continent, Laurasia (containing North America and parts of northern and western Eurasia), collided with Gondwana (South America, Africa, India, Antarctica and Australia) along the equator. This slow crunching event is known as the Variscan Orogenyfn3 and it created a thick belt of mountain ranges, including the Appalachians along what is now the Eastern Seaboard of the US and Canada, the Lesser Altas Mountains in Morocco – which would have continued from the Appalachians before this huge mountain range was separated by the opening of the Atlantic Ocean – and many other ranges across Europe such as the Pyrenees between modern-day France and Spain.fn4 Then, in the Late Carboniferous, Siberia slid from the north-east into this continental pile-up, welding onto Eastern Europe and producing the Ural Mountains at the join.


  As we have seen, the collision of continents not only creases up chains of high mountains, but creates lowlying, subsiding basins alongside as the crust flexes downwards. A good example is the Ganges Basin sitting along the foot of the Himalayas, formed by the Indian-Eurasian plate collision, which holds the Indus and Ganges rivers as they flow down from the mountains to the sea.


  Such down-warping foreland basins were also created by the tectonic clashes of the Carboniferous and provided the setting for those huge areas of lowlying swamps that were prone to periodic flooding and so smothered and preserved the peat. But for coal deposits to build and not be eroded away through exposure as the cycle of deposition continues, you need a basin that is also continually subsiding. And this is what’s so important about the ongoing formation of Pangea during the Carboniferous: continental collisions kept the basins warping down at roughly the same rate that the coal built up, allowing enormously thick successions of coal seams to accumulate.


  It is this chance coincidence of several factors all acting at the same time and place that made the Carboniferous such a unique period in Earth’s history for creating the massive deposits of coal that we came to rely upon. The Pangea supercontinent was still being actively constructed with clashing frontiers that just so happened to be situated around the tropics, creating foreland basins for lowlying wetlands in a warm, humid climate perfect for tree growth. These swamps were repeatedly flooded with sudden sea-level rises during a rare period of oscillating glacial and interglacial ages, burying and preserving the peat; and they were continually subsiding so the strata weren’t simply eroded away again. The process of plate tectonics was the ultimate force behind all this. There were to be later periods of coal formation around the world, but none would be as productive as during the Carboniferous assembly of Pangea.20


  This confluence of planetary factors ultimately fuelled the Industrial Revolution. Without the great Carboniferous coal measures humanity might have stalled in its technological development three centuries ago. We might still be using waterwheels and windmills, and tilling our fields with horse-drawn ploughs.


  THE POLITICS OF COAL


  There were many reasons why the Industrial Revolution began in Britain. The scarcity and rising price of wood (and thus charcoal) encouraged the substitution of coal as a fuel wherever possible. The economy of labour in Britain favoured the replacement of expensive craftspeople with machines which, although they required high initial capital investment, were more productive and required fewer workers to operate. And Britain’s empire provided cheap cotton from America and then India that prompted innovations allowing textiles to be more rapidly produced from fibres. So although in Britain the introduction of machines replaced human labour, it was slaves toiling in fields overseas who produced the raw materials like cotton that drove the process.


  But Britain also benefited from a geological bonanza – mountains of easily accessible, good-quality Carboniferous coal lying underground waiting to be dug up – to literally fuel its industrialisation. By the 1840s, Britain’s coalfields were supplying so much energy that to match it using charcoal instead would have required burning 15 million acres of woodlands – an area equivalent to a third of the entire country – every year.21


  The Industrial Revolution spread from its birthplace as tools, techniques and technologies for intensive coal mining and the mass production of iron and steel were adopted in mainland Europe. Here the same formation of Carboniferous coal that had fuelled Britain’s industry extends underground through northern France and Belgium to the Ruhr region of Germany. This was to become the industrial heartland of Europe: a coal crescent as central to modern history as the Fertile Crescent was to the ancient world.22 In North America, the transition to coal occurred much later: the far less densely populated colonies along the East Coast initially had access to huge areas of forest for charcoal,23 so American industry did not begin to replace charcoal with coal on a grand scale until the mid nineteenth century.24 Nonetheless, by the 1890s the US had surpassed Britain as the world leader in the production of iron and steel.25 In particular, Pittsburgh was well positioned within easy reach of iron ore, limestone for the flux, and the abundant coal measures of the Appalachian Mountains – a geological concurrence that made the fortunes of some of the richest tycoons of the modern capitalist era, such as Andrew Carnegie.
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    The 2017 UK election map (above) with Labour constituencies shown in dark, and the Carboniferous coalfields (right).
  


  Today the collieries that fuelled the Industrial Revolution in Britain have virtually all closed, as remaining coal seams became ever more difficult to access, cheaper coal became available overseas, and less polluting or renewable energy sources were sought.fn5 A few opencast mines remain, but the last of the deep mines in the UK, Kellingley in Yorkshire, closed in 2015.27 Yet astonishingly, the distribution of the 320-million-year-old coalfields in the UK still leaves its imprint on Britain’s political map today.
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  The Labour Party was founded in 1900 from the trade union movement, with particularly close ties to British coal miners. And although it has changed a great deal over the last hundred years – from a party in the shadow of the Liberals to a landslide victory just after the Second World War to New Labour under Tony Blair – the deep link between coal and politics has endured for generations. Take the results of the most recent General Election, in 2017, for example, shown here. The election was much closer than the map would seem to imply, with densely populated, multicultural cities such as London tending to lean to Labour and the sparsely populated, larger, rural constituencies overwhelmingly voting Conservative. The result was a hung parliament with Labour winning 262 seats in parliament and the Conservatives 318 – not enough for a majority government.


  But let’s look more closely at the distribution of Labour votes across the country. The figure here shows the location of Britain’s coalfields, and what is remarkable is the tight correlation between the political and geological maps. The broad coalfields of Cumberland, Northumberland and Durham (the Great Northern), Lancashire, Yorkshire, Staffordshire, North and South Wales, all match perfectly with the large areas of Labour constituencies in the election. This correlation was even stronger in the 2015 election, when Labour’s crushing defeat confined it to its heartlands, and the pattern is evident throughout the previous decades. Support for the main left-wing political party in the UK almost perfectly matches the regions of Carboniferous deposits.fn6 It seems that the old geology deep underground is still reflected in people’s lives today.


  While coal remains a crucial part of the world’s energy mix, primarily for generating electricity and manufacturing steel and concrete, the politics of coal have now been largely superseded by those of another fossil fuel. Today, oil is one of the most valuable commodities in the world and the dominant energy source of humanity, making up a third of the total consumed by our global civilisation.28 Geopolitical tensions over its production and transport have dominated international relations for decades, and as we saw in Chapter 4, it is the major reason for the West’s interest – and interventions – in the Gulf and the naval chokepoints around the world through which the oil supertankers must pass.


  BLACK DEATH


  Like coal, we have used petroleum – literally, ‘rock oil’ – for millennia. Asphalt (bitumen) that had seeped up onto the surface was used as a cement in the construction of the walls of Babylon 4,000 years ago and as a road-building material around 625 BC.29 By AD 350 the Chinese were drilling oil wells and burning the fuel to evaporate brine to produce salt,30 and in the tenth century Persian alchemists were distilling petroleum to make kerosene for lamps. But it was not until the second half of the nineteenth century that we began to use oil on an industrial scale.


  Crude oil is a hugely complex mixture of different-sized carbon compounds, which can be separated by distillation into different fractions. Early uses of these fractions included lubricants for steam engines and other machinery, and kerosene for lighting cities. But it was with the development of the modern internal combustion engine in Germany in 1876 that humanity’s oil consumption really took off.31 The gasoline refined from crude oil had previously been considered too volatile and dangerous to be of much use, but it proved a perfect fuel for powering the pistons of these new machines. Today we also use aviation kerosene for soaring over the clouds in our planes. The long hydrocarbon compounds in these liquid fuels pack in far more energy than coal and so represent fabulously dense and portable stores of power for transport.32 And not only does oil fuel our automobiles, it is also crucial to laying down the smooth roads on which we drive – viscous asphalt is composed of the longest hydrocarbon chain molecules in crude oil.33


  Oil is so attractive because it ranges high on the Energy Return on Investment (EROI) index – that is, you only need to put a small amount of energy into extracting and refining it, but you’ll get a huge amount of energy out of it.34 It is also far more portable than coal: the liquid crude can simply be squirted down pipes over huge distances. It is this winning combination of high energy density, easy transportability and relative abundance that has turned oil into the most important source of energy in the world today. And it’s not just critical as a fuel. Around 16 per cent of its annual production is not burned but used as feedstock for a diverse range of organic chemistry, producing everything from solvents, adhesives and plastics to pharmaceuticals. Modern intensive agriculture would also be impossible without oil. It is used to synthesise pesticides and herbicides that control the artificial environment of farms for high yields, it fuels the tractors and harvesters that tend the fields, and artificial fertilisers are also made by using fossil energy. Oil feeds your car but you’re also drinking it with every meal.


  While coal was produced by the Earth from the compacting and baking of ancient swamp forests, oil and natural gas are formed from the remains of microscopic marine plankton. Life has been flourishing in the seas for far longer than plants have colonised the land masses, but most of the oil powering our twenty-first century civilisation was actually formed about 200 million years after the Carboniferous forests flourished. This oil was created in the now-vanished Tethys Ocean in two huge pulses about 155 and 100 million years ago:35 during the late Jurassic and mid Cretaceous periods.


  The sunlit surface waters of the world’s oceans today are teeming with microscopic life made up by hordes of tiny critters collectively known as plankton. The primary producers forming the foundations of the oceanic ecosystems are phytoplankton like diatoms, coccoliths and dinoflagellates. These single-celled photosynthesisers grow by absorbing the energy of sunlight to capture carbon dioxide and fix it into sugars and all the other organic molecules they need; and just like land plants they release oxygen as a by-product. While the Amazonian rainforest is often referred to as the lungs of the planet, in fact it is the drifting multitudes of phytoplankton in the seas that produce most of the oxygen we breathe. And when conditions are just right for their growth, staggeringly dense populations of these cells amass in the water – the milky turquoise blooms of coccoliths are even visible from space.


  The planktonic realm is also filled with zooplankton – microscopic grazers and predators such as forams and radiolarians. These microorganisms are able to extend little tentacles through pores in their elaborately shaped hard shells to ensnare and devour less fortunate plankton. Both phytoplankton and zooplankton are in turn eaten by fish, which are eaten by larger fish, or filtered out of the water in huge gulps by whales, and so they form the foundation of the entire oceanic food web. When the plankton cells evade their predators and die of natural causes, they are consumed by decomposition bacteria that recycle the carbon and other elemental nutrients back around the system. This planktonic ecosystem of primary producers, predators, scavengers and decomposers is as complex as the Serengeti with its grasses, gazelles, cheetahs and vultures, but all played out in microscopic miniature in the sparkling surface waters of the world’s oceans.


  When plankton die they drift down through the water column to darker and darker depths, joined by slowly sinking mineral grains blown in by wind or washed in by rivers from the continents. This steadily settling precipitation of decaying organic matter and inorganic detritus towards the sea floor is known as marine snow. Even the deepest depths of today’s oceans are well oxygenated by the global circulation of seawater, and so most of the organic remains are digested by bacteria and the carbon recycled.


  This is what happens across the great majority of the oceanic expanse today. But to accumulate organic debris on the seafloor, which eventually turns into oil, you need high planktonic productivity in the surface waters combined with limited oxygen at the ocean bottom, to prevent bacteria recycling the carbon so that it instead accumulates as a black, organic-rich mud on the seafloor (analogous to the conditions needed to build coal seams, as we saw earlier). This carbon-loaded mud then becomes buried under further deposits so that it is squashed and hardened into black shale rock. This is the starter material for crude oil and natural gas around the world. As the shale becomes buried deeper and deeper it is warmed by the interior heat of the planet, until it passes into what is known as the ‘oil window’ – a temperature range of about 50–100 °C. Simmering slowly, the complex organic compounds of the dead marine life are broken down into the long-chain hydrocarbon molecules of oil. If the shales are exposed to higher temperatures, up to about 250 °C, the deep chemistry breaks apart even these long chains into small carbon-containing molecules, mostly methane, but also some ethane, propane and butane – that is, natural gas. The oil window generally occurs at a depth of between 2 and 6 kilometres, and it can take the shale over 10 million years to become buried this deep by the continuing sedimentation above.


  The enormous pressures at this depth squeeze the liquid oil out of its source rock and back up through the overlying strata. If it doesn’t encounter anything to block its vertical migration and hold it underground the oil simply seeps back out from the sea floor. Sandstone works very well as a reservoir rock, the pore spaces between the individual grains acting to soak up the oil like a geological sponge, and with a layer of, say, finely grained mudrock or impermeable limestone on top to act as a seal, the oil and gas becomes trapped, ready for us to drill down and suck it up.36


  As we’ve seen, this process no longer happens in our oceans today. So what were the peculiar conditions in the ancient Tethys Ocean 100 million years ago that caused so much plankton debris to accumulate and become oil?


  By the Cretaceous Period, the great supercontinent Pangea had fragmented and the continents were dispersing again. No longer was there a single massive landmass draped across the equator. Instead, the huge waterway of the Tethys Ocean stretched all the way around the midriff of the world, separating the northern and southern continents. This meant that the ocean circulation patterns were very different back then, with a current able to flow unhindered in a circuit around the whole world. This equatorial current bathed in the tropical sunshine and became very warm.


  Indeed, the mid Cretaceous world was a broiling hothouse, with equatorial sea surface temperatures as high as 25–30 °C, and still a tepid 10–15 °C at the poles. No ice caps existed there, and Canada and even Antarctica supported dense forests. Without ice caps locking up large amounts of water, the sea levels were also much higher than they are today. In addition, lots of active rifting took place in the Earth’s crust at the time, opening up the North and South Atlantic as the continents pulled apart. As new oceanic crust is created in these seafloor spreading centres it is still warm and buoyant and the crust bulges up in great long ridges of submarine mountain ranges. These huge mid-ocean ridges displaced a great deal of water and the sea levels rose even higher. Indeed, the combination of hot climate and active seafloor spreading meant that sea levels were higher during the late Cretaceous than at any other period over the past billion years of our planet’s history – they were perhaps as much as 300 metres higher than today.37


  Consequently, the ocean inundated huge areas of the continents: Europe was mostly submerged; the Western Interior Seaway flooded right up through the middle of North America from the Gulf of Mexico to the Arctic (as we saw in Chapter 4 when we looked at the voting patterns in the south-eastern US); and the Trans-Saharan Seaway swept down Africa from the Tethys through what is now Libya, Chad, Niger and Nigeria. Vigorous volcanism associated with the widespread rifting also released a lot of nutrients into the seas to fertilise plankton blooms. The late Cretaceous was therefore a world not just of deep ocean but also of shallow marginal seas, whose warm waters provided ideal growth conditions for plankton.


  But conditions were also very different on the floor of these Cretaceous seas. In a hothouse world without polar ice creating cold, dense water, the thermohaline circulation that we explored in Chapter 3 was shut down: there was no global conveyor belt circulating water through the ocean depths. And crucially, warm water also holds much less dissolved oxygen, and any that did make it into the deep waters was readily used up by the decomposition bacteria.
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    Oil-forming regions in the anoxic seas of Cretaceous Earth.
  


  The upshot of all this was that the Cretaceous sea floor became an oxygen-starved dead zone, where the bacteria weren’t able to properly break down the organic matter. At the same time, the frantic productivity of the plankton in the warm, sunlit surface waters produced a veritable blizzard of marine snow settling down to the sea floor. Without being decomposed, the organic material accumulated and became buried as more sediment settled down.fn7 As with the Carboniferous coal forests in subsiding swamp basins, the carbon recycling system in the Cretaceous sea floor had become broken, allowing organic matter to accumulate for tens of millions of years. As a result, the anoxic sea floor became a thick sludge of organic-rich mud, which turned into extensive deposits of black shale rock. The period during which huge areas of shale accumulated in the Tethys Sea has therefore been called ‘the Black Death’.39


  Our planet has seen both earlier and more recent episodes of formation of crude oil and natural gas, but by far the most prolific were the organic-loaded black shales deposited around the continental shelves of the Tethys Ocean during the late Jurassic and mid Cretaceous periods. The Persian Gulf, the most abundant region for oil and gas today, as well as the substantial deposits in western Siberia, the Gulf of Mexico, the North Sea and Venezuela, were all produced by the combination of geological processes at this time.40


  CUTTING OUT THE MIDDLEMAN


  While coal powered the Industrial Revolution and oil carried us into our modern technological civilisation, humanity’s exploitation of these fossil fuels has brought with it some now well-established global problems. Since the early seventeenth century we’ve been fervently digging up this buried ancient carbon that took tens of millions of years for the Earth to slowly stockpile, and we burned a great deal of it in just a few centuries. While there are concerns over peak oil and the diminishing supply of crude, there is plenty of accessible coal still underground – certainly another few centuries’ worth at current consumption rates.41 In this sense, then, we’re not currently facing another energy crisis but a climate crisis, born as a result of our past solution to our energy hunger.


  The carbon dioxide released by the combustion of fossil fuels has been rapidly increasing its level in the atmosphere, which is now already 45 per cent higher than prior to the Industrial Revolution. Indeed, the current rate of greenhouse gas emissions from human civilisation is unprecedented in the geological history of at least the last 66 million years. Perhaps the closest natural analogue was the Palaeocene–Eocene Thermal Maximum42 that we explored in Chapter 3 and which saw a rapid increase in global temperature making the world 5–8 °C hotter than today.43 We’re currently doing our best (or worst) to yank our global climate back to that period.44


  The presence of such greenhouse gases in the atmosphere is not in itself a problem – indeed, it is their insulating effect that through our planet’s history has kept the Earth’s surface above freezing and so has been vital for supporting complex life.fn8 But the rapidly rising carbon dioxide level is shifting the current established equilibriums in the natural world, and impacting on how we support our civilisation. It has caused increasingly acidic oceans, threatening coral reefs as well as the fisheries we rely upon for food.45 Moreover, a warming global climate in turn drives rising sea levels that threaten our coastal cities, and shifts in the world’s rainfall patterns have significant implications for agriculture.


  But carbon dioxide is not the only form of pollution released by fossil fuels. As we saw, oxygen-poor conditions were required to prevent the decomposition of dead organisms and so allow the carbon to accumulate and become coal, oil and natural gas. These same conditions also favour the formation of sulphide compounds – this is why bogs today often have the distinctive rotten-egg smell of hydrogen sulphide – which are released when fossil fuel is burned and reacts with moisture in the air to create sulphuric acid. Thus the oxygen-poor soil of the Carboniferous coal swamps and the sediment of the Cretaceous sea floor also locked up future acid rain.46


  Burning fossil fuels has been like releasing a trapped genie: it granted us our seventeenth-century wish for virtually limitless energy, but has done so with mischievous malice for the unintended consequences further down the line.


  The challenge facing us now is to reverse the trend since the Industrial Revolution and once again decarbonise our economy. As we saw earlier in the chapter, throughout history, our intensification of agriculture and harvesting of woodland has enhanced the rate at which humanity could gather solar energy. This sunlight is transformed into nutrition for our bodies, as well as into the raw materials and fuel we need, and we learned how to harness mechanical power from the natural world with waterwheels and windmills. Part of the solution to our current carbon crisis will be to return to these age-old practices, but with technological updates. Farms of solar panels produce electricity directly, and hydroelectric dams and wind turbines are identical in principle to waterwheels and mills, although prodigiously more productive than their technological forebears.


  But perhaps the next revolution in humanity’s enduring efforts to marshal ever greater supplies of energy will be to crack nuclear fusion: to harness the power source of the stars themselves. We saw in Chapter 6 how nuclear fusion within stars fuses hydrogen atoms together to create helium, and releases a great deal of energy in the process. Several facilities around the world are already making good progress in scaling up experimental reactors for mainstream nuclear power stations. The fusion fuel can be extracted from seawater, and the operation of such reactors produces no carbon dioxide or long-lived radioactive waste. So fusion offers not only abundant energy, but this time also cleanly. In this sense we will have come full circle: from the earliest agrarian societies capturing the energy of sunlight with their fields of crops and felled woodland, to installing a miniature sun within our fusion reactors, and so cutting out the middleman.fn9
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  Coda


  The human world is now clearly visible from space, highlighted by the electric brilliance of our towns and cities – a sparkling galaxy of artificial stars. This composite image was created by satellite, photographing the vista below on clear nights and then stitched together into a single omniscient view of the Earth from the heavens. In this way it’s almost an abstraction, depicting the whole world simultaneously at night time and without any veiling of clouds. And it isn’t a complete map of human habitation – much of the world’s population in developing nations is still rural – but of industrialised urbanisation. Still, I think it beautifully illustrates the global civilisation we have built over the millennia, and how we’ve been moulded by the planet we live on.


  The densest concentrations of humanity are immediately apparent: northern India and Pakistan, the Chinese plain and coastline – two of the earliest cradles of civilisation – as well as the lattice of cities and highways in the eastern US, grading gently into the central prairies. The crowded North European Plain, stretching across parts of France, Germany, Belgium and the Netherlands, shines a brilliant white. This is the end result of the gradual but decisive shift in population distribution from the Mediterranean rim to Northern Europe through the first millennium AD, driven by the use of iron-edged axe and plough that transformed the forests and damp clay soil into highly productive farmland. The intricate outline of the Mediterranean – the puddle remnant of the once-vast ancient Tethys sea – can be clearly made out, especially the bright coastal strip in the east showing up the crowded urbanisation of Israel, Lebanon and Syria.


  Just as revealing are the dark areas on land. These are the landscapes and climate zones unsuited for dense human habitation. Mountain ranges are conspicuous by their invisibility: the shining furrow of the Po Valley at the top of Italy is capped by the gloomy Alps, the intense gleam of northern India abruptly cut by the curve of the Himalayas. Deserts appear as patches of broad darkness in the heart of Australia, southern Arabia and northern Africa. The ribbon oasis of the Nile Valley and its delta burns like a river of fire through this otherwise inhospitable region. The radiant triangle of the Indian subcontinent also stands out within the band of deserts reaching around the planet, dampened by the monsoons that seasonally suck in moisture from the enveloping ocean.


  And it’s not just the hyper-arid regions of the world that have hindered inhabitation, but also the equatorial zone of our planet with its high precipitation and therefore dense rainforest: Central Africa, the Amazon and the heart of Indonesia. These absences of electric light reveal both the rainy rising arm and the dry descending zone of the Hadley cell, the circulation current in the Earth’s atmosphere.


  Within Asia, the glittering froth of human activity is broken by the dark cavities of the freezing heights of the Tibetan plateau and the deserts of the continental interior. And running east–west through the heart of the continent are two roughly parallel stripes of diffuse glow. The more southern streak is the old course of the Silk Road, threaded between the mountains and deserts. It once carried commerce and knowledge across the breadth of Eurasia, connecting cultures on the continent’s extremities, and today its imprint is still visible from space by the electric lustre of the cities that grew from the ancient oasis towns and entrepôts. The northern band follows the ecological zone of the grassy steppes, once an unknown wilderness from where nomadic pastoralists threatened the agrarian civilisations around the continental rim. The western half of this zone has now been put to the plough and transformed into great swaying fields of wheat, feeding the new cities all along this climate band, strung like pearls along the Trans-Siberian Railway.


  You might think that other features of the planet that played such a pivotal role in our history ought not to be perceptible in this map of human light – such as the global pattern of contrary wind bands and the great swirling currents of the ocean gyres. We exploited them to build vast intercontinental trade networks and maritime empires, which in turn provided the raw materials and economic drivers for the Industrial Revolution. But although currents in the air and sea are invisible, their effects are still revealed in this image. The lights of fishing boats can be discerned from space, swarming like fireflies in the coastal regions where ocean upwelling brings nutrient-rich waters to the surface and where plankton – and the fish that feed on them – can thrive, such as along the continental shelf of Peru. And the glow of Norway, Sweden and Finland reveals habitation far further north than in the corresponding latitudes in Canada and Siberia. This is due to their milder climate granted by westerly winds blowing over the ocean and by the Gulf Stream – they are warmed by transported Caribbean sunshine. Even the deep subterranean reservoirs of fossil energy are rendered visible by flare stacks burning the natural gas released in the oilfields of the North Sea, the Persian Gulf and northern Siberia.


  This single image encapsulates the culmination of our human story thus far – and we have come a long way since our origins. The Earth is a restlessly dynamic place, and its facial features and planetary processes have played a decisive role throughout the human story. Our species emerged within the unique tectonic and climatic conditions of the East African Rift, where the versatility and intelligence that allowed us to progress from apeman to spaceman were bestowed by environmental fluctuations driven by cosmic cycles. And before that, the intense temperature spike of the PETM 55.5 million years ago saw the emergence and rapid dispersal of our lineage, the primates, as well as the orders of ungulate mammals whose descendants we came to domesticate. Other global changes have been more gradual, such as the overall cooling and drying trend over the past few tens of millions of years that drove the spread of the grass species we came to cultivate as cereal crops. This planetary chilling culminated in the current period of flickering ice ages which moulded much of the landscape and allowed our species to populate the world.


  The entire history of civilisation is just a flash in the current interglacial period – a transient spell of climatic stability. During these past few millennia we’ve dug up Earth’s stony subterranean layers and piled them above ground to construct our buildings and monuments. We’ve excavated rich ores where metals have been concentrated by particular geological processes. And in the last few centuries we’ve mined the coal formed during a quirky period of the planet’s past when ancient forests refused to rot, and we’ve sucked up the oil created by plankton settling to the asphyxiated seafloor of a drowned world.


  We’ve now turned over a third of the Earth’s total land area to agriculture. Our mining and quarrying moves more material than all the world’s rivers combined.1 And our industrial exhalations release more carbon dioxide than volcanoes, warming the climate of the entire planet. We have profoundly altered the world, but we only recently acquired such overwhelming dominion over Nature. The Earth set the stage for the human story and its landscapes and resources continue to direct human civilisation.


  The Earth made us.
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  Introduction


  fn1 Incidentally, the East African Rift was not only the evolutionary cradle and early nursery of humanity, but also the region where I spent my own childhood: attending school in Nairobi and holidays with family around the savannah, lakes and volcanoes of the Rift Valley. It’s these experiences that have given me a lifelong interest in understanding our origins.

  1 The Making of Us


  fn1 We’ll come back to the planetary event that saw the emergence of primates as a group in Chapter 3.

  fn2 Named after The Beatles song ‘Lucy in the Sky with Diamonds’, which was played loudly in the excavation camp after her discovery in 1974.

  fn3 It’s common when discussing organisms to abbreviate the genus name. So Australopithecus afarensis becomes A. afarensis. The dinosaur Tyrannosaurus rex, for example, is most popularly known simply as T. rex.

  fn4 Stone Age tools have been found made from materials like quartzite, chert, volcanic obsidian, and flint. These rock types are mainly composed of silica: silicon dioxide. Silica has offered the base material for transformative technologies throughout our history as a species, from stone tools, to glass, to the high-purity silicon wafers of modern computer microchips. In this way, the East African Rift, for over 2 million years the centre of the cutting-edge technology (if you’ll excuse the pun) of stone tool manufacture, was the original Silicon Valley.

  fn5 The two main exceptions to this pattern of early civilisations arising on tectonic boundaries were those in Egypt and China. But Egyptian civilisation was supported by the regular flooding of the Nile, depositing fertile sediment eroded out of its headlands in the mountains surrounding the tectonic rift valley in Ethiopia and Rwanda. And Chinese civilisation began in the plain of the Yellow River in the north before spreading south into the valley of the Yangtze river, both of which flow down from the Tibetan plateau thrust up by the continental collision of India and Eurasia. So although not located along a plate margin, both Egyptian and Chinese civilisations still owe their agriculture – and wealth – to recent tectonic features.

  2 Continental Drifters


  fn1 Currently, summer in the Northern Hemisphere actually falls when the Earth is furthest from the sun in its elliptical orbit.

  fn2 As Sarah Palin famously said in 2008, you can actually see Russia from Alaska. Incidentally, Russia owns the western island, Big Diomede, and the US Little Diomede. And because the international date line passes between them, these two tiny islands just a few kilometres away from each other are in time zones a whole day apart.

  fn3 The detective work involved in trying to trace the spread of humanity around the globe carries a lot of uncertainty in the timings and exact routes taken, with frequent disagreement between the genetic, fossil and archaeological evidence. I’ve presented the consensus view here, but there are claims for much earlier arrivals of humanity in China, Australia or North America. One recent controversial study, for example, argues that an unidentified hominin species reached California during the preceding ice age, 130,000 years ago.50 What does seem likely, however, is that the exodus of modern humans out of Africa around 60,000 years ago, which gave rise to all people around the world today, was not the first. Fossilised remains in caves in Israel and stone tools found in the Arabian Peninsula suggest earlier migrations around 100,000 years ago,51 but these apparently reached a dead end and didn’t go on to populate the rest of the world.52 It’s almost as if early sparks of humanity blew out of Africa but didn’t catch.

  fn4 The Neanderthals weren’t the only species to have been apparently greatly affected by modern humans appearing in their environment. The dispersal of humans into new geographical regions had a profound impact on local ecosystems around the world, and in particular on large animals, known as megafauna. By roughly 12,000 years ago, around a third of the large-bodied mammals in Eurasia, and about two-thirds in North America, had fallen extinct. The most likely cause is the arrival of highly-skilled human hunters, to which these large herbivores had not been previously exposed. The only continent that kept its complement of large animals was Africa, where for millions of years the megafauna had adapted to hominins while they slowly improved their hunting abilities.54

  3 Our Biological Bounty


  fn1 In fact, this episode around 11,000 BC is only one of several occasions when Lake Agassiz drained, as meltwaters accumulated again before breaking through the natural dam once more, each time leading to a sudden leap in global sea levels.3

  fn2 Indeed, it’s possible that there may have been earlier instances of settling and farming that faltered without leaving any archaeological traces – false starts in the emergence of civilisation. In particular, any settlements on the Ice Age coastal plains would now be lost beneath the waves after the oceans rose again.15

  fn3 It is intriguing to realise that, had they not unwittingly been saved by people, several of the plants we domesticated would have fallen extinct. The fruit of the wild ancestors of squash, gourds, pumpkins and courgettes, for example, are all repulsively bitter and encased in a hard rind. They naturally relied on large animals like the mammoth and mastodon to break them open and disperse the seeds within. And so when such large beasts died out, these plants were themselves coasting on borrowed time. But about 10,000 years ago, these species were pulled back from the brink when they formed a symbiotic partnership with a new animal species – humans. We domesticated these plants, provided them with new, artificially maintained habitats in our farms and plantations, and changed them over generations of selective breeding to become larger, softer-skinned and more palatable. Avocado and cocoa are also believed to have originally relied on recently extinct large mammals to spread their seeds, and so were saved by humans who adopted these ghost species and became substitute seed dispersers.29

  fn4 The Sumerian cities, fed by the fertile alluvial soil, were also largely built of the river mud beneath their feet, as we’ll see in Chapter 5.

  fn5 In the hierarchical system that we developed for classifying different organisms, artiodactyl, perissodactyl and primate are known as different orders. They all fall within the class of mammals (and ultimately the kingdom of the animals), and within them they hold individual species – for example, the cow (Bos taurus).

  fn6 Artiodactyls haven’t always been herbivorous. Twenty-five million years ago Archaeotherium, related to the hippo and the whale, roamed North America, and this fanged, cow-sized predator may even have attacked rhinos.

  fn7 The distinction between the artiodactyls and perissodactyls isn’t just an arcane detail of evolutionary biology but has become deeply embedded within religions. The Torah permits Jews only to eat mammals that both have cloven hooves and also chew the cud. Thus, evolutionarily speaking, only members of the ruminant branch of the artiodactyl ungulates are considered kosher or fit for consumption. Jewish scripture (Deuteronomy 14:6–8) also deals specifically with the camel, which despite being anatomically even-toed and also chewing the cud is proscribed as unclean (its feet have padded soles of hardened skin that hide the hoof).68 The Islamic faith, on the other hand, is less restrictive on the consumption of different mammalian species. The Quran only specifically excludes the meat of pigs, and in contrast to Judaism, camel is generally considered to be halal.69

  fn8 It’s important to be clear that the first members of these new orders of mammals emerged at this time 55.5 million years ago, but the species within these orders that we are familiar with today did not evolve until much more recently – about two million years ago for the wild ancestor of the cow, for example.

  fn9 We know about this from measuring the carbon contained in rocks on the sea floor. Carbon atoms are present as several variants with different atomic weights, known as isotopes. Light carbon is preferentially captured by key biochemical reactions, and so the molecules in living organisms, or the carbon dioxide or methane they release, contains more of the light carbon. When scientists analysed the carbon isotopes within limestone rocks laid down on the sea floor during the PETM (which is a way of measuring the atmosphere at that time) they found a huge jump in the proportion of light carbon. This means that the carbon dioxide or methane gas that had surged into the atmosphere to cause this temperature spike must have originally come from life.

  4 The Geography of the Seas


  fn1 In fact, as far as humans are concerned the seas of the Earth are barren deserts of water. As Samuel Taylor Coleridge wrote in The Rime of the Ancient Mariner: ‘Water, water, every where, Nor any drop to drink.’ Its salt levels mean that drinking seawater is lethal, and sailors need to carry stores of fresh water just like the caravans crossing the deserts.

  fn2 The Phoenicians were a civilisation very much born of their natural environment. Emerging around 1500 BC on the narrow but fertile strip of land that today forms the coastline of Syria, Lebanon and Israel, they had access to both natural harbours on the eastern Mediterranean coast and forests of cedarwood for shipbuilding.13 The Phoenicians turned to the sea, and flourished for around a thousand years as expert mariners and merchants, establishing a widespread trade network and founding many colonies around the Mediterranean rim, including Carthage. They also invented the alphabet, and our word ‘Bible’ ultimately derives from the ancient Phoenician city of Byblos, which exported papyrus for writing.

  fn3 The other side of the planet was covered by a vast uninterrupted ocean, Panthalassa, that was greater even than the Pacific today.

  fn4 The port of Carthage lay on this raised lip, and the island of Sicily and the ‘toe’ of Italy are peaks of this same barrier.

  fn5 Aden was also of key strategic value to the British from the mid nineteenth century. The port lies roughly equidistant from the Suez Canal, Mumbai on the western Indian coast and Zanzibar in East Africa, all of which were under British control at the time. During the heyday of steamships, Aden was an important way-station for loading coal and boiler water. It was for exactly the same reasons that the US annexed Hawaii in 1898, which served as a coaling station for American naval operations in the Pacific.22

  fn6 Further fracturing of the continental crust at the northern end of the Red Sea formed the narrow gulfs of Suez and Aqaba, the latter of these splits extending to form Lake Galilee, the Jordan valley and the Dead Sea, whose shores are, at 400 metres below sea level, the lowest-lying land on the Earth’s surface.

  fn7 India’s black peppercorns are botanically very different from bell (sweet) peppers and chilli peppers, which are both fruits of Capsicum plants native to Central and South America. These New World species were unknown to the rest of the world until the great fifteenth-century transfer of domesticated plants and animals that occurred after the European discovery of the Americas, known as the Columbian Exchange.

  fn8 So much so that in the late seventeenth century, after the Second Anglo-Dutch War, it was agreed that the Dutch claim over Manhattan be ceded to the English in exchange for the spice island of Run, one of the smallest Banda islands. Run is just 3.5 kilometres long, but its acquisition allowed the Dutch to secure their nutmeg trading monopoly in the East Indies. Manhattan was swapped for nutmeg – and New Amsterdam renamed New York.

  fn9 Europe at the time did already have access to many herbs and spices – saffron grown in Spain after its introduction by Arab traders, coriander and cumin native to the eastern Mediterranean, as well as the aromatic species indigenous across Europe: rosemary, thyme, oregano, marjoram and bay. But the exotic pepper, nutmeg, mace and cloves from the East were much rarer and therefore valuable in western markets.43

  fn10 The landscape also dictated the nature of Greek warfare. The rugged terrain of narrow gorges and steep mountains and hills is not conducive to the wheeling chariot battles that had been common across the plains of Asia; nor is it well suited to cavalry formations. Instead, the Greek states developed armies of hoplites, foot soldiers armed with spear and shield who by the seventh century BC were trained to fight in tight phalanx formations. These hoplite armies were made up not of professional soldiers but citizens – farmers, craftsmen and traders – who brought their own bronze weapons and armour. Thus Greek battles weren’t decided by an elite class riding chariots or on horseback, but by the common citizens working together, each trusting the man to his right in the phalanx to protect him with his shield. This solidarity among the free men in Greek culture contributed to the early development of democracy within some city states, in particular Athens (although women, slaves and those who were not landowners were still excluded from the political process).45

  fn11 Mt Etna is the tallest active volcano in Europe and one of the most active volcanoes in the world, erupting regularly with magma generated as the African plate is subducted beneath the Eurasian.

  fn12 The Dardanelles are not just a vital marine chokepoint between the Mediterranean and Black seas, but also a strategic crossing point from Europe into Asia Minor. Alexander the Great crossed eastwards here in 334 BC to conquer Persia.48

  fn13 Before the invention of the magnetic compass for navigation, sailing across open sea was just too dangerous when the night-time stars were obscured from view.

  fn14 When in 1611 the Dutch established a new, faster passage from South Africa to the East Indies – the Brouwer Route which we’ll discuss in Chapter 8 – the key gateway, and thus their strategic focus, shifted from the Malacca Strait to the Sunda Strait between Java and Sumatra.

  fn15 The island nation of Japan also underwent over two centuries of isolationism from the 1630s. During the Edo period, the sakoku (‘closed country’) policy barred most foreigners from entering Japan, and prohibited the Japanese from travelling overseas or building ocean-going ships. The only connection with the outside world was through a single trading post the Dutch were permitted to run on a tiny island within the bay of Nagasaki. Diplomatic and trade contact was reestablished after 1853 when steam-powered American warships arrived at the Japanese capital and forced the government to open their nation to the world.

  5 What We Build With


  fn1 Metals, such as bronze and then iron and steel, were initially in such short supply that they were used only for fastening other, more readily available, structural materials together, such as hard nails joining timber beams. It is only with the cheap availability of iron and steel since the Industrial Revolution, and machining techniques for the mass-production of parts, that metal has become a major structural component itself, for example as rebar elements within reinforced concrete or girders supporting bridges and modern high-rise buildings.

  fn2 Thomas Jefferson, the third president of the United States, helped draft the Declaration of Independence, but also worked on the architectural designs of some of the new nation’s buildings. For example, he modelled the Virginia State Capitol on the first-century BC Roman temple, the Maison Carrée in Nîmes (which in turn influenced the design of other state capitols across the country), and his design of the library of the University of Virginia with its rotunda and dome emulated the Pantheon in Rome. Neoclassicism is perhaps most prominent in the city founded in 1790 as the new national capital on the banks of the Potomac River – Washington, DC. The Capitol Building (home of Congress), the Herbert C. Hoover Building (headquarters of the US Department of Commerce), the Treasury Building and the DC City Hall are all imposing examples of this neoclassical style. And the White House was designed by an Irish architect based on Leinster House in Dublin – later to become the seat of the Irish parliament – which itself mimicked architectural features of antiquity.

  fn3 The term ‘crystal glass’ is something of a misnomer – the amorphous atomic structure of glass is in many ways opposite to that of the strictly regular repeating pattern of a crystal.

  fn4 Similarly, the mass extinction at the close of the Cretaceous Period 65 million years ago ended the Mesozoic and ushered in the era of ‘new life’ (the Cenozoic). It created our world dominated by mammals and angiosperm flowering plants that we encountered in Chapter 3.

  fn5 By comparison, the largest eruption in the last millennium, that of the Tambora volcano in 1815, released only 30 cubic kilometres of material – 160,000 times less.20

  fn6 This sense also survives in the English language; originally a trapdoor was one that opens to stairs.

  fn7 The end-Cretaceous mass extinction – that saw the death of the dinosaurs, along with three-quarters of all marine species – coincides with the eruption of the Deccan Traps onto India. This occurred 66 million years ago as the subcontinent was gliding north to its eventual collision into Eurasia, passing over a rising magma plume as it burst to the surface. The final straw for life was the impact of a 10-kilometre-wide asteroid or comet slamming into the Gulf of Mexico at the same time.

  fn8 Indeed, Cleopatra lived closer in time to the modern world of iPhones and the glass pyramid of the Louvre gallery in Paris than she did to the ancient construction of the Great Pyramid at Giza.

  fn9 This is the process by which almost all sand in the world’s beaches and deserts was formed.30 Quartz is also the base material we use today for making glass, and we refine it into the extremely pure silicon wafers of microchips and solar panels. Quartz didn’t exist on the early Earth – it was created by the action of plate tectonics over hundreds of millions of years. We saw earlier that convergent boundaries cause the crust to melt and form vast magma chambers. As the magma cools in these huge cauldrons, the first minerals to form leave the remaining magma with a higher and higher proportion of silica, which then crystallises as granite. While the primordial composition of the deep mantle is 46 per cent silica, the granite produced by this magma differentiation process has been enriched to about 72 per cent silica, high enough for crystals of quartz (pure silica) to form. Thus plate tectonics on our planet are like a chemical processing plant, acting to purify silica over time, and so make it available for human technologies. Incidentally, this means that if the Earth-like planets we are now discovering orbiting other stars don’t have plate tectonics, they may well have warm oceans, but no sandy beaches.

  fn10 Today, one of the old kaolin quarries in Cornwall holds the Eden Project. This ecological tourist centre was constructed as a cluster of geodesic domes made of inflated plastic bubbles. These are innovative greenhouses that host tropical and Mediterranean biomes, and huddled within the crater-like pit they look almost like a sci-fi colony on Mars.

  fn11 Whilst inspecting excavations for coal mines and canals in Somerset, the surveyor William Smith realised that different layers of rock were always found in the same sequence underground, and that these strata could be identified by the fossils they contained. He travelled across Britain to survey the strata exposed by natural escarpments and the quarries, canals and railway cuttings of the Industrial Revolution, resulting in 1815 in his geological map of Britain that shows the different rock strata present near the surface.33

  6 Our Metallic World


  fn1 As we explored in Chapter 4, much of the northern Mediterranean is volcanic, driven by the subduction of the African tectonic plate beneath the Eurasian. Despite the hazards of volcanic eruptions, however, volcanism also offers opportunities. Not only is volcanic soil rich and fertile for agriculture, but the Romans discovered that the properties of volcanic ash lent themselves to the manufacture of ‘pozzolanic’ cement. This was used for constructing everything from sea harbours (it set even when poured underwater) to aqueducts and the huge dome of the Pantheon, and the durability and mechanical strength of this Roman cement and concrete is still admired by structural engineers today.

  fn2 No written records of the eruption itself have been recovered, although the Minoan Linear A script has never been decoded and this could possibly contain eye-witness accounts.24

  fn3 The value that humanity has ascribed to gold through the ages is not just due to its rarity in the crust. Gold is unreactive, and so occurs as native metal – it is not bonded with other atoms in an ore – and its seams can be seen glinting out of a rock face or as flecks eroded out and redeposited in a river bed. This also means that it doesn’t tarnish – its lustrous gleam doesn’t dull; gold jewellery doesn’t react with the moisture of your skin, nor do gold coins corrode away: they are stable stores of wealth. While other metals have a plain, hueless, silvery shine, gold is also special for its distinctive colour. Both its noble unreactivity and colour are in fact effects of Einstein’s relativity. The outermost electron of the gold atom is moving at a fair fraction of the speed of light, and so owing to relativity becomes more massive and is pulled closer in to the nucleus. This both reduces its availability for chemical reactions and causes it to absorb blue light, so reflecting red and green to give a warm, golden colour.40

  fn4 A second, minor spurt of BIF occurred around 1.8 billion years ago, producing the Gunflint and Rove Formations stretching between Minnesota and Ontario alongside Lake Superior.43

  fn5 Before oxygen started to build up in the air, the atmosphere also contained no ozone layer which is itself formed from oxygen high in the atmosphere, and so harmful ultraviolet radiation from the sun would have streamed down to the surface of our planet. This high-energy light would also have driven chemical reactions within the atmosphere to create tiny droplets of hydrocarbons, enshrouding the early Earth in a smoggy photochemical haze. But the accumulation of oxygen in the air reacted with this yellowy haze to scrub it clean – and the skies turned blue.

  fn6 When animals evolved much later, they provided new anoxic refuges within their own bodies. The oxygen-free gut of a ruminant like the cow recreates a small pocket of the primordial Earth, allowing anaerobic microbes to flourish and run their ancient metabolism that produces methane, which the cow then releases from both ends.

  fn7 The first signs of charcoal in the fossil record, an indicator for wildfires, don’t appear until around 420 million years ago, when atmospheric oxygen levels first rose above 13 per cent.49

  fn8 However, iridium is over a thousand times more common in asteroids, which were too small to undergo this differentiation process into iron core and silicon-rich mantle and crust. High concentrations of iridium in the thin clay layer around the world that marks the boundary between the Cretaceous and Palaeogene geological periods is therefore one of the strongest pieces of evidence that an asteroid or comet impacted the Earth 66 million years ago, at the time of the ‘dinosaur-killer’ mass extinction.

  fn9 The name platinum comes from the Spanish for ‘little silver’. Platinum has a long history of being formed into ornaments by pre-Columbian South American natives – the metal can be found among river-bed sand in Ecuador and Colombia – before it was first brought back to Europe by a Spanish military commander.56

  fn10 Although not a metal, helium is also highlighted as being critically endangered. Helium is used not only for filling party balloons, but in ultra-cold liquid form serves to chill the superconducting magnets used in MRI scanners in hospitals, or in science labs around the world. Helium is actually the second most abundant element in the universe, but because it is such a light gas its atoms readily escape from the Earth’s atmosphere and into space (whereas the powerful gravity of the gas giant planets Jupiter and Saturn holds on to a substantial fraction of helium in their atmospheres). Helium on Earth is produced deep underground. When radioactive elements like uranium decay they release a form of radiation called alpha particles, which are just the nuclei of helium atoms. This helium becomes trapped underground by the same geological conditions as natural gas (itself formed in the same process as oil, as we’ll see in Chapter 9), and so most helium is commercially extracted from natural gas production. In this way, not only is helium gas mined from deep underground, but the floating balloons at a children’s birthday party are filled with atoms that were once fast-moving radiation particles.

  fn11 Another particularly intriguing suggestion has been put forward for supplementing the supply of platinum group metals from naturally forming rocks. The lighter PGM elements – ruthenium, rhodium and palladium – are created in significant amounts as by-products from the atom-splitting of uranium in nuclear reactors, and could be economically extracted from the spent fuel rods. This represents real-life alchemy – transmuting one element into another – although not through the discovery of a philosopher’s stone but using means that would be beyond the comprehension of the alchemists of history: the atom-morphing reactions of nuclear fission.71

  7 Silk Roads and Steppe Peoples


  fn1 Loess soils cover no more than 10 per cent of the Earth’s surface, but offer some of the most agriculturally productive land in the world. Alongside the thick loess plateau in China, a wide band of loess runs through the steppe region of Central Asia, and there are also patches of these fertile soils across Northern Europe.7

  fn2 This extent of the Roman Empire has had a long-lingering influence through history, and its imprint is still evident in the geographical spread of the three forms of the Christian faith in modern Europe – Catholicism, Protestantism and the Eastern Orthodox Church. The East–West Schism of 1054 saw Christianity divide into two main branches: Roman Catholics led by the Pope and Eastern Orthodox Christians headed by the Patriarch in Constantinople. The second major schism was the split of Protestantism from Catholicism in the sixteenth century, the result of the Reformation that began in Germany (territory that had remained outside the Roman Empire). This tripartite division of Europe largely separated along two main fault lines. The first, between Catholicism and Eastern Orthodoxy, tracked the Danube river as it ran south through the plains of Hungary: the old demarcation of the zones of influence of the East and West Roman Empires, roughly equidistant between their capitals in Rome and Constantinople. The second line follows the long-standing frontier of the Roman Empire along the Rhine, and the boundary between the Latin civilisation and the Germanic tribes, with the territories that embraced Protestantism lying beyond the old Roman border. In broad brushstrokes, the three Christianities follow the frontiers of the old empire, themselves defined by natural boundaries of the underlying landscape.9

  fn3 The fact that silk arrived by these contrasting routes caused the Romans to believe that it came from two different places: transported by land from the country of the Seres, and reaching the west across the water from that of the Sinae.15 The Romans were also unclear about how silk thread was produced, believing it was combed from leaves in the forest – a misunderstanding perhaps deriving from the fact that the caterpillars of the silk moth are fed on mulberry leaves.16 The Han Chinese had a similar misapprehension about the natural source of the cotton they received from India, believing it to be the ‘hair combed from certain water sheep’17 and not, in fact, the fluffy fibres encasing the seeds of a plant that is related to okra and cocoa.

  fn4 Silk became less important along these east–west trade routes after around AD 550, when eggs of the silk moth were smuggled to Constantinople, launching a new silk industry that undermined the previous Chinese monopoly.29

  fn5 This was something of which the more isolated civilisations of the Americas were deprived. When contact was re-established between the peoples of Eurasia and the Americas at the end of the fifteenth century – for the first time since the Bering land bridge was severed at the end of the last ice age – Eurasian civilisation was much more advanced in terms of scientific understanding and technological capability. A shared heritage across the millennia, facilitated by land and maritime trade routes, was one of the major reasons for this faster development.

  fn6 Over this period, the Northern Hemisphere experienced a widespread cooling known as the Little Ice Age, and warming furs were therefore highly sought after. We retain vestiges of this chilly period today in the fur-trimmed formal wear of judges and lord mayors, as well as academic gowns, all of which were designed at that time.36

  fn7 Today, the sparsely populated Kazakh Steppe offers the perfect location for Russia to launch its rockets from the Baikonur Cosmodrome, the capsules containing the returning crew descending by parachute onto the empty flat plains of this sea of grass. By comparison, NASA launches its missions eastwards across the Atlantic Ocean, and before the Space Shuttle, its capsules would splash down into the North Atlantic or Pacific oceans for their crew to be recovered by ship.

  fn8 An important combination of horse rearing and wheeled transport was the construction of the light-spoked and fast-moving war chariot by around 2000 BC.41 Pulled by a team of well-trained horses and carrying a javelin-thrower or archer, it was the blitzkrieg tank of the Bronze Age. Chariots revolutionised warfare and were as transformational in the conflicts between city states and empires as the later development of gunpowder. But by the time Homer composed the Iliad around 800 BC, some five centuries after the Trojan War, this Bronze Age military technology was long obsolete – it had been superseded by tight formations of spear-wielding infantry or fast-moving cavalry armed with the compound bow.42 The chariot survived merely as a symbol of prestige and power: in Persian, Indian, Graeco-Roman and Norse mythology the gods all ride chariots. Even today many cities have monuments that bear a quadriga, such as the Arc de Triomphe du Carrousel and the Brandenburg Gate.

  fn9 The Urals are one of the world’s oldest surviving mountain ranges, formed around 250–300 million years ago when the Siberian Plate docked onto the eastern side of Pangea, marking the last stage in the making of the supercontinent. Like the pristinely preserved ophiolite scooped out on top of Cyprus that we discussed in Chapter 6, the Ural mountain range also contains flecks of crust from a long-since vanished ocean and so holds a legacy of rich copper mines.45

  fn10 On numerous occasions throughout the thirteenth and fourteenth centuries, the Mongols also invaded the north-western region of India, but it wasn’t until 1526 that one of Genghis’ descendants established the Mogul Empire across the subcontinent.81

  fn11 In contrast, the landowners in Eastern Europe held more power and were able to force the remaining peasantry into tighter serfdom.

  fn12 We’ve focused in this chapter on the steppes running across the spine of Eurasia, but the same ecological region also appears in North America. The prairies reach in a broad stripe right down the centre of the United States, occupying the dry region of the continental interior and rain shadow of the Rockies. As we’ve already explored, compared to Eurasia, North America was impoverished in its biological heritage. The horse had fallen extinct in its birthplace and there were no cows or sheep that supported the steppe nomads. The dominant mammal of the prairies, the bison, was hunted by indigenous American tribes, but resisted domestication. Plants like the squash, as well as several seed-bearing species such as the sunflower, had been domesticated by about 4,000 years ago in eastern North America,103 but the prairie belt represented a huge area of the Earth that was never utilised for agriculture.104 This all changed after the European conquest, with the arrival of colonists who brought with them the livestock and crops domesticated in the Old World. The drier prairies in the west proved perfect for open ranching of cattle, and over the last two centuries, with the help of steel-edged ploughs, advanced irrigation techniques and artificial fertilisers and pesticides, the eastern prairies have become some of the most productive croplands on the planet.

  fn13 In 2016, Russia became the world’s biggest wheat exporter, much of the harvest coming from the steppe region north of the Black Sea, and supplied to the Middle East and North Africa.105

  8 The Global Wind Machine and the Age of Discovery


  fn1 The modern name for Gibraltar is derived from the Arabic Jabal Tariq, Mountain of Tariq, after the Islamic general who led this invasion. In the ancient world, Gibraltar formed one of the two Pillars of Hercules – the other being Mount Abila on the North African coast – that marked the beginning of the end of the known world. With European expansion into the Atlantic the Strait of Gibraltar became a vital naval chokepoint, controlling the passage into the Mediterranean Sea.

  fn2 The reason why Spain joined the Age of Exploration significantly later than Portugal also comes down to plate tectonics. As we’ve seen, the Mediterranean is a tectonically complex region, formed by the disappearance of the Tethys Sea as Africa rammed north into Eurasia, and with a jumbled mess of small fragments of continental crust becoming caught in the collision zone. One of these is the Alborán microcontinent, which over the last 20 million years has moved west to crunch into the south-eastern margin of Spain and thrust up the Sierra Nevada mountain range.3 It was here, in this easily defensible rugged terrain, that the last bastion of Islamic rule, the Emirate of Granada, held out for another 250 years after the rest of the Iberian Peninsula had been reclaimed by the Christian Reconquista. While the Kingdom of Portugal, occupying the flatter terrain across the western side of the peninsula, had secured its territory by the middle of the thirteenth century, and was able to invest its energy in maritime exploration, Spain remained preoccupied with its own, more challenging reconquests until the very end of the fifteenth century.

  fn3 Their name derives from the Latin ‘Islands of the Dogs’, although this description may have actually referred to the large seals that once packed the archipelago’s beaches. Canary birds in turn were named for these islands to which they are indigenous.

  fn4 Isolated volcanic islands have played an important role in history, offering strategic value as specks of land within the great expanse of the ocean. Saint Helena in the South Atlantic is another volcanic island born of the Mid-Atlantic Ridge and one of the most remote islands in the world. It became a vital stop-off point for ships of the East India Company returning from India and China, and it was here that the British imprisoned Napoleon after his final defeat at the Battle of Waterloo. In modern history, the volcanic chain of the Hawaiian archipelago in the middle of the Pacific Ocean was of great strategic importance to the United States, which established airfields and naval bases there. When the Japanese attacked the ships stationed at Pearl Harbor in the lagoon of the island of Oahu in December 1941, the incident drew the US into the Second World War. The bombing raids flown from Midway, one of the most north-western islands of the long Hawaiian chain, crippled the Japanese fleet six months later and proved to be decisive in turning the war in the Pacific.

  fn5 Most air currents are invisible, but in this case the winds can be clearly seen from space, thick with dust picked up from the Sahara Desert. The dust-laden air takes about a week to cross the Atlantic, and then the particles settle to fertilise the rich soils of the Amazon rainforest.

  fn6 The equivalent English word, derived from the French, for losing your bearings is to become ‘disoriented’ – to have lost the eastward direction, from where the sun rises.

  fn7 King João II was given by his great rival, Queen Isabella of Castile (who later unified Spain) perhaps the greatest accolade of history. She referred to him only as ‘The Man’20 – a moniker far better than even Bruce Springsteen’s …

  fn8 In this way, it took Columbus just over a month to sail across the ocean that had taken more than 100 million years to open by plate tectonics.

  fn9 He also learned from the natives of the West Indies about their hammocks, which would change how European sailors slept on board ship for hundreds of years.

  fn10 Surprisingly, though, the name for these winds does not derive from the meaning of ‘trade’ in the sense of commerce. The term in fact originates from a different sixteenth-century usage: a wind ‘blowing trade’ means it is in a constant direction. Thus the trade winds are constant, proving to be very useful for exploration and trade in our understanding of the word.

  fn11 The action of the fluid dynamics in these vast rotating gyres of ocean is to pull surface material into the centre of the gyre. The Sargasso Sea lies in the middle of the North Atlantic Gyre – and is the only region of open ocean to be classified as a sea – forming a 1,000-by 3,000-kilometre patch of distinctively clear, blue water that is thick with seaweed. The same corralling process has in recent times also concentrated large amounts of plastic flotsam, dubbed the North Atlantic Garbage Patch; a similar concentration of pollution is found in the Pacific Trash Vortex.

  fn12 It was during these first long-distance voyages by the Portuguese that scurvy began to routinely afflict sailors. Scurvy was not unknown at the time: it occurred during times of famine or among armies on nutritionally unbalanced diets. But it was sailors voyaging the seas for months on end that the disease now affected with great regularity, indeed inevitability. Today we know that scurvy is caused by vitamin deficiency. Vitamin C, or ascorbic acid, is a vital ingredient in the way the body makes collagen for the connective tissue. Within a month or so of a diet containing insufficient vitamin C, the symptoms progressively worsen, ranging from bleeding gums and aching bones to poor wound healing, loss of teeth and eventually convulsions and death. Curiously, humans are one of the few animal species (guinea pigs are another) that suffer from scurvy. It turns out that at some point during our evolutionary divergence from other primate species we picked up a mutation in a single letter of our genetic code that knocked out the key enzyme for making ascorbic acid in our own liver cells. Scurvy was the major killer of sailors on long voyages until the end of the eighteenth century, when it was identified that citrus fruit could prevent the disease.33

  fn13 The first fleet that followed da Gama’s route to India took such a wide volta do mar loop through the south Atlantic on the way out that they discovered Brazil.37

  fn14 When Sri Lankans first encountered the Portuguese and their alien European food and drink they reported that ‘They eat a sort of white stone and drink blood.’ It was the first time they had seen bread and wine.38

  fn15 The two great marine powers of the time had signed a treaty in 1494 to split the world between a Portuguese East and a Spanish West. The division, known as the Tordesillas line, ran north–south through the Atlantic 370 leagues (just over 2,000 kilometres) west of the Cape Verde Islands. It was no more than a line on a map passing through featureless, open ocean – a pure cartographical abstraction. When Portuguese sailors on their way to India discovered the coast of South America they realised it lay on their side of the demarcation and so claimed it: which is the reason why Brazil speaks Portuguese and the rest of Latin America Spanish. The problem that arose in the 1520s was what happened around the other side of the planet. If the Tordesillas line is extended in a circle all the way across the poles and through the Pacific – 180° opposite the Atlantic partition – do the Moluccas lie in the Spanish or Portuguese realm? In the event the dispute was resolved when Spain, in urgent need of quick cash to finance its ongoing war with France, sold its Moluccas claim to Portugal.44

  fn16 Potosí, also known as Cerro Rico (Spanish for ‘rich mountain’), is the core of an eroded volcano formed about 13 million years ago.49 The volcanic activity drove an underground hydrothermal system that leached out silver, as well as tin and zinc, from deeper rocks and then redeposited it in extremely rich, thick veins riddled throughout the heart of the mountain.50 It is the largest silver mine in history and for more than 100 years accounted for over half of global production.51

  fn17 One major problem throughout most of the Age of Sail was that ships’ captains had a hard time determining their precise position in the open seas. Astronomy can easily tell you your latitude – you only need to measure the angle between the horizon and select stars – but before the invention of accurate clocks it was nigh-impossible to work out your correct longitude. Ships dashing east along the Roaring Forties had to know the right moment when to turn north-east to continue up to Indonesia. And if you waited too long you would plough into Australia – the continent’s coral-studded western coastline is littered with the wrecks of ships that missed their turning.57

  fn18 The Portuguese had begun importing African slaves to the sugar plantations on Madeira and the Cape Verde Islands in the late 1400s, and from the 1530s transported them across the Atlantic to their colonies in Brazil.59 Soon enough, other European seafaring nations got involved in the human trafficking of the so-called Middle Passage.60

  fn19 And we’re no more responsible consumers today, excitedly buying the latest electronic touch-screen device or cheap T-shirt whilst knowing in the back of our minds the appalling conditions many factory workers in the developing world are forced to endure.

  9 Energy


  fn1 Many of the tree species of Northern Europe – including alder, ash, beech, oak, sycamore and willow – are able to resprout from a snapped stem, and it is this natural capability that makes them suitable for coppicing. But this in itself may have developed as an evolutionary response to damage wrought by foraging elephants and other megafauna – the sort of huge animals that roamed across even northern latitudes in the warmer interglacial periods, as we saw here.1

  fn2 While this was hugely impressive for its time, it is still utterly dwarfed by the prodigious amounts of energy we have learned to marshal today: this entire waterwheel complex is outstripped by the power output of a single family car engine.

  fn3 Orogeny is a geological term for the building of a mountain range from subduction or collision of tectonic plates, although disappointingly the adjectival form is ‘orogenic’ not ‘orogenous’.

  fn4 The orogeny also created the intrusions of granite in Cornwall, which as we saw came to supply tin for bronze production and kaolinite clay for making porcelain.

  fn5 On 21 April 2017, Britain went a full day without using coal to generate electricity for the first time since the 1880s.26

  fn6 The correlation between Labour and coalfields is less clear in Scotland with the rise of another major left-wing party, the Scottish Nationalist Party.

  fn7 Similar anoxic sea-floor conditions are found in certain areas today, such as the bottom of the Black Sea or the region of upwelling off the coast of Peru,38 but during the Cretaceous these were widespread around the world.

  fn8 We saw in Chapter 6 how the Great Oxidation Event created the iron ores that we have mined through history, but also scrubbed the atmosphere of the greenhouse gas methane to trigger a snowball Earth.

  fn9 The atmospheric carbon dioxide levels won’t naturally return to their pre-industrial setting for tens of thousands of years. The overlapping rhythms of the Milankovitch cycles are due to push the Earth’s climate back to glaciation around 50,000 years from now, but the sharp shove we’ve already delivered to the atmosphere means that this next scheduled ice age will almost certainly be skipped. So from a human perspective, one silver lining to the current global warming might be that our civilisation will be better able to adapt in the long run to the extremes of a hotter world than the return of kilometre-thick ice sheets grinding across the Northern Hemisphere and a punishingly cold and dry climate making widespread agriculture impossible.47
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