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Introduction


Earth is an astounding place. You might not think so as you look out of the window and think how ordinary everything seems. But study it closely, as scientists do, and you discover amazing things; things you may find hard to believe. At turns, the planet has been a red-hot blob of molten rock and a giant snowball. The Arctic once basked in tropical temperatures and the entire Mediterranean Sea dried up only to be refilled by the mother of all floods.


Even now we rely on unseen marvels every day. The planet is protected from dangerous ultraviolet rays by one invisible shield, while another keeps it safe from the torrent of energetic particles streaming from the Sun. Our hospitable climate is a wonder in itself, kept in check by the nature of soils, ventilation of the oceans, reflectivity of clouds, the forging and erosion of rock and volcanic eruptions which spout gases that both cool and warm the planet.


And then there’s Earth’s tour de force: life. You might think that you – as a representative of living things – are unexceptional. But on a cosmic scale that’s simply not so. You were born on the only planet in the universe that we know of where life exists – and certainly the only place where organisms read books.


The other thing to bear in mind is that life does not live on Earth; it is part of Earth. The soil’s role in tempering our climate is mediated by microbes. And clouds reflect more sunlight back into space when microbes high in the atmosphere make them whiter. Even some of the rocks of the planet’s outer crust are made up of the bodies of long-dead creatures.


Earth is not just a giant boulder flying through space, but a machine where living things interact with geology, water, ice and the atmosphere. Everything is interconnected. This is Planet Earth is an introduction to anyone who would like to better understand all these things and how they fit together.


The first two chapters deal with Earth’s formation and history, taking us from its first appearance in a swirling cloud of gas around the young Sun to the tsunami that cut off Britain from the rest of Europe. Chapters 3 looks at Earth’s structure. We venture from the surface, with its life-giving covering of soil, right down to its hard iron heart. Chapters 4 and 5 develop the idea of plate tectonics, which has enabled us to understand more about such things as earthquakes, the planet’s thermostat and the future wanderings of our continents.


Chapters 6, 7 and 8 explore different ‘spheres’ of the planet, starting with the atmosphere. We spend most time in the lowest breathable layer where life exists and weather happens, but also venture all the way up to the edge of space. For the hydrosphere we dive into the oceans to examine the gigantic pumps that drive global currents. Finally, in the biosphere, we search for clues to how life got started and how it has been influencing the planet ever since.


To close, we focus on humanity’s influence on Earth’s systems. Chapter 9 introduces the Anthropocene, a proposed geological epoch designed to recognize our profound impact on the globe. Chapter 10 deals with the biggest threat we know of today to the existence of life – climate change. We check what we know, where the gaps are in our knowledge, and ask whether we can fix things.


Hopefully, this book will change your perspective on Earth so you will never see it as ordinary again. Who knows, you may even be astounded.


Jeremy Webb, Editor
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Formative years


The Earth and Moon were born from chaos. The heat and violence of the early solar system have conspired to shroud much of Earth’s early years in mystery. What, then, do know and not know about how it developed into the dynamic planet we know today, a place fit for life to evolve?


 


A home unique in the universe


Very occasionally, routine events produce exceptional results. That’s what happened 4.6 billion years ago, on a minor arm of an unremarkable spiral galaxy.


A vast cloud of gas and dust began to collapse into a dense ball of matter. As gravity pulled more and more material towards it, the temperature and pressure at its core increased to the point where nuclear fusion kicked in. That released vast quantities of energy and marked the creation of a star.


What started the process off, we don’t know but it had happened countless times before and the star itself was certainly nothing special.


As the newborn star began to spin, smaller bodies started to coalesce in orbit around it. Gas molecules and dust particles fused to form objects the size of rocks; which collided to create boulders, then ‘planetesimals’. Their increasing gravity pulled in still more matter to create hot, molten versions of the planets we know today.


Eight planets formed and on the third one from the star something truly remarkable happened. The right conditions enabled life to emerge and flourish. Eventually, intelligent life evolved in the form of beings capable of asking how their planet had formed and how it came to nurture life. They called their celestial neighbourhood the solar system, named the star ‘Sun’ and their planet ‘Earth’.


Mysterious beginnings


That’s the big picture, at least. ‘Time zero’ for the solar system is generally agreed to be 4.567 billion years ago, and by 4.55 billion years ago, about 65 per cent of Earth had assembled.


The early solar system was an energetic, dynamic place. For its first few hundred million years, collisions were common and Earth was subjected to some pretty rough treatment. About 4.53 billion years ago, just as the paint was drying on the infant Earth, disaster struck. It was dealt a glancing blow by an object the size of Mars. The impact threw debris into orbit to form the Moon, and the energy of the collision melted Earth’s upper layers, erasing any previous geological record. Vaporized silicon that didn’t make it to the Moon condensed and fell back as lava rain, depositing a sea of molten rock. Earth eventually melted to its core, and the process of forming a solid surface began all over again.


This version of the Moon’s creation is not the only one, as you will see later. Yet it seems certain that the violence carried on, ending only with a sustained pummelling between 4.1 and 3.8 billion years ago in what is known today as the late heavy bombardment. Once again, the ferocity and length of this episode are still being debated.


The sheer violence of these events is one reason why there is a yawning chasm in our knowledge of Earth’s first 500 million years, an aeon known as the Hadean, after Hades, the ancient Greek god of the underworld. With little to go on scientists make up stories that best fit the evidence they have; evidence that comes from our knowledge of physics and chemistry, the results of hands-on experiments, observations of other astronomical objects and computer simulations.


Research to answer many of our questions is under way right now and new findings, observations and models are being made all the time. What we think we know is constantly being challenged by that new evidence. And so scientists’ stories change.


Among our unanswered questions is how Earth gained so much water. Being close to the Sun, it was probably too hot for water to simply condense out of the gas cloud as the planet formed. In any case, water that had collected would probably have evaporated during the titanic collision that formed the moon. One possible explanation is that the water arrived later, delivered by icy comets and asteroids from the outer solar system during the late heavy bombardment.


Then there’s the question of when Earth gained its crust. Today that crust is composed almost exclusively of rocks no older than 3.8 billion years, so traces of the hellish Hadean are thin on the ground. Of the ancient rocks that remain, most have been modified by heat and pressure. The good news is that tiny resilient crystals, called zircons, may be seriously old and are yielding important information. Combined with ever-improving methods of microanalysis, these may yet rewrite the story of the early Earth.


There is one other way we can learn more about the Hadean. Mineral prospecting on the Moon and Mars could also reveal what Earth was like before the great impact. Unlike Earth, neither of those worlds has re-melted, so there is a much greater chance of finding truly ancient rocks on their surfaces. We may even hit the geological jackpot and find a piece of the Hadean Earth that was blasted into space by an asteroid impact, and which subsequently landed on the Moon or Mars.


With this overview of Earth’s earliest years in mind, let’s drill deeper into the issues that are keeping earth scientists, astrophysicists and palaeobiologists up at night.


Our enigmatic moon


Accounting for the Moon’s origin has always been a problem. It is just too big. No other planet in our solar system has a satellite that is proportionally so large: it is over one-quarter of Earth’s diameter. Such a body could not have been captured in passing, as other planets are thought to have snared their smaller satellites. In 1879 George Darwin, the astronomer son of Charles, proposed a different idea. He suggested that the early Earth spun so quickly it fell apart, spitting a bit of itself into space.


That idea was popular for a time, but fell foul of planetary dynamicists in the early twentieth century, who found that the numbers just did not add up. For Earth’s outwardly directed centrifugal force to overwhelm the inwardly acting gravitational force and break the planet apart, it would have had to be rotating ridiculously fast, at about once every two hours.


Darwin’s idea has been replaced by the giant impact hypothesis or ‘big splat’ – that glancing blow from a Mars-sized object (see Figure 1.1). In the maelstrom of colliding objects in the early solar system it is perfectly reasonable to expect huge impacts in its latter stages.
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FIGURE 1.1 Did a ‘big splat’ create our moon?


However, the big splat itself could be quashed by an analysis of Moon rocks brought back by the Apollo astronauts. According to the giant impact hypothesis, some of the Apollo rocks should have come from the object that crashed into our planet, yet analysis shows that their oxygen, chromium, potassium and silicon isotopes are indistinguishable from Earth’s. Added to this, several samples thought to come from the Moon’s crust contained water. In the aftermath of the big splat, the heat generated should have melted the rocks and driven off the water.


Still, all is not lost. Ignoring the highly speculative idea that a natural nuclear reactor within Earth exploded and blew a portion of the planet into space, further modelling shows that there are types of collision that overcome these criticisms.


Matija Cuk of the SETI Institute in Mountainview, California and Sarah Stewart at the University of California, Davis found that, if Earth spun faster than assumed in the past, it would have needed less of a smack to spit out the Moon. Instead of a Mars-sized impactor, one with just half the mass could have hit Earth at a steeper angle, burying itself deep inside our world. Cuk and Stewart’s computer simulations show that such an event would provide just enough energy to explode a plume of solely Earth rocks into orbit – providing a moon isotopically indistinguishable from Earth.


A different sort of ‘giant impact lite’ has been proposed by planetary scientist Robin Canup of the Southwest Research Institute in Boulder, Colorado. She envisages two planets, each about half the size of Earth, colliding slowly. In the ensuing coalescence that gave birth to our planet, the Moon was formed from the leftovers, ensuring that both bodies were made from the same ingredients.


Was it really hell on Earth?


The chaos of the early solar system certainly sent objects hurtling around. Some came our way – one look at craters on the Moon gives some idea of the scale of the battering. We don’t see this damage on Earth because it has been eroded by wind, rain and plant life.


Those rocks brought back to Earth by the Apollo astronauts suggest that the most intense battering took place during the late heavy bombardment. Before and during this battering, it’s widely thought that our planet was a molten hellhole, far too hot, dry and hostile for life to get going. Not until the bombardment ended during the Archaean aeon (see Chapter 2) did conditions improve enough for life to gain a foothold.


In recent years, however, the late heavy bombardment has started to be questioned on several fronts. Most radically, some scientists argue that the spike in lunar bombardment may be an artefact of how the Apollo evidence was gathered.


The Apollo samples came from different sites on the Moon. Even so, researchers have pointed out that they may all have come from a single event – the impact or impacts that formed the Imbrium Basin, one of the large, dark patches that make up the ‘Man in the Moon’. Rocky fragments from this event could have contaminated disparate parts of the lunar surface, meaning that what at first looked like a host of simultaneous impacts might have been only a handful. If the impacts were more smeared out, early Earth would not have been so hellish as first assumed.


Evidence of a milder Hadean is also coming from other sources, including the tiniest of witnesses. Zircons are tough crystals of zirconium silicate, often a millimetre or less in length and among the oldest objects on Earth. They can survive being baked at 1600 °C and washed down the course of an entire river without chipping. Most importantly for geologists, they can survive under tonnes of sediment without undergoing metamorphosis or melting, as other materials do.


Zircons are ubiquitous on Earth. They are found in almost all granites, which form when rock is re-melted within the Earth before rising and cooling. As granite solidifies, any zirconium in the melt snatches up silicate and crystallizes out as zircons. They are also common in sedimentary rocks once erosion has freed them from their original granites.


The zircons raising doubt about the Hadean come from rocks in the Jack Hills of Western Australia, which themselves date back some 3.7 billion years. When zircons from here were dated – by comparing the proportions of uranium with its radioactive decay products (see Chapter 2) – they turned out to be even older. One dated from 4.4 billion years ago, which suggests that solid material existed on the surface of Earth a mere 200 million years after its birth.


What’s more, researchers found ‘inclusions’ – traces of quartz, mica and feldspar – trapped inside the zircons. These suggest that the zircons had formed from melted, metamorphosed sediments that might initially have been similar to wet mud or clay. Analyses also found the ancient zircons to have high concentrations of the isotope oxygen-18. Rocks that form at a low temperature in wet conditions tend to absorb more oxygen-18 than other rocks.


Measurements of other elements in the zircons support this finding. It now seems that, far from being a ‘magma ocean’ with no atmosphere, Earth 4.4 billion years ago was solid, coolish and wet. Ponds, pools and oceans need a solid surface to sit on, suggesting that a crust was in place early on, and if there was liquid water then there had to be a thick atmosphere: otherwise the water would have boiled off. Hell on Earth suddenly looks rather balmy.


When did life get started?


The idea that Earth in the Hadean was cooler and wetter than previously thought is reflected in recent, though controversial, new evidence for the earliest life.


The earliest reliable evidence of life comes from a fossilized beach in the Pilbara region of Western Australia, north of the Jack Hills. That was dated to 3.43 billion years ago. Chemical signatures in even older rocks in south-western Greenland suggest life may have been present 3.8 billion years ago, though this evidence is contentious.


In 2015 Elizabeth Bell and Mark Harrison from University of California, Los Angeles and colleagues announced that they had found carbon with an organic-like signature sealed within a zircon crystal. The team had analysed more than 10,000 zircons from the Hadean and Archaean aeons. In one Hadean crystal from the Jack Hills (see Figure 1.2) they found tiny flecks, or inclusions, of graphite, which must have been incorporated into the zircon when it formed some 4.1 billion years ago.
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FIGURE 1.2 Australia’s Jack Hills hark back to Earth’s violent youth, creating a window on the Hadean aeon.


The researchers analysed carbon isotopes in two of the graphite flecks, and found them to have a high carbon-12 to carbon-13 isotope ratio. This is a characteristic of biological origin because living organisms preferentially absorb carbon-12.


The general chemical make-up of the zircon crystals suggests that the magma they cooled from was generated by the melting of a mud-rich sediment, which is the sort of environment in which organic remains might accumulate.


Then, in 2017, Matthew Dodd at University College London and co-workers reported evidence of even earlier life in rocks dating back to the Hadean, or close to it. These rocks, collected from the Nuvvuagittuq Greenstone Belt on the eastern shore of Hudson Bay in northern Quebec, Canada, are at least 3.75 billion years old, and some geologists argue they are 4.28 billion years old, making them only slightly younger than the planet itself.


Like all such rocks, they have been heavily altered. At some point, they spent time deep inside Earth, where temperatures above 50 °C and extreme pressures baked and deformed them. But geologists can still read clues that suggest they formed at the bottom of Earth’s early oceans: they seem to preserve evidence of ancient deep-sea hydrothermal vents.


Dodd’s evidence stems from iron-rich rocks originally formed around relatively cool (less than 160 °C) undersea vents. These rocks contain microscopic tubes and filaments made of iron oxide that are very similar to structures formed by bacteria living today in mat-like colonies around deep-sea hydrothermal vents.


What’s more, material close to the filaments contains a high carbon-12 to carbon-13 ratio, which implies organic origins. Some of that carbon is inside crystals of phosphorus-rich minerals, which also hints at early biology because phosphorus released as organisms decay can be incorporated into minerals.


If confirmed, the findings would potentially push the origin of life back to 4.29 billion years ago, suggesting that Earth was inhabited astonishingly early, even before the late heavy bombardment. More than that, it would show that life got going around deep-sea vents where there is little or no sunlight, so organisms would have had to derive their energy from geothermal processes. This would help to bring the geological evidence in line with findings from genetic and biochemical studies hinting that life emerged in deep hydrothermal areas – and not in shallow, sun-drenched environments where most early fossils have been found (see Chapter 8).


The case for when life emerged is not closed yet, however. Neither study is conclusive. Harrison’s team acknowledges that there are also inorganic ways that isotopically light carbon could have accumulated in Hadean environments. And it would be extraordinary if the fragile, microscopic structures found by Dodd survived in rocks that have been subjected to high temperatures and pressures deep underground.




A spanner in the works


Just when you thought the story of early Earth was emerging from the fog, along come results that force you to think again.


Donald Lowe of Stanford University in California and his colleagues have spent 40 years studying a patch of ancient rocks in eastern South Africa called the Barberton Belt. More than 25 years ago they found four layers of spherical particles, which seemed to have condensed from clouds of vaporized rock. Lowe says they are the traces of four major meteorite impacts, dating from between 3.5 and 3.2 billion years ago. In 2014 his team described another four layers from the same period. He argues that eight major impacts within 250 million years bolsters the case that the late heavy bombardment was longer than most researchers think, and tapered off only about 3 billion years ago.


The impacts were on a scale beyond anything Earth has experienced since the dawn of complex animals. The asteroid believed to have finished off the dinosaurs left a layer of spherules a few millimetres thick. Lowe’s layers are 30 to 40 centimetres thick, suggesting that the asteroids were at least 20 kilometres across and possibly more than 70. Impacts from such objects would wipe out most animals and plants if they happened today, but back then all life was single-celled and aquatic.


Lowe reckons a very large impact could have heated the atmosphere to hundreds of degrees Celsius and evaporated the top 100 metres of the ocean. Microbes on the opposite side of the planet might have been able to ride out large waves and the rain of hot rocks. But one group likely to have fared especially badly was photosynthetic bacteria because they would have had to live near the ocean surface where there was plenty of light.





Water, water everywhere


If water existed on Earth during the Hadean, it raises the question of where it came from. It’s true that the early Sun would have been weaker than it is today, but even so it would surely have vaporized any ice in the primordial cloud that gave birth to Earth, which is why planetary scientists assumed that water was delivered later by celestial messengers – comets or meteorites. Recent evidence, however, suggests this is not the case.


The key to figuring out where Earth’s water came from lies in the ratio of concentrations of two hydrogen isotopes: deuterium, also called heavy hydrogen, and normal hydrogen. This ratio differs depending on the source of the water. So comparing the ratio in, say, meteorites with that in Earth’s oldest water should reveal if their H2O had a common origin.


Over deep time, the oceans have almost certainly lost some of the lighter hydrogen isotope, so instead researchers turned to water in ancient volcanic basalt rocks from Baffin Island in the Canadian Arctic. These rocks contain tiny glassy inclusions that appear to have formed in Earth’s mantle, the layer below the crust, 4.5 billion years ago. This would make them almost as old as the planet itself, and locked inside them are hydrogen molecules from water of the same age.


These inclusions contain surprisingly little deuterium: their ratio is nearly 22 per cent less than in seawater today. The result points to a source that’s very deuterium-poor, which probably rules out meteorites because their isotope ratio is usually higher. Instead, the ratio suggests that the water must have originated in the cloud from which the Sun and planets condensed.


This conclusion supports theoretical studies which show that water molecules would have clung tightly to the coalescing dust particles even in the hot conditions of Earth’s formation.


In recent years scientists have also found that Earth has far more water than expected deep beneath its surface. Some of this may have migrated upwards to the surface. The internal reservoir is estimated to contain up to three times the volume of all the oceans. It resides in a blue rock called ringwoodite, a magnesium silicate mineral that forms at temperatures and pressures found 600 kilometres down in the mantle.


Other studies suggest that this reservoir may not even be the deepest. Hydroxyl ions, usually a sure sign of water, have been found in inclusions within diamonds coughed up in lava. These form at depths of around 1000 kilometres, suggesting that water may be cycling down into the deep mantle.


Restless crust


We now know that Earth is covered by several large, rigid plates that are constantly moving and rubbing against each other – a process known as plate tectonics (see Chapter 4). This process constantly recycles Earth’s rocks, and without it the planet would not have a stable climate or the oil and mineral deposits we depend upon.


Earth is the only planet we know that has plate tectonics. Why should this be? Models show that for tectonics to get going a planet has to be just the right size: too small and its lithosphere – the solid part of the crust and upper mantle – is too thick. Too big and its gravitational field squeezes any plates together, holding them tightly in place. Other conditions have to be right too: the rocks making up the planet should be not too hot, not too cold, not too wet and not too dry.


Our thinking about Earth’s first crust is based upon the processes we see today. In the here and now, oceanic crust forms at mid-ocean ridges, where molten rock from the mantle flows up and spreads out. The resulting rock is rich in hard, black basalt – the rock that makes the volcanic islands of Hawaii.


Continental crust is different. It tends to be made of rocks such as granite, which form when basalt sinks, melts and reforms. In the process it gets enriched with silica, aluminium and lighter metals. Granite is less dense than basalt, so it floats higher on the mantle than oceanic crust.


Where these two types of crust meet, for example at the rims of many ocean basins, the cold, dense oceanic floor, together with plenty of water, mud and ooze, dives under the lighter continental crust and into the mantle – a process called subduction.


So much for the present. The big question about the past is when and how did the lithosphere become cracked in such a way that the first piece of crust dived down beneath another?


Because of the turmoil of the Hadean, evidence is thin on the ground. But geochemical research published in 2016, on zircons and rocks from north-western Canada dated to 4 billion years ago, suggests that Earth’s skin at the time contained no continental crust, but was more like basaltic oceanic crust. If this is confirmed, then plate tectonics as we know it did not take place during the Hadean.


One oft-quoted description sees Earth, for perhaps its first 2 billion years, as having a thin skin of basaltic crust covered with water and punctuated with chains of volcanoes as just about the only land. These would have belched out water vapour and gases such as carbon dioxide, sulfur dioxide and hydrogen chloride to create a thick atmosphere.


How the first cracks appeared in this crust is still moot. A hot plume of material in the mantle could have punctured the crust to make the first hole, or perhaps an asteroid or comet impact was the trigger, piercing the surface layer and setting up a chain of events that created the first moving tectonic plates.


When did this happen? One estimate stems from research into ophiolites, rare slivers of ancient oceanic crust which, instead of being pushed down into the mantle, are raised up on top of continental crust at a subduction zone. A 2007 study dated a sample of what is thought to be an ophiolite in Greenland to 3.8 billion years ago – the oldest suggestion of plate tectonics yet.




Watching other worlds


New insight into how Earth got its crust comes from observing Jupiter’s tiny moon, Io. Some scientists think that the very early Earth was some sort of magma ocean – all the planets seem to have passed through this sort of phase. But how did Earth move on to plate tectonics?


Io is covered in active volcanoes that transport heat from its interior to its surface without plate tectonics. It loses heat through heat pipes, a system of volcanic plumbing that shuttles hot molten rock, or magma, to the surface through relatively narrow channels. The lava cools as it spreads, forming a new layer of crust that is later covered by fresh eruptions. Over time, the heat pipes create a thick upper layer of crust, which on Io is strong enough to support mountains more than 20 kilometres high.


William Moore of Hampton University in Virginia and Alexander Webb of Louisiana State University in Baton Rouge ran simulations of Io-like heat pipes on early Earth to see what kinds of rocks were created and how the crust would have behaved. They compared the results to the most ancient known rocks on Earth, including 3-billion-year-old diamonds and 4.3-billion-year-old zircons.


The pair found enough correlations to suggest that, until about 3.2 billion years ago, Earth released its excess heat through Io-like heat pipes scattered over a few regions of an otherwise barren surface. Eventually, they propose, Earth cooled so much that the heat pipes shut down, which allowed stress to build in the hot mantle trapped beneath the lid of crust. According to this version of events, increasing stresses in the convecting mantle broke the outer skin and plate tectonics began.
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The long sweep of time


The early years of Earth were punctuated by astonishing events, though it’s easy to forget that they unfolded over hundreds of millions of years. Indeed, the slow pace at which most geological processes unfold on Earth can be difficult to appreciate. Here we take a look at deep time, how we measure it and check out a few of the landmark episodes that have punctuated Earth’s long journey through time.


 


Time goes deep


In June 1788 Scottish geologist James Hutton took his colleagues John Playfair and James Hall to Siccar Point on the Berwickshire coast. To unenlightened eyes, the rocky promontory would have appeared eternal and unchanging. But Hutton knew better. He had concluded that layers visible in the rocks had formed beneath the sea from the remnants of older rocks and had been raised back up.


Hutton realized the sequence of events he could read in the rocks spoke of incredibly slow changes occurring over mind-expanding stretches of time. The ‘angular unconformity’ of rock layers of varying types and orientations could only have formed over tens of millions of years (see Figure 2.1). These observations were crucial to his theory of Earth’s gradual evolution and the revolutionary concept of deep time.
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