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Tim Gregory was born and raised in West Yorkshire, and since starting his rock collection aged four he has held a continued fascination with the natural world. Following an undergraduate degree in geology and a PhD in cosmochemistry, Tim is now a research scientist at the University of Bristol and the British Geological Survey (Nottingham).


A geologist by training, Tim uses his knowledge of rocks to study stones that fall from the sky: meteorites. His research specifically focuses on the geological and chemical make-up of meteorites, and the timing of events that unfolded as our Solar System was forming 4.6 billion years ago. Tim is a science populariser who regularly speaks with live audiences, often features on radio, and occasionally presents on television. Meteorite is his first book. When not in the lab or writing, Tim is usually either hiking, photographing landscapes, or playing his guitar.
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This book is dedicated to you.










All you that do behold my stone,


O; think how quickly I was gone;


death doth not always warning give


therefore be careful how you live.


 


This elegy is carved into a headstone in the Wold Newton churchyard, East Riding of Yorkshire, commemorating the life of John Shipley (1779–1829). Shipley was a ploughman of the nearby Wold Cottage estate. He almost became the first person in recorded history to be hit by a meteorite falling from the sky.
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Prologue: Written in Rock


The oldest stories tell of fantastic beings and extraordinary events. Chariots drawing the Sun across the sky; great snakes devouring worlds; spirits singing the Universe into existence; Creation itself arising from the dismembered bodies of deities. Such stories were told by people who lived before the advent of the scientific method and so, although to our modern minds they may seem remote from reality, they provided a framework in which our ancestors could understand the world.


For most of human history, these stories passed from person to person through the spoken word. The mind was the only place where they could be stored. If a story or snippet of understanding was not spoken, heard, and then remembered by somebody else, it died along with the mind in which it sat. Only through the spoken word and commitment to memory could stories transcend a human lifetime.


It wasn’t until some 125,000 years of human history had elapsed that stories and ideas were liberated from minds and rendered as objects in the real world. The oldest known human artwork (at the time of writing) was discovered in the Blombos Cave in South Africa and dates back some 75,000 years. It is an unassuming shard of stone a few centimetres across – easily small enough to clasp between thumb and forefinger – and embellished by a cross-hatch pattern drawn with an orange-red clay. The first human artworks were drawn using rocks as both paper and ink: rock was the first medium on which human thoughts were consciously recorded.


Recording stories and ideas in this way became a long-standing tradition, and as the slow march of human history progressed, the physical representations of thoughts became more sophisticated. Stories began to be written down. Thirty-five millennia after the cross-hatched pattern was drawn onto the stone in Blombos, our ancestors were drawing animals on the walls of the limestone caves of Maros in Indonesia. They drew these animals because they were important to them: they were the source of food that kept them and their fellow tribespeople alive. Their drawings show a deep respect. These animals would have been a major part of the story of the artists’ world and life, and so they recorded that story permanently on the rocky walls of the caves.


The people living in those caves also left shadows of themselves on the rock. Inside the caves of Maros lie a dozen stencils of human hands. Their creators made them by pressing their hands against the cold cave walls and spraying them with a wet pigment, probably from their mouths. This simple act marked another great leap forward for our species’ consciousness. The handprints are explicit attempts made by our ancestors to leave a trace of themselves upon the physical world, an ancient version of ‘I was here’. They probably had a concept of a tangible future, a time when they would no longer walk the Earth, when the story of their world would continue without them. We see their small story today, 40,000 years later, by reading it on the rocky limestone walls.


Anything that is recognisable as writing didn’t come along until about 5,000 years ago, by which time over ninety-seven per cent of our existence as a species (so far) had passed. Written words were first created by pressing symbols into clay tablets and chiselling them into tablets, and later by scratching ink onto parchment. Their purpose was elegantly simple: to allow thoughts and stories to be recorded in the physical world, precisely and accurately, and read later by somebody else. It is a means, other than the spoken word, by which the thoughts of one person can be placed into the mind of another, but it transcends the lifetime of the thought’s original bearer. It is the closest humanity has ever got to mind reading, and the closest we’ll ever come to communicating with the dead (though admittedly, the conversation is entirely in one direction). And it’s all done via strange-looking shapes carved into stone tablets, scratched onto pieces of parchment with ink or, as in the case of this book, printed onto paper (or perhaps shining from an ebook reader).


Writing changes the way thoughts are recorded, and eliminates much scope for ambiguity and changes in meaning as they are passed from mind to mind. It also means that it is easier to catch up on things that have already been discovered; knowledge and ideas do not have to be acquired from scratch by each new generation, freeing up our time and headspace to make new discoveries and plumb the depths of new understanding.


Our acquisition of knowledge and understanding of the world accelerated as a result of the long tradition of recording stories, and it all began by recording them on rocks.


Parallel tales


There is another story written in rock, but this one wasn’t written by us. It was written by Nature, and it begins further back in time than our own human story. Much further back. And it unfolds over a timescale so vast that it is impossible for the human mind to fully comprehend.


It began about four and a half billion years ago. This is time on a scale that dwarfs the 200,000 years during which humans have walked the planet, and it has an appropriately evocative name: ‘deep time’, or ‘geological time’. This is the reel on which Earth’s story plays out. It unravels on timescales where continents move, sea floors are raised to jagged mountain peaks, and millions of species come and go as they evolve before marching headlong into extinction.


The only way that the slightest sense of the immensity of geological time can be grasped is through analogy and metaphor. Imagine a twenty-four-hour geological day, where the entire four and a half billion years or so of Earth’s history is squeezed down into twenty-four hours. On this timescale, the history of humanity would be just shy of four seconds long. The cross-hatch pattern from the Blombos Cave was drawn one and a half seconds ago. Writing was invented about one-tenth of one second ago, which, as it happens, is the time it takes to blink. Dinosaurs, often thought of as ancient life forms from the deepest recesses of the past, only evolved something like one hour and fifteen minutes ago, and their time on this planet came to an end after about fifty-five minutes. Trees have existed for a mere two hours. The land was little more than a bleak rocky desert until land plants evolved some two and a half hours ago, and the oceans were devoid of fish only half an hour before that.


The story of the Earth – its geological history – tells of the things that have happened since it formed to the present day. It has experienced unimaginable change during that time. Most of its story has been lost, much like our own human story, but plenty remains to be read if you know where to look and how to read it. Like the early chapters of the human story, this story is written in rock, too, and it can be read using the language of geology.


Like the pages of a book


Silt accumulating in the dark oceanic abyss; molten rock crystallising far below the Earth’s surface; sand dunes rolling across ancient deserts. The circumstances under which a rock came into being can, more often than not, be deduced from its geological character. Each rock contains a single short story, but a sequence of rock contains a narrative that unfolded over a longer stretch of time. By scouring the globe and turning the pages of Earth’s geological history, we have come to learn much about the story of our home planet.


But the history of the Earth, and by extension our own history, is but a sub-plot of a far grander story. It is a story that begins further back in deep time, and one that is set on a scale that far exceeds the planetary: it plays out on timescales that reach the astronomical and distances that reach the interstellar. It is the story of our Solar System.


We share our celestial neighbourhood with a multitude of planetary objects of which the Earth is just one: two giant gas planets, two giant ice planets, four rocky planets, hundreds of moons, and billions and billions of comets and asteroids. All of them orbit the same light-giving star at the centre of it all: the Sun. Our star. And while each planetary body has its own unique history and story to tell, they all, it transpires, share a common heritage. They belong to the same Solar System, and if we go far enough back in time, we find that their individual histories converge. The first few pages of their stories are identical.


The rocks of the Earth yield little information about the origin and the formation of our Solar System because there is a limit to how far back in time they can take us. For one, the Earth did not exist when the Solar System was forming. And throughout Earth’s history, geological forces have continuously un-made and re-made the Earth’s rocks, recycling them through the power of plate tectonics and wearing them down with weather. Early pages of Earth’s storybook were torn out and lost, and many chapters have been overprinted.


Fortunately for us, there are rocks that did record the events that happened as our Solar System was assembling itself. Some of these rocks survive to this day and they are the most ancient objects in our cosmic neighbourhood. While there are still many questions that remain unanswered, by using the language of geology and the tools of science, we have come to understand the story these rocks have to tell of the early Solar System in brilliant detail. In uncovering this story we have discovered the origins of our Solar System, the planets, and ultimately, ourselves.


But these rocks did not come from the Earth. They fell upon it from the sky, and we call them meteorites.
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Stones from the Sky
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As soon as the curious gaze of our distant ancestors turned skywards, they began to notice stars streaking across the Heavens. On any given cloudless night in any part of the world, provided sufficient patience is exercised, the celestial light show continues. These lights, called meteors (from the Greek μετέωρος (meteoros) which means ‘raised from the ground’), have been a part of the human experience of life on Earth for as long as our species has existed. We have never known skies without them. They continue to capture imaginations the world over, and as they blaze across the sky as if they are ‘shooting stars’, we continue to cast our wishes upon them.


But meteors, and their bigger and more brilliant equivalents, fireballs, are not stars at all. They are the products of something so unexpected, so out of the ordinary, that it was not until around two centuries ago that their origin and significance was realised by the minds of modern science. Meteors and fireballs have their origins not in astronomy, but in geology. They are the products of rocks falling from outer space.


Racing between twenty and seventy kilometres per second, a typical meteor would travel the length of the United Kingdom in just shy of half a minute. Like the prow of a ship parting the water, falling stones part the air in the Earth’s atmosphere as they press onwards across the sky, compressing the gas before their bow. The air caught in their path is pressed so strongly and so rapidly that its temperature instantly soars to thousands of degrees Celsius. It glows incandescent as a result.


The forward-facing surface of a falling stone is superheated to temperatures far exceeding that of freshly erupting lava from a volcano; the outer layers of the stone are slowly vaporised and unmade entirely. Most stones are utterly consumed as they fall, but a handful survive their fiery passage through the atmosphere, and make landfall on the Earth’s surface. We call these survivors ‘meteorites’.


The Field of the Sky


At twilight some 4,000 years ago in the Chaco region of what is today known as Argentina, people were awaiting the warm return of the Sun God from beneath the horizon when, the story goes, He came forth from the sky and fell to Earth. A brilliant light suddenly filled the half-lit sky and a clamorous noise spread through the air. He appeared before them as a large mass of iron, jet-black on the surface and silvery on the inside. Fires sprang all around Him. His coming to the Earth persisted in the collective memory and mythology of the native Chaco people for some 3,500 years until the arrival of Spanish conquistadores. Driven by the lust for gold, silver, and power, European colonisers claimed vast areas of South America for themselves in the sixteenth century. They discovered, no doubt much to their confusion, that the native people of the Chaco region wielded tools and weapons made from iron of an unusually high grade. There were local legends of a Sun God falling to the Earth as a large piece of iron in the distant past. In their arrogance, the colonisers dismissed these stories as mere rumour in the hope that the so-called piece of iron was in fact a large deposit of silver.


In 1576, the Spanish had the natives take them to the mass of metal. They were led along a network of well-trodden footpaths over a flat-lying plain void of waterways and rocks, but occasionally punctuated by hollows a few metres across. The area was named Piguem Nonraltá, which the Spanish translated as Campo del Cielo (Field of the Sky). Then they came upon it: a large, smooth-skinned piece of metal protruding out of the soft soil. It was almost two metres across, and weighed an estimated fourteen tonnes. Ignoring the fact that this was a spiritual place of worship for the native people, the Spanish broke pieces off the mass for investigation.


A blacksmith determined that the stone was made not of silver, but of high-quality iron. The colonisers mistakenly thought they had discovered an iron mine, and that this large piece, which became known as Meson de Fierro (Large Table of Iron), was just the tip. Many more pieces were found scattered over the area, but written reports of their discovery went largely unacknowledged for the next 300 years. The Meson de Fierro was visited for the last time in 1783 by another Spanish expedition, and its whereabouts have since been lost to history. It is unlikely the expedition of 1783 would have had the means to move such an enormous mass of iron: it was probably rolled over into a nearby hollow, and has since been buried by silt-laden floodwaters and shrouded from view.


The Campo del Cielo irons are not from an iron mine: they are meteorites, and we know with reasonable precision the date on which these enormous pieces of cosmic iron fell from the skies thanks to the bushfires they ignited. Vegetation and shrubbery were incinerated by the enormous fallen mass, and a vast area of the Field of the Sky was reduced to charcoal. By carefully measuring the isotopic fingerprint of the carbon in the charcoal, the date that the plants died – the date of the fire – can be measured: this in turn corresponds to the date of the meteorite fall, which turns out to be ~ 4,000 years ago, well within the lifetime of ancient stories and the ancestral memory of the native people.


Campo del Cielo is an unusually large meteorite. When it slammed into the Earth’s atmosphere it was probably one enormous body but, as it fell towards the ground, the heat melted and stripped most of it away. Immense forces and pressure also played a part in reducing the size of the rock, tearing it into many smaller (albeit still huge) fragments. Over a dozen large pieces of this meteorite fall have been unearthed in the Field of the Sky, and there are probably more that lie yet undiscovered beneath the soil.


A piece named ‘Optumpa’, which is one metre across and weighs over half a ton, can be seen today on public display in the Natural History Museum in London. I saw it when I was nineteen on a school outing, my first visit to the museum. I remember saying to my A-level geology teacher, Mr Currie, ‘I would love to work here one day.’ As it turned out, I ended up completing parts of my PhD research there. I have had a particular fondness for Optumpa ever since.


Sky metal


In the arid region of central Iran lies the ancient city of Tepe Sialk. Archaeological excavation began early in the last century and hundreds of artefacts have since been uncovered: ancient architecture, sophisticated pottery, and solemn tombs. Amongst the items are a trio of small spheres or beads made of iron that date back ~ 6,300 years. What purpose they served is unknown. They caught the eye of archaeologists, however, not because of their shape, but because of what they were made from. These iron spheres pre-date the Iron Age by about 3,000 years. The technology used to smelt or process iron did not exist when they were crafted.


Modern analysis of the beads reveals their celestial origin. They are pieces of ductile meteoritic iron that were hammered into spheres by skilled craftsmen. In the Age of Stone, this metal – dense, shiny, malleable and cool to the touch – must have seemed strange to the people of Tepe Sialk. It is not known whether these pieces of iron were seen falling from the sky or were simply happened upon in the desert surrounding the city, but either way, the small iron spheres are one of the most ancient examples of iron being fashioned into objects.


There is something stirring about humanity’s first contact with iron – a metal that so much of our modern civilisation is built upon – being iron of a celestial origin. It was the coming together of two stories that at first seem so separate but, as we will discover, are intimately entwined: outer space and humanity.


Fit for a king


Among the many treasures discovered in King Tutankhamun’s tomb when it was unearthed in 1922 was a handsome iron dagger. With a handle of gold and a sheath to match, it had been placed inside the linen wrappings of the deceased pharaoh’s mummified body before he was sealed inside his sarcophagus.


Lingering doubt about the spiritual significance placed on meteoritic iron was cast aside when the chemical character of this dagger was measured at the Egyptian Museum of Cairo. By irradiating the dagger with a focused beam of electrons, the object began to fluoresce in X-ray light, and by deciphering the ‘colours’ (wavelengths) of those X-rays, its chemical composition was revealed.


The dagger was found to be made of almost pure iron with a large serving of nickel: this iron, without a doubt, has a celestial origin.1 Metal with this particular blend of elements does not form on Earth. Tutankhamun’s dagger is made from an iron meteorite. Only the most precious objects were fit for the tomb of a pharaoh, and so it is likely that the metal held great spiritual significance. As is the case with the spheres of Tepe Sialk, we may never know for sure if its creator saw the meteorite falling from the sky or simply happened upon it atop the sands of the north-east African desert, but there are hints that they had at least some idea of its celestial origin.


Around the same time that Tutankhamun ruled over Egypt, a new hieroglyphic phrase came into use.
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It translates into ‘iron from the sky’. The phrase was used to describe all types of iron, whether celestial or strictly Earthbound, and so, while a little ambiguous, it does suggest some recognition of where this iron came from. Some ancient cultures made a connection between meteors, fireballs and the strange objects that sometimes accompany them. They probably knew that lumps of iron occasionally fell from the sky, and they held these celestial stones in reverence. They knew these objects were important. This realisation, along with many others, was severed by the Dark Ages, however, and lay forgotten for over 2,000 years. However, the idea that stones could fall from the sky was rediscovered by modern science and Europe during the Enlightenment of the eighteenth century, in a series of chance events and serendipity.
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The tranquillity of a pleasant evening in the summer of 1751 in north Croatia was disturbed by a rare cosmic event. A brilliant flash of light, easily visible above the soft evening skyglow, illuminated the sky over the village of Hrašćina. Almost immediately after the bright flash, a booming sound rippled across the surrounding farmland and was heard over an area of almost 2,000 square kilometres; the roaring echoes of the explosion sounded like the deep rumbling of many horse-drawn carriages. Seven eyewitnesses out on evening strolls recalled seeing two balls of fire, linked by a glowing fiery chain, fall from the sky. Some even reported two large pieces of falling rock plunging into a freshly ploughed field, and large crevasses opening where they had struck the earth. The fallen pieces were later recovered from the soft soil, one of them from a depth of almost one and a half metres. A strange black surface crusted them as if they had been charred by intense fire, and concealed the metallic nature of the objects. The long trails of smoke left behind by the falling fires were left hanging in the evening air for several hours before dissipating into the night. The event was chronicled by a local priest: ‘In their ignorance, the common folk thought that the heavens had opened.’


And it is no wonder. Explosions in the sky were not an everyday occurrence in the mid-eighteenth century. The prevailing wisdom held that solid objects do not fall out of nowhere. That would be ridiculous: the heavens are perfect and without flaw, after all. Isaac Newton, one of the greatest and most influential scientists of the previous millennium, posited in his 1704 publication Opticks that outer space must necessarily be void of all small objects – including stones and pieces of metal – if his laws of gravity were to work. The common view held that meteors were a purely atmospheric phenomenon and had nothing whatsoever to do with the Heavens.


If there are no rocks in outer space other than the planets, the moons, and the occasional comet, then rocks could not possibly fall to the ground. Even so, seven eyewitnesses in northern Croatia gave sworn testimonies as to what they had seen: rocks falling from the sky, seemingly from nowhere.


With mind and eyes wide open


Ernst Florens Friedrich Chladni was born in 1756 in eastern Germany, and had been fascinated by physics and the natural sciences since boyhood. Because his father disapproved, Chladni wound up studying law and philosophy; he achieved his PhD in law at the age of twenty-six. Once his father died, Chladni quickly returned to his early passions. He went on to publish a seminal book on the physics of sound, Entdeckungen über die Theorie des Klanges (Discoveries in the Theory of Sound), in 1787: history now remembers him as the Father of Acoustics. Chladni is less well-known for his significant contribution towards another brand-new field of science: cosmochemistry.


Chladni was inspired by a conversation with Georg Christoph Lichtenberg, a prominent natural philosopher who had witnessed a spectacular fireball over Göttingen (north Germany) in 1791. Chladni asked what he made of the growing list of reported fireballs and the occasional reports of strange stones and metals falling from the sky. Lichtenberg responded that in his view, fireballs were not atmospheric but cosmic phenomena, originating in outer space. He speculated that the testimonies of stones and pieces of iron falling from the sky might really be genuine, though he didn’t truly believe this to be the case himself.


This conversation set Chladni’s imagination alight. He spent the following few weeks in Göttingen compiling a list of twenty-four well-documented fireballs, each observed between 1676 and 1783. Eighteen were accompanied by pieces of rock that allegedly fell from the sky, though few scholars trusted the authenticity of these claims. The rocks seemed to differ in their natures: some were stony, some were metallic, and some were a mixture. Chladni compiled their speeds, apparent sizes, flight paths, and other small details such as the number and violence of visible explosions, and the thunderous sounds made as they fell. The descriptions were astonishingly similar. Even though these accounts spanned more than a century and occurred across multiple continents, they bore a striking resemblance to one another. Adept at teasing out truths from witness accounts thanks to his legal training, Chladni deemed the accounts genuine. They were too similar not to be. What reason did the witnesses have to lie? If they were not telling the truth, how could their accounts be so similar?


Chladni shared his thoughts with the world in his 1794 publication Über den Ursprung der von Pallas gefundenen und anderer ihr änlicher Eisenmassen und über einige damit in Verbindung stehende Naturerscheinungen, which in English is shortened to Ironmasses. He argued that stones – both rocky and metallic – really do fall from the sky and are every bit as real as the Earth on which we stand. He argued that all fireballs, and the smaller lights sighted streaking through the sky called meteors, are caused by solid objects falling through the atmosphere at extraordinarily high speeds. This was the first time that somebody had explicitly linked fireballs and meteors (‘shooting stars’) with solid objects. It went against all conventional wisdom of the time. But Chladni went further still, concluding that the astonishing speed at which fireballs and meteors streak across the sky rules out an atmospheric origin: the meteor stones, or meteorites, must originate from the cosmic sphere, far above the atmosphere, to be travelling at such blistering speeds. They are not of this planet. Chladni also reasoned that other strange rocks that bore a resemblance to witnessed meteorite falls but were not found in association with a fireball – those with charred and blackened surfaces – also had a cosmic origin.


This radical departure from the prevailing worldview was not warmly embraced by the scientific community. Even Lichtenberg had great trouble believing it at first. But then another stone was witnessed falling from the sky the following year, and it happened to fall in just the right place, at just the right time, on just the right person’s land.


An extraordinary stone


The green rolling farmlands that stretch across the Wolds of the East Riding of Yorkshire are punctuated only by the occasional picturesque village, but one day in December 1795, the quiet was shattered by explosions emanating from the sky. The noise was heard in coastal villages fifteen kilometres away. And with the thunder still echoing across the fields, three ploughmen watched open-mouthed as a large rock fell from above and struck the ground with a dull thud. John Shipley, one of the ploughmen, was a mere eight metres away from where the rock landed. Sods of muck were hurled high into the air as it struck the soil. The twenty-five-kilogram stone, the size of a loaf, was travelling so fast that it sliced downwards through half a metre of earth and embedded itself into the solid rock below.


The owner of nearby Wold Cottage was a man by the name of Edward Topham, who was away on business at the time the meteorite fell. A playwright and founder of a scandalous newspaper called The World, Topham cut a flamboyant figure in late Georgian London, with his mutton-chop whiskers, unconventional sense of fashion, and charisma earning him a reputation as an eccentric (he was frequently the subject of caricaturists). But he was widely regarded as a fair and just man. He had retired with his three daughters (deemed ‘the best horsewomen in Yorkshire’) to Wold Cottage some years before. It was rumoured that he intended to spend the rest of his days farming, breeding greyhounds, and writing the history of his own life. His kennels were already considered the best in England, and his greyhound Snowball was praised as ‘one of the best and fleetest greyhounds that ever ran’. But the meteorite interrupted all his plans and his memoir was never to be completed.


Topham returned home to find that the fallen rock which the ploughmen had carried back to his cottage had caused something of an ongoing commotion: thirty to forty people passed by each day for almost three weeks to see it, and he amassed a pile of letters requesting more details. He recorded statements from each of the ploughmen and published them, along with his own thoughts on the strange event, in the Gentleman’s Magazine.2 Crucially, Topham believed the ploughmen, and trusting Topham’s judgement, other people believed the ploughmen, too. But the mystery of exactly how the rock had come to fall out of the sky remained; Chladni’s outlandish idea that such objects originated in outer space had not yet caught on.


From Yorkshire to London


The Wold Cottage meteorite went on to become a national curiosity. In the Yorkshire volume of The Beauties of England and Wales, published between 1801 and 1815, the Wold Cottage event featured prominently. Being well connected in the capital, Topham had the meteorite sent to London to be placed on public display in the heart of the city. The exhibit was widely advertised in newspapers, including The Times.


For the modest price of one shilling (nearly £4 in today’s money), visitors could see the strange object for themselves. They also received a copy of the testimonies of the three ploughmen and a small illustration of the meteorite. When the President of the Royal Society, Sir Joseph Banks, paid his shilling to see the famous stone for himself, he noticed that it looked uncannily similar to a stone that apparently fell from the sky during a fireball event in Italy over a year previously. The stones were almost identical, yet they fell in different countries more than eighteen months apart.


Banks, however, was firmly of the mind that these stones had been generated in the atmosphere by meteors, rather than being the cause of meteors. His interest piqued, he tasked a talented young British chemist named Edward Howard with analysing the stones.


As a Fellow of the Royal Society, Howard was renowned for his dedicated research into synthesising new explosives for use in firearms (and suffered many injuries during the course of his experiments). Howard was loaned pieces of a further six meteorites, taking his total number of samples to eight. The stones differed in their geological characters: four were meteorites of stone, two were of pure metal, and two were a mixture of both stone and metal.


One of the iron meteorites was loaned by the Natural History Museum in London: it came from Campo del Cielo. The rock seen falling out of the sky ~ 4,000 years ago in South America was now being used for research purposes in a chemistry laboratory in Victorian London, marking a point in time where the spiritual and scientific significance of meteorites became irreversibly entwined.


Howard published his findings in 1802, and his paper remains one of the most important in the history of meteoritics.3 It was the first systematic documentation of the chemical and geological make-up of meteorites. A few chemists had attempted to discern the chemical nature of these stones previously, but Howard’s efforts were far more sophisticated. He took particular care with the stony meteorites, realising they were composed of innumerable individual grains, which he painstakingly divided into four separate components: strange rounded globules, yellow pyrites, small metallic blebs, and all sandwiched and held together by a fine ‘earthy’ substance made of crumbly rock. This must have been tedious work: the grains in stony meteorites are tiny. It would be like manually separating all of the poppy seeds from a bag of mixed bird food.


Howard discovered that the small metallic blebs in stony meteorites contained nickel. Nickel had been found in abundance in iron meteorites by French chemists; Howard replicated and confirmed these findings with his own set of irons and stony irons, too. It is unusual to find high levels of nickel in rocks of an Earthly origin, and so, for the first time, Howard chemically linked the stony meteorites with the iron and stony-iron meteorites. These rocks were unlike any described before them.


Their unworldly nickel-rich chemical compositions, and the distances and lengths of time between the apparent falls of similarly strange stones, pointed towards the previously laughable: a celestial origin. Howard had not only provided the first physical evidence in favour of Chladni’s hypothesis, but also fashioned the field of cosmochemistry, the chemical study of material from outer space.


It still seemed unbelievable, but as Howard himself beautifully put it: ‘To disbelieve on the mere grounds of incomprehensibility, would be to dispute most of the works of nature.’


Slowly, and with initial reluctance, the scientific world came round to the idea that meteors and fireballs are indeed caused by rocks falling to the Earth from space, and sometimes these rocks make it to the surface. It was fortuitous that the Wold Cottage stone happened to fall on Topham’s land when it did. Had it fallen on somebody else’s land – perhaps somebody with less of a gift for publicity – it may have wound up being used as a doorstop. (This really did happen to a meteorite named Lake House: it unceremoniously sat on the doorstep of an Elizabethan country house, from which the meteorite took its name, in Wiltshire (south-west England) for almost a century before its celestial origin was confirmed by scientists at the Natural History Museum in London.)


Today, the exact spot where the Wold Cottage meteorite made landfall is marked by a tall monument, commissioned by Topham himself and built from reddish-brown brick. On it sits an ornamental stone tablet, into which the following inscription is chiselled:


 


Here


On this spot, Dec 13th, 1795,


fell from the Atmosphere


AN EXTRAORDINARY STONE


In Breadth 28 Inches,


In Length 30 Inches,


and


Whose Weight was 56 pounds


THIS COLUMN


In Memory of it


was erected by


EDWARD TOPHAM


1799.


By the middle of the nineteenth century, all but the stubbornest intellectuals had accepted Chladni’s hypothesis. But there remained a huge problem: where exactly in outer space do meteorites come from in the first place?


Many other places


Chladni hypothesised that meteorites originated not merely outside the Earth’s atmosphere, but outside our Solar System entirely. He ascribed an interstellar (‘between the stars’) origin based on the lightning speed at which they enter our atmosphere. Chladni’s other theory was that meteorites may originate from a destroyed planet, but no evidence of large planetary fragments had been seen by telescopic observations of the night sky. It wasn’t long, however, before another hypothesis on the origin of meteorites was proposed.


In 1802, the same year that Howard published his work on the chemical nature of meteorites, Pierre-Simon Laplace, a French mathematician and astronomer, popularised the hypothesis that these meteorites originated closer to home. He suggested that they came from the Moon. Eruptions of Lunar volcanoes had been ‘observed’ by the German-British astronomer William Herschel in 1787 (this apparent observation, in time, turned out to be an error). Laplace hypothesised that if the powerful volcanic forces seen on the Earth are also active on the Moon, then ejecta thrown out by these volcanoes could be projected into space and onto the Earth. It seemed watertight. The hypothesis was so popular that in the Yorkshire volume of The Beauties of England and Wales guidebook, the Wold Cottage meteorite was described as a piece of the Moon.


In the meantime, the inventory of known meteorites was growing. By the middle of the nineteenth century over 150 celestial stones were housed in museum collections and cabinets of curiosities of the wealthy. It was around this time that the Lunar origin hypothesis took a fatal hit. Benjamin Apthorp Gould, an American astronomer, in 1859 published his calculations on the probability of a piece of ejecta from a Lunar volcano reaching the Earth: the chances were less than one in a million. Gould’s calculation showed that for every piece of Lunar lava that landed on the Earth, over one and a half million were also ejected into deep space. If the 150 or so meteorites that had fallen in the last few centuries really did originate from the Lunar surface, the Moon should have visibly shrunk in that time due to the massive amount of material ejected and lost by volcanoes. The Moon was not shrinking, however. It turned out that the answer to the conundrum of where meteorites originate was hiding within another quandary facing astronomers at the time: there was a ‘missing planet’.


A useful yardstick in astronomy is the ‘astronomical unit’, or the ‘au’. It is roughly equal to the distance between the Sun and the Earth, about 150 million kilometres. An astronomical unit is a long way. Light, the fastest moving thing in the Universe, takes eight minutes and nineteen seconds to traverse 1 au: for comparison, it would take you just over 150 years to drive this distance in a car. Mercury, the planet closest to the Sun, orbits the Sun at a distance of 0.4 au. The next planet out, Venus, orbits 0.7 au from the Sun. Earth orbits at 1 au. The Red Planet, Mars, orbits at just over 1.5 au, and then nothing but void, until Jupiter, which orbits the Sun at 5.2 au. The gap between Mars and Jupiter had bothered astronomers for centuries. Many believed that an undiscovered planet lay hidden there.


On New Year’s Day 1801, Italian astronomer Giuseppe Piazzi was compiling a catalogue of the position of stars at his telescope in Sicily when he noticed something strange in the sky. It was a point of light, but it had a strange colour and didn’t quite look like a star. (At this point, Piazzi had been working on his stellar catalogue for nine years.) Puzzled, he searched for this not-quite-right-looking star the next evening only to find that its position had shifted slightly. This was odd. Stars do not move from one night to the next.FN1 He looked for the point of light on the third night. It had moved again. Piazzi realised that there was no way that this object could be a star. This is a fine example of how some of the best scientific discoveries come from ‘hmm, that doesn’t look quite right’ moments.


Piazzi initially thought that this new object in the sky was a comet. It was far too small to be a planet, appearing only as a tiny point of light even with the most powerful magnifying telescopic lenses. But subsequent observations by himself and fellow astronomers failed to detect the characteristic cloud, the fuzziness, that tends to envelop comets. Its orbit around the Sun, too, was not at all comet-like. Comets have highly elliptical orbits: they orbit the Sun along paths that resemble elongated or ‘squashed’ circles, whereas the orbit of this new object was almost circular. It was a planet-like orbit. What is more, it was orbiting the Sun in the void between Mars and Jupiter. Piazzi had accidentally discovered the ‘missing planet’. Following the long tradition of naming celestial objects after deities – a practice that highlights the spiritual nature of the night sky – he named it Ceres after the Roman goddess of agriculture.


Only one year later, Heinrich Wilhelm Matthias Olbers, a German astronomer, spotted an object in the sky with similar properties. It moved across the sky from night to night, and its orbit was too circular for it to be a comet. The cometary cloud-like haze was missing, too, and it orbited the Sun in the same part of the Solar System as Ceres, right between the orbits of Mars and Jupiter. He named the new planet Pallas after the Greek goddess of wisdom. Pallas, like Ceres, was minute, appearing as little more than a speck of light against the black backdrop of space. It was strange, however, that Ceres and Pallas orbited the Sun at roughly the same distance. Astronomers had predicted just one ‘missing planet’; nobody had predicted there would be two. All of the other known planets were the dominant object in their orbital lane, but Ceres and Pallas seemed to break this rule. Olbers hypothesised that they were the surviving fragments of a planet that was shattered into pieces, perhaps by a catastrophic cometary impact or an internal explosion. He predicted that more fragments would soon be found.


Herschel summarised the discoveries and characteristics of the two new ‘planets’ in a Royal Society publication.4 They looked like stars through a telescope, they were small like comets but were not shrouded by the cometary haze, and they orbited the Sun like planets. Sharing similarities with stars, comets, and planets, but being distinct from each, Herschel suggested that they could be a new class of astronomical object. Thus, he coined a new word by which to call them: ‘asteroids’, from the Greek words ἀστήρ- (astir) and -εἶδος (eidos) which together mean ‘star-like’. The word did not immediately catch on, however, and they were still widely referred to as ‘planets’ or ‘planet fragments’ by astronomers.


A third asteroid, named Juno, was discovered in 1805 by German astronomer Karl Ludwig Harding. Olbers discovered the fourth asteroid (his second), Vesta, in 1807. Four small ‘planets’ in the gap between Mars and Jupiter further bolstered the fragmented planet hypothesis proposed by Olbers. Clearly there was something strange going on between the orbits of Mars and Jupiter.


Chladni was elated. In Ironmasses he had, in what was pure speculation, suggested that meteorites might be the small fragments of a destroyed planet. Asteroids were physical proof that his hypothesis might bear some truth. Perhaps meteorites were shrapnel from a planetary cataclysm that fell upon the Earth. What is more, several astronomers had reported variations in the brightness of asteroids: they ascribed this to their presumably fragmented and irregular shapes. If they were indeed pieces of a broken planet, it made sense that they would resemble shards and reflect different amounts of light as they tumbled and rotated in their orbits.


No new asteroids were spotted for almost forty years. But between 1845 and 1855 there was a burst of asteroid discovery when a further thirty-three asteroids were catalogued, taking the total to thirty-seven. Ten years later the total was at eighty-five. By now most people recognised that they could not all be planets, and the term ‘asteroid’ had seeped into common usage. The space between the orbits of Mars and Jupiter started being called ‘the Asteroid Belt’: the asteroids appeared to exist as a wide belt of rocky debris orbiting the Sun. The belt spanned from around 2 au to around 4 au, a distance of almost 300 million kilometres, which is twice the distance of the Sun to the Earth. The orbit of the ‘missing planet’ was shaping up to be a vast interplanetary field of asteroids.


Remarkable chasms


As more and more asteroids were discovered and their orbits calculated, patterns began to emerge within the belt. American astronomer Daniel Kirkwood noticed concentric gaps in the belt – since termed ‘Kirkwood gaps’ in his honour – that were void of asteroids. He described these gaps as ‘remarkable chasms’ in 1866. The Asteroid Belt wasn’t simply a wide ring of chaotic debris orbiting the Sun: it was ordered into concentric rings. Kirkwood correctly attributed the gaps in the rings to gravitational interactions with the biggest planet in the Solar System, Jupiter. As the asteroids dance around the Sun along with the planets, certain regions of the belt are in an ‘orbital resonance’ with Jupiter. A consequence of Newton’s Law of Universal Gravitation is that the distance a planet, asteroid, or comet lies from the Sun will dictate the speed at which it orbits. The further away from the Sun something orbits, the slower it goes. Orbital resonances in the Asteroid Belt happen when the orbital period of an asteroid and the orbital period of Jupiter can be expressed as whole-number ratios.


Imagine the Solar System resembles a clock face, with the Sun at its centre and the planets and asteroids orbiting at different distances from it. On our clock, Jupiter orbits along the outer edge of the clock face. Now imagine that there is an asteroid closer to the centre of the clock face (closer to the Sun): this asteroid will complete one orbit faster than Jupiter, which lies further out. As we watch, we realise that this particular asteroid completes one trip around the clock face (one orbit around the Sun) twice as fast as Jupiter. One orbit for Jupiter; two orbits for the asteroid. This is called a 2:1 orbital resonance. Every second asteroid orbit, both Jupiter and the asteroid will be at twelve o’clock on the clock face. At this position, the strong gravitational field of Jupiter tugs slightly on the asteroid, causing its orbit to become ever so slightly elliptical. After hundreds of thousands of orbits, the small gravitational tugs at twelve o’clock add up and the resonance heaves the asteroid into a chaotic orbit. Similar resonances (and therefore chasms) are found at 3:1, 5:2, 7:2, and 7:3.
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