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  Prologue

  
  




A World Before Worlds

Close your eyes and try to imagine nothing.




Not darkness darkness is something, a void you could theoretically fill. Not emptiness emptiness implies space waiting to be occupied. Not silence silence requires the absence of sound, which means sound could exist. Try to imagine the complete absence of everything: no space, no time, no matter, no energy, no possibility of anything at all.




You can’t do it. Your mind rebels against the concept because your thoughts themselves require time to unfold, require the electrochemical processes of neurons firing in sequence, require the existence of matter organized into the impossibly complex structure of a human brain. You are made of atoms that obey physical laws in a universe that has structure and history, and from inside that universe, true nothingness is not just unimaginable it’s literally inconceivable.




And yet, roughly 13.8 billion years ago, something very much like nothing became something. Space and time themselves began. Energy flooded into existence. The universe was born.




This book is not about that beginning, though we’ll start there because we must—the story of Earth begins long before Earth existed, begins with processes operating on scales so vast they make our planet look like a grain of sand on an infinite beach. But what we’re really after is more specific, more intimate, more connected to the ground beneath your feet and the air you’re breathing right now. We’re trying to understand how one particular world, orbiting one ordinary star in one unremarkable galaxy among hundreds of billions, came into being.




We’re trying to understand how Earth began.




This is a detective story, but one where almost all the evidence has been destroyed. The first several hundred million years of Earth’s history left virtually no direct traces the rocks that formed then have been melted and recycled, subducted back into the planet’s interior, metamorphosed beyond recognition by billions of years of heat and pressure. What we know about Earth’s beginning comes from fragments: tiny mineral grains older than any intact rock, chemical signatures preserved in younger materials, comparisons with other planets and moons in our solar system, observations of young stars surrounded by disks of gas and dust similar to the one from which our solar system formed, computer simulations of planetary formation, experiments recreating the extreme conditions of the early Earth in laboratories, and the mathematical laws of physics and chemistry applied to conditions that no human has ever witnessed.




From these fragments, we’ve reconstructed a story. It’s a story still incomplete in many details, still debated among scientists, still being revised as new evidence emerges. But the broad outlines are clear, verified through multiple independent lines of evidence, consistent with everything we’ve learned about how planets form and how matter behaves under extreme conditions.




It’s a violent story. Earth was not created peacefully or purposefully but assembled through countless catastrophic collisions, built from the wreckage of smaller worlds that smashed together with enough force to vaporize rock, heated until its entire surface glowed like a star, bombarded for hundreds of millions of years by asteroids and comets, nearly destroyed by an impact that created the Moon. The early Earth was hell by any reasonable definition a molten ball of rock with a toxic atmosphere, subjected to radiation that would sterilize any life that tried to exist, pounded by impacts that released more energy than all nuclear weapons ever built.




Yet from that violence emerged the most beautiful and complex planet we know of in the universe a world with oceans and continents, with an atmosphere that sustains life, with climate systems that have remained stable enough for billions of years to allow life not just to survive but to flourish and diversify into millions of species. The planet that began in fire and chaos somehow transformed itself into a home.




This transformation was not quick. The story we’ll tell unfolds over more than a billion years, a span of time longer than the entire fossil record of complex animals, longer than it took for single-celled organisms to evolve into humans. If you compressed Earth’s entire history into a single year, the period we’ll cover from the formation of the solar system to the establishment of the first stable continents and the origin of life would occupy roughly the first two and a half months. The remaining nine and a half months, containing everything from the evolution of photosynthesis to the rise of dinosaurs to the emergence of human civilization, lie beyond our scope, worthy of their own books.




We’ll travel through deep time, visiting epochs when no human eyes existed to witness the events we describe, when the very idea of witnessing anything was meaningless because consciousness itself didn’t exist. We’ll watch a cloud of gas collapse to form the Sun, see dust grains collide and stick together to build planetesimals, witness the growing Earth being struck by an object the size of Mars in the collision that created the Moon. We’ll stand on a surface too hot to solidify, under an atmosphere of rock vapor, watching the first oceans form from millions of years of rain. We’ll trace the chemical evolution of increasingly complex molecules in tidal pools and hydrothermal vents, approaching but not quite reaching the threshold of life. And we’ll watch as that threshold is finally crossed, as chemistry becomes biology, as Earth transitions from being merely a planet to being a living world.




This is a story told with as much attention to scientific accuracy as current knowledge permits, but also with an eye toward making these vast scales and extreme conditions comprehensible, helping you feel what it might have been like to witness these events even though witnessing them would have been instantly fatal. The numbers involved billions of years, thousands of degrees, trillions of tons of rock quickly become meaningless abstractions unless we can connect them to human experience somehow, find ways to make them visceral and real despite their aliveness.




The story of Earth’s beginning is also, in a sense, your story. Every atom in your body was present in that collapsing cloud four and a half billion years ago. The iron in your blood was forged in a supernova explosion before the solar system existed. The calcium in your bones, the carbon in your DNA, the oxygen you breathe all of it has a history stretching back through Earth’s formation to the deaths of ancient stars. You are not separate from this story but woven into it, a temporary arrangement of atoms that have been cycling through rocks and water and air and living things for billions of years, briefly taking the form of a consciousness capable of contemplating its own origins before those atoms disperse again to become parts of other things.




Understanding where we came from, how this planet formed and evolved, changes how we see ourselves and our world. It reveals that the blue marble photographed from space is not a static, eternal backdrop for human activity but a dynamic, evolving system that took billions of years to reach its current state and that continues changing even now. It shows us that the conditions allowing our existence liquid water, a protective magnetic field, an atmosphere with oxygen, stable continents, a climate that varies but remains within habitable bounds are not guaranteed features of rocky planets but hard-won outcomes of specific sequences of events, some of them apparently quite lucky.




The beginning of Earth is worth understanding not just as an intellectual exercise, not just to satisfy curiosity about the past, but because it illuminates the present and potentially the future. The processes that shaped our planet accretion, differentiation, out gassing, weathering, the carbon cycle, the origin and evolution of life are still operating, still influencing Earth’s trajectory. We live on a planet that is still being formed, still evolving, and for the first time in its history, one species has become capable of influencing those processes on scales comparable to geological forces.




This book is an invitation to journey backward in time, to witness the birth of the world, to understand the deep history that made us possible. It’s a journey that requires imagination because the landscapes we’ll visit no longer exist, having been transformed by billions of years of change. But it’s also a journey grounded in evidence, in the hard-won knowledge accumulated by generations of scientists who have pieced together Earth’s story from the fragments that remain.




The story begins not with Earth but with the ending of something else with stars dying so that planets might one day form from their remains.
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Reading the Unwritten Past

The answer lies in fragments, in clues scattered across the solar system and even beyond, in the laws of physics and chemistry that govern how matter behaves under extreme conditions, and in the ingenuity of scientists who have learned to read stories written in languages most people never knew existed.




Some of the evidence comes from tiny mineral grains called zircons, crystals smaller than sand grains that can survive when the rocks containing them are completely destroyed. Zircons incorporate uranium into their crystal structure when they form, and uranium decays radioactively into lead at a known rate, acting as a geological clock that keeps ticking for billions of years. By measuring the ratio of uranium to lead in a zircon crystal, scientists can determine when that crystal formed with remarkable precision. The oldest zircons ever found, discovered in the Jack Hills of Western Australia within much younger rocks, date back to 4.4 billion years ago just 150 million years after Earth formed, a mere three percent of our planet’s total age.




These ancient zircons tell us more than just their age. The oxygen isotopes within them different versions of oxygen atoms with varying numbers of neutrons preserve information about the temperature and chemical environment in which the crystals formed. The ratios suggest these zircons crystallized from magma that had interacted with liquid water, providing some of our strongest evidence that oceans or at least substantial bodies of water existed on Earth as early as 4.4 billion years ago, far earlier than most scientists expected based on models of how long it should have taken for the planet to cool after its violent formation.




Other evidence comes from meteorites fragments of asteroids and sometimes other planets that have fallen to Earth, bringing samples from the early solar system that never experienced the extreme heating and recycling that destroyed Earth’s oldest rocks. Some meteorites, called chondrites, contain tiny spherical grains called chondrules that formed when molten droplets of rock solidified in the solar nebula, the disk of gas and dust from which the planets formed. These chondrules date to 4.567 billion years ago, marking the approximate time when solid materials first began condensing in the solar system.




The meteorites also contain presolar grains mineral crystals that are literally older than the solar system itself, formed in the atmospheres of other stars and somehow survived incorporation into the cloud that would become our solar system. We can identify these grains because their isotopic compositions are wildly different from anything that formed in our solar system, bearing the chemical signatures of the nuclear reactions that occurred in the stars where they originated. These microscopic visitors from other stellar systems remind us that Earth’s atoms have deep histories extending back through multiple stellar generations.




The Moon provides another crucial source of evidence. Unlike Earth, the Moon is geologically dead it has no plate tectonics to recycle its crust, no atmosphere or liquid water to erode rocks, minimal volcanic activity for the past three billion years. Its surface preserves a record of conditions in the early solar system that Earth’s active geology has erased. The lunar highlands, the bright regions visible from Earth without a telescope, consist of ancient rock dating back 4.4 to 4.5 billion years, and the heavily cratered surface records the intense bombardment that both Earth and Moon experienced during the solar system’s first several hundred million years.




The rocks brought back by Apollo astronauts between 1969 and 1972 842 pounds of lunar material carefully curated and still being studied decades later have told us about the Moon’s composition, its age, and how it formed. The isotopic similarities between lunar rocks and Earth rocks, far closer than between Earth and any meteorite type, strongly support the giant impact hypothesis the idea that the Moon formed from debris thrown into orbit when a Mars-sized object collided with the early Earth. The Apollo samples also preserve a record of the late heavy bombardment, a period around 3.9 to 3.8 billion years ago when the impact rate seems to have spiked dramatically, possibly due to a reorganization of the outer planets’ orbits that sent icy bodies from the outer solar system streaming inward.




Observations of other planetary systems provide yet another source of insight. Since the 1990s, astronomers have discovered thousands of planets orbiting other stars, ranging from massive gas giants orbiting closer to their stars than Mercury is to our Sun, to rocky worlds similar to Earth, to systems completely unlike our solar system with architectures we never anticipated. By studying how common different types of planetary systems are, what kinds of stars have planets, and what the statistical distributions of planetary properties look like, we can place our solar system in context and understand which features are typical and which are unusual or rare.




We’ve also observed stars at various stages of formation, from collapsing clouds just beginning to condense to young stars a few million years old surrounded by protoplanetary disks of gas and dust to slightly older stars where the disk has cleared and planets have presumably formed. These observations show us planetary formation in action, allowing us to test our theories against real systems at different evolutionary stages. Telescopes like ALMA, the Atacama Large Millimeter Array in Chile, can image protoplanetary disks in exquisite detail, revealing gaps and rings and spiral structures that indicate planets are forming within the disk even though the planets themselves are too small and faint to see directly.




Computer simulations represent another powerful tool for understanding Earth’s formation. Modern computers can model the gravitational interactions of millions of particles representing dust grains, planetesimals, and planetary embryos, following their orbits and collisions over millions of simulated years to see how planets naturally emerge from disks of debris. These simulations, run thousands of times with slightly different starting conditions, reveal which aspects of planet formation are robust and repeatable versus which depend sensitively on chance events, helping us understand both the typical course of planetary formation and the range of possible outcomes.




Laboratory experiments allow scientists to recreate extreme conditions temperatures of thousands of degrees, pressures of millions of atmospheres that existed during Earth’s formation, measuring how materials behave under those conditions. High-pressure experiments using diamond anvil cells, which can squeeze tiny samples between diamonds to generate pressures exceeding those at Earth’s core, have revealed how minerals change their structure and properties at depth, informing our understanding of Earth’s internal layering. Shock experiments, using high-velocity impacts or explosives to generate the extreme conditions of asteroid collisions, measure how much heating and chemical change occurs during impacts, helping us understand how volatile substances like water might have survived delivery to Earth despite the violence of the accretion process.




Chemical and isotopic analysis of Earth rocks provides clues about processes we can’t directly observe. The ratio of different isotopes of elements like oxygen, carbon, nitrogen, and noble gases in Earth materials can be compared to ratios in meteorites, lunar samples, and other solar system bodies to trace where Earth’s materials came from and how they’ve been processed. Tiny variations in these ratios, sometimes just a few parts per million difference, can distinguish between different source regions in the early solar system or different processes that affected the materials.




The laws of physics and chemistry, tested extensively in laboratories and through observations across the universe, provide the framework for understanding what must have happened even when direct evidence is lacking. We know that gravity pulls matter together and that the strength of gravitational attraction increases with mass and decreases with distance. We know that when objects collide at high speeds, kinetic energy is converted to heat. We know that iron is denser than silicate rock and will sink through molten rock under gravity. We know that water has a specific freezing point and boiling point at any given pressure. These laws, combined with knowledge of what materials were present and what energy sources existed, allow us to reconstruct sequences of events with reasonable confidence even when the physical evidence has been destroyed.




From all these sources zircons and meteorites, lunar samples and observations of other stellar systems, computer simulations and laboratory experiments, isotopic measurements and physical laws a coherent picture has emerged of how Earth formed and evolved during its first billion years. It’s not a complete picture. Significant uncertainties and active debates remain about many details: exactly when Earth’s core finished forming, where Earth’s water came from and in what proportions, when plate tectonics started, when and how life originated, whether the Moon-forming impact occurred early or late in Earth’s accretion. Different groups of scientists interpret the same evidence differently, propose alternative scenarios, challenge each other’s conclusions in the productive dialectic that characterizes healthy scientific inquiry.




But on the major outlines, there is broad consensus. Earth formed approximately 4.54 billion years ago through the accretion of smaller bodies in a disk of material orbiting the young Sun. It was heavily bombarded during and after its formation, experiencing numerous giant impacts including the Moon-forming collision. It differentiated into layers iron core, silicate mantle, thin crust through the sinking of denser materials. It developed an atmosphere through volcanic out gassing. It cooled enough for liquid water to condense and form oceans within perhaps 100 to 200 million years of its formation. Small continental landmasses began forming by 4 billion years ago. Life originated at some point between 4.0 and 3.5 billion years ago and had definitely become established by 3.5 billion years ago.




This book tells that story in chronological order, starting with the cosmic context that made Earth possible and proceeding through planetary formation, differentiation, cooling, the origin of the Moon, the formation of oceans and atmosphere, the emergence of continents, the chemistry that preceded life, and life’s first appearance and early evolution. Each chapter builds on previous ones, creating a narrative arc from the Big Bang to the establishment of Earth as a living planet.




The story is told in prose rather than equations, aiming for accessibility to readers without scientific training while maintaining accuracy about what we actually know versus what we’re inferring or speculating. When significant uncertainties exist, we’ll acknowledge them rather than presenting a false certainty. When the evidence is fragmentary or disputed, we’ll say so. The goal is not to give you the illusion of perfect knowledge about events billions of years ago but to show you how scientists have pieced together a coherent narrative from incomplete evidence, and to give you enough understanding of the evidence and reasoning that you could evaluate new discoveries and claims when they arise.




This is fundamentally a work of reconstruction, of detective work, of inference from clues. We cannot go back in time to directly observe Earth’s formation. We will never find a fossil of the first living cell or a rock from Earth’s original surface. But through careful observation of what has survived, through comparison with other worlds and other systems, through experimentation and simulation and theoretical reasoning, we have learned to read messages written in stone and metal, in isotopes and impact craters, in the distribution of elements and the structures of molecules.




The story these messages tell is more wondrous than any creation myth, more intricate than any fiction, and has the profound advantage of being, to the best of our current knowledge, actually true.




Let us begin.
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Before there was darkness, there was something we can’t name, something that exists outside the vocabulary we’ve built to describe existence itself. It wasn’t nothing nothing is still a concept that needs space to be empty inside of, a void that requires boundaries to define what isn’t there. What existed before the universe began was different from nothing in ways that make the question itself nearly meaningless. There was no inside, no outside, no here or there, no up or down. If you’d been present, which you couldn’t have been, you wouldn’t have seen blackness stretching forever because there was no forever yet, no distance for blackness to stretch across. You wouldn’t have seen anything at all, because there was nowhere for light to go, no space for it to travel through, and more importantly, there was no “you” to do the seeing.




Then it started, and everything changed in an instant that was itself the first instant.




Not with a bang, despite what we call it, because there was no air to carry sound waves and no ears to hear them even if there had been. But roughly 13.8 billion years ago, give or take a few hundred million years, everything that would ever exist every star that would ever burn, every planet that would ever form, every thought you’ve ever had or will have erupted into being from a point far smaller than the period at the end of this sentence. Space itself began expanding, not into anything but rather creating the “anything” as it went, and as it expanded it created time, setting the cosmic clock ticking for the first time. Before this moment, “before” had no meaning because time didn’t exist to create a before or an after.




What came next happened fast, at least by the standards of what would come later in the universe’s long history. In the first second after the beginning actually, in a fraction of a second so microscopically small it makes a billionth of a second look like an eternity the universe went through changes so violent and strange that our everyday experience offers no comparison, no metaphor that captures even a shadow of what occurred. The temperature was trillions upon trillions of degrees, hotter than anything that exists anywhere in the universe today. Matter and energy were the same thing, constantly switching back and forth, interchangeable in ways that seem impossible now but were normal then. Particles popped into existence from pure energy and then vanished back into it moments later. The fundamental forces that govern everything gravity, electromagnetism, the strong and weak nuclear forces were unified into a single force that would soon split apart into the four distinct forces we know today. The rules of physics as we understand them didn’t fully apply yet because the universe was still in the process of deciding what those rules would be, writing its own instruction manual as it expanded.




You’ve probably heard the phrase that energy can’t be created or destroyed, only converted from one form to another, and that’s one of the bedrock principles of physics as we know it today. But in that first instant, in that fraction of a second when everything began, the universe seems to have broken its own future rules, pulling all of existence all the energy, all the potential for matter, all of space and time out of something we can’t identify or understand. Physicists have developed theories about what might have triggered this beginning, some of them mathematically beautiful, some of them so bizarre they sound like science fiction, involving concepts like quantum fluctuations in a per-existing field or colliding membranes in higher dimensions. None of these theories are certain, and none may ever be proven beyond doubt. The honest answer, the one that requires the most intellectual humility, is that we don’t know what happened before time began, and maybe the question doesn’t even make sense in the way we’re asking it. Asking what came “before” time is like asking what’s north of the North Pole the question uses words that stop having meaning at the boundary you’re trying to cross.




But while we may never know what sparked the beginning, we do know with considerable confidence what happened next, in the moments and years and millennia that followed.




As the universe expanded, pushing outward in all directions simultaneously, it cooled, and this cooling wasn’t incidental but fundamental to everything that would follow. Think of a can of compressed air when you release the pressure and let it expand, the gas gets cold, cold enough to frost over in seconds. It’s the same basic principle operating in the universe, just on a scale that makes our atmosphere look like a puddle next to an ocean. The expansion of space itself caused the cosmic temperature to drop, and as things cooled, structure began to emerge from the chaos like crystals forming in a supersaturated solution.




In the first three minutes after the beginning, when the universe was still unimaginably hot hotter than the core of any star that would ever exist protons and neutrons, themselves barely older than the universe and still settling into their identities, began to stick together despite the intense heat trying to blow them apart. They formed the nuclei of the simplest atoms in a process called nucleosynthesis, building the first matter more complex than individual particles. Hydrogen nuclei formed first, just single protons, the simplest possible atomic nucleus. Then helium nuclei formed, each one containing two protons and two neutrons bound together by the strong nuclear force. A tiny amount of lithium formed as well, and trace amounts of a few other light elements, but overwhelmingly it was hydrogen and helium that emerged from this primordial nuclear furnace, in a ratio of about three hydrogen nuclei for every one helium nucleus. That ratio, determined by the temperature and density of the universe in those first minutes, would remain essentially unchanged for billions of years.




That’s all the universe managed to make in its infancy, just those two elements dominating everything else. No carbon yet, which would later form the backbone of every living molecule. No oxygen, which would fill the atmospheres of living worlds. No silicon, which would make rocks and sand. No iron, which would sink to the cores of planets and give them magnetic fields. None of the elements that would later make planets possible, let alone life. Just the two simplest atoms, and even they weren’t complete atoms yet in the way we’d recognize them today. They were just nuclei, naked cores of protons and neutrons without electrons orbiting them, because it was still far too hot for electrons to settle into stable orbits around anything. The electrons existed, zipping around freely at tremendous speeds, but they were like bees swarming without a hive, too energetic to be captured by the atomic nuclei around them.




These free electrons created a problem for light, or more precisely, they created a problem for the universe’s transparency. Photons particles of light couldn’t travel freely because they kept crashing into electrons, bouncing off them like pinball in an endless game. Every photon could only travel a tiny distance before colliding with an electron and scattering in a new direction, only to hit another electron almost immediately and scatter again. Light and matter were locked together in an opaque fog.




Picture the thickest fog you’ve ever seen, the kind where you can barely see your hand in front of your face, where the world disappears just a few feet away from you. Now make that fog a thousand times denser, a million times denser, and fill it with light so intense and so evenly distributed that it would vaporize anything solid instantly. That was the early universe in those first hundreds of thousands of years a glowing, opaque plasma where light couldn’t travel more than a microscopic distance before slamming into something else and careening off in a random direction. The universe had tremendous energy, it had matter in the form of hydrogen and helium nuclei and free electrons, but it didn’t have clarity or structure. It couldn’t see itself yet. Everything was tangled together in a luminous haze.




This state of affairs continued for what seems like a long time by human standards but is remarkably brief in cosmic terms. For 380,000 years a span longer than humans have had written language, longer than we’ve had agriculture, longer than we’ve built permanent settlements the universe remained trapped in this hot, dense, opaque condition. If you could somehow have floated in it, protected from the heat by some impossible technology, you would have been completely blind, not because there was no light but because there was too much of it, bouncing chaotically in every direction with nowhere to go, every photon trapped in an endless collision cascade.




Then something remarkable happened, something that would later allow creatures like us to observe and understand the universe’s history. The temperature dropped below a critical threshold, crossing a line that changed everything.




It didn’t happen in one place before spreading to others it happened everywhere at once, throughout the entire universe, though “everywhere” was much smaller then because the universe was only about one-thousandth its current size. As the temperature fell below roughly 3,000 degrees Kelvin, which is still hot enough to vaporize any material we know but is cool by the standards of the early universe, electrons finally slowed down enough to be captured by atomic nuclei. The electrons, which had been too energetic to be held in orbits, finally settled down into the quantum shells around protons and helium nuclei. Hydrogen atoms became complete structures for the first time: one proton in the nucleus with one electron orbiting it. Helium atoms became complete: two protons and two neutrons in the nucleus, with two electrons in orbit around them.













