

[image: Cover image for The Story of Earth: The First 4.5 Billion Years, from Stardust to Living Planet]



[image: ]


THE STORY OF EARTH




THE STORY OF

EARTH

[image: ]

The First 4.5 Billion Years,
from Stardust to Living Planet

_________________________

ROBERT M. HAZEN

VIKING







VIKING

Published by the Penguin Group

Penguin Group (USA) Inc., 375 Hudson Street, New York, New York 10014, U.S.A. • Penguin Group (Canada), 90 Eglinton Avenue East, Suite 700, Toronto, Ontario, Canada M4P 2Y3 (a division of Pearson Penguin Canada Inc.) • Penguin Books Ltd, 80 Strand, London WC2R 0RL, England • Penguin Ireland, 25 St. Stephen’s Green, Dublin 2, Ireland (a division of Penguin Books Ltd) • Penguin Books Australia Ltd, 250 Camberwell Road, Camberwell, Victoria 3124, Australia (a division of Pearson Australia Group Pty Ltd) • Penguin Books India Pvt Ltd, 11 Community Centre, Panchsheel Park, New Delhi–110 017, India • Penguin Group (NZ), 67 Apollo Drive, Rosedale, Auckland 0632, New Zealand (a division of Pearson New Zealand Ltd) • Penguin Books (South Africa) (Pty) Ltd, 24 Sturdee Avenue, Rosebank, Johannesburg 2196, South Africa

Penguin Books Ltd, Registered Offices: 80 Strand, London WC2R 0RL, England

First published in 2012 by Viking Penguin, a member of Penguin Group (USA) Inc.

10  9  8  7  6  5  4  3  2  1

Copyright © Robert M. Hazen, 2012

All rights reserved

LIBRARY OF CONGRESS CATALOGING-IN-PUBLICATION DATA

Hazen, Robert M., 1948–

  The story of Earth : the first 4.5 billion years, from stardust to living planet / Robert M. Hazen.

      p. cm.

  Includes index.

  ISBN: 978-1-101-58068-4

  1. Earth.    I. Title.

  QE501.H325 2012

  550—dc23                2011043713

Printed in the United States of America

Designed by Carla Bolte

Time Lines by Jeffrey L. Ward

No part of this book may be reproduced, scanned, or distributed in any printed or electronic form without permission. Please do not participate in or encourage piracy of copyrighted materials in violation of the author’s rights. Purchase only authorized editions.



ALWAYS LEARNING

PEARSON


To Gregory:

Change will come;

may you have the wisdom and courage to adapt


CONTENTS

____________

 

 

Introduction

1 [image: ] Birth The Formation of Earth

2 [image: ] The Big Thwack The Formation of the Moon

3 [image: ] Black Earth The First Basalt Crust

4 [image: ] Blue Earth The Formation of the Oceans

5 [image: ] Gray Earth The First Granite Crust

6 [image: ] Living Earth The Origins of Life

7 [image: ] Red Earth Photosynthesis and the Great Oxidation Event

8 [image: ] The “Boring” Billion The Mineral Revolution

9 [image: ] White Earth The Snowball-Hothouse Cycle

10 [image: ] Green Earth The Rise of the Terrestrial Biosphere

11 [image: ] The Future Scenarios of a Changing Planet

Epilogue

 

Acknowledgments

Index


[image: ]


[image: ]


Introduction

[image: ] One of the most arresting images of the twentieth century is a photo of Earthrise, taken in 1968 by a human traveler in orbit around the Moon. We have long known how precious and special our world is: Earth is the only known planet with oceans of water, with an atmosphere rich in oxygen, with life. Nevertheless, many of us were unprepared for the breathtakingly stark contrast between the utterly hostile lunar landscape, the lifeless black void of space, and our enticing marbled white-on-blue home. From that distant vantage point, Earth appears alone, small, and vulnerable but also more beautiful by far than any other object in the heavens.

We are justifiably captivated by our home world. More than two centuries before the birth of Christ, the polymath Greek philosopher Eratosthenes of Cyrene conducted the earliest documented experiment on Earth. He based his ingenious measurement of Earth’s circumference on the simple observation of shadows. In the equatorial town of Syene, Egypt, at noon on the summer solstice, he observed the Sun directly overhead. A vertical post cast no shadow. By contrast, on the same day at the same time in the coastal city of Alexandria, some 490 miles to the north, a similar vertical post cast a slight shadow, thus revealing that the Sun was not quite directly overhead in that location. Eratosthenes employed the geometrical theorems of his Greek predecessor Euclid to conclude that Earth must be a sphere, and he calculated that it must have a circumference of about 25,000 miles—remarkably close to the modern established value of 24,902 miles around the Equator.

Throughout the centuries, thousands of other scholars, a few with names revered but most lost to history, have probed and pondered our planetary home. They have asked how Earth was formed, how it moves through the heavens, what it’s made of, and how it works. And most of all, these men and women of science have wondered how our dynamic planet evolved, how it became a living world. Today, because of our remarkable and cumulative knowledge, and because of the wonders of human technology, we know more about Earth than ancient philosophers could have fathomed. Of course we don’t know everything, but our understanding is rich and deep.

And while our knowledge of Earth has increased since the dawn of humankind, refined over the millennia into a fixed understanding, much of that progress has revealed that the study of Earth is the study of change.

Many lines of observational evidence point to the fluctuating nature of Earth year by year, epoch by epoch. Rhythmically layered or varved sediment deposits in some glacial lakes in Scandinavia display more than thirteen thousand years of alternating coarser and finer particles—the consequences of swifter erosion during annual spring thaws. Frozen glacial drill cores from Antarctica and Greenland reveal more than eight hundred thousand years of seasonal ice accumulations. And deposits of paper-thin sediment layers from Wyoming’s Green River Shale preserve more than a million years of annual events. Each of those layerings rests atop vastly older rocks, which themselves hint at grand cycles of change.

Measurements of gradual geological processes point to even more immense spans of Earth history. The formation of the massive Hawaiian Islands required slow and steady volcanic activity, successive lava blankets piling up over tens of millions of years. The Appalachians and other ancient rounded mountain ranges are the result of hundreds of millions of years of gradual erosion punctuated by great landslides. The sometimes herky-jerky motions of tectonic plates have shifted continents, elevated mountains, and opened oceans over the course of geological history.

Earth has always been a restless, evolving planet. From core to crust, it is incessantly mutable. Even today the air, the oceans, and the land are changing, perhaps at a pace unequaled in our planet’s recent past. We would be foolish not to care about these unsettling global changes, and indeed for many of us, it seems impossible that we wouldn’t—our curiosity and care for our home comes as naturally to us as it did to Eratosthenes. But we would be equally foolish to address the current state of Earth without taking full advantage of what it already tells us about its surprising storied past, about its unpredictable dynamic present, and about ourselves and our place in its future.

Most of my life has been spent trying to understand our vibrant, complex, changeable home. As a boy, I collected rocks and minerals, cramming my room full of fossils and crystals, side by side with random bugs and bones. My entire professional career has followed that Earth-centric theme. I began with experiments at the submicroscopic scale of atoms, studying the molecular structure of rock-forming minerals, heating and squeezing tiny mineral grains to document the pressure-cooker-like effects of Earth’s deep interior.

With time, my view expanded to the grander spatial and temporal tapestry of geology. From the deserts of North Africa to the ice fields of Greenland, from the shores of Hawaii to the peaks of the Rockies, from the Great Barrier Reef in Australia to ancient fossilized coral reefs in a dozen nations, Earth’s natural libraries reveal a multibillion-year story of coevolution shared by elements, minerals, rocks, and life. As my research program shifted to the plausible roles of minerals in life’s ancient geochemical origins, I have reveled in studies that suggest that the coevolution of life and minerals through Earth history is even more striking than previously imagined—that not only do certain rocks arise from life, as evident in limestone caverns across the continent, but that life itself may have arisen from rocks. Over four billion years of Earth history, the evolutionary stories of minerals and life—geology and biology—have intertwined in astonishing ways that are only now coming into focus. In 2008 these ideas culminated in an unconventional paper on “Mineral Evolution”—a controversial new argument that some welcomed as perhaps the first paradigm shift in mineralogy in two centuries, while others viewed it warily, as a possibly heretical reframing of our science in the context of deep time.

The ancient discipline of mineralogy, though absolutely central to everything we know about Earth and its storied past, has been curiously static and detached from the conceptual vagaries of time. For more than two hundred years, measurements of chemical composition, density, hardness, optical properties, and crystal structure have been the meat and potatoes of the mineralogist’s livelihood. Visit any natural history museum, and you’ll see what I mean: gorgeous crystal specimens arrayed in case after glass-fronted case, with labels showing name, chemical formula, crystal system, and locality. These most treasured fragments of Earth are rich in historic context, but you will likely search in vain for any clue as to their birth ages or subsequent geological transformations. The old way all but divorces minerals from their compelling life stories.

That traditional view has to change. The more we examine Earth’s rich rock record, the more we see how the natural world, both living and nonliving, has transformed itself again and again. Our growing understanding of the twin planetary realities of time and change has made it possible to conjecture not just how minerals first came to be, but when. And the recent discoveries of organisms in places long considered inhospitable—in superheated volcanic vents, acidic pools, Arctic ice, and stratospheric dust—have enlisted mineralogy as a key discipline in the quest to comprehend the origins and survival of life. In the November 2008 issue of the field’s flagship journal, American Mineralogist, my colleagues and I proposed a new way to think about the mineral kingdom and its incredible transformations through the unexplored dimension of time. We emphasized that many billions of years ago, there were no minerals anywhere in the cosmos. No crystalline compounds could have formed, much less survived, in the superheated maelstrom following the Big Bang. It took a half-million years for even the first atoms—hydrogen, helium, and a bit of lithium—to emerge from the cauldron of creation. Millions more years passed while gravity coaxed these primordial gaseous elements into the first nebulas, and then collapsed the nebulas into the first hot, dense, incandescent stars. Only when those first stars exploded into supernova brilliance, when expanding, cooling envelopes of element-rich gas condensed the first tiny crystals of diamond, could the cosmic mineralogical saga have begun.

And so I have become a compulsive reader of the testimony of the rocks—the compelling, if sometimes fragmentary and ambiguous, stories they have to tell of birth and death, of stasis and flux, of origins and evolution. This untold grand and intertwined tale of Earth’s living and nonliving spheres—the coevolution of life and rocks—is utterly amazing. It must be shared, because we are Earth. Everything that gives us shelter and sustenance, all the objects we possess, indeed every atom and molecule of our flesh-bound shells, comes from Earth and will return to Earth. To know our home, then, is to know a part of ourselves.

Earth’s story must be shared, too, because our oceans and atmospheres are changing at a rate rarely matched in its long history. Oceans are rising, while they are becoming warmer and more acidic. Global patterns of rainfall are changing, while the atmosphere is becoming more turbulent. Polar ice is melting, tundra is thawing, and habitats are shifting. As we will explore in the pages ahead, Earth’s story is a saga of change, but on those rare previous occasions when change occurred with such alarming rapidity, life appears to have paid a terrible toll. If we are to act thoughtfully and in time for our own sake, we must become intimate with Earth and her story. For as was sublimely evident from that wondrous picture snapped from a lifeless world 239,000 miles away, we have no other home.

In the tradition of Eratosthenes and the thousands of curious minds that have followed him, my purpose in this book is to convey Earth’s long history of change. As immediate and familiar as Earth might seem to be, its vibrant story embraces a succession of transformational events almost beyond imagining. To truly know your planetary home and comprehend the aeons that shaped it, you must first wrap your mind around seven core truths.


	Earth is made of recycled and recycling atoms.

	Earth is immensely old when compared with human time frames.

	Earth is three-dimensional, and most of the action is hidden from view.

	Rocks are the record keepers of Earth history.

	Earth systems—rocks, oceans, atmosphere, and life—are complexly interconnected.

	Earth history encompasses long periods of stasis punctuated by sometimes sudden, irreversible events.

	Life has changed and continues to change Earth’s surface.



These concepts of Earth’s existence frame the intricately layered stories of atoms, minerals, rocks, and life in their vast epics of space and time; they will reappear in the following pages, in every phase of the universe’s fiery origin and Earth’s protracted evolution. The coevolution of Earth and life, the new paradigm that lies at the heart of this book, is part of an irreversible sequence of evolutionary stages reaching back to the Big Bang. Each stage introduced new planetary processes and phenomena that would ultimately resculpt our planet’s surface again and again, inexorably paving the way for the wondrous world we inhabit today. This is the story of Earth.
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Chapter 1

Birth
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The Formation of Earth

Spanning the billions of years before Earth’s formation

[image: ] In the beginning, there was no Earth, or any Sun to warm it. Our Solar System, with its glowing central star and varied planets and moons, is a relative newcomer to the cosmos—a mere 4.567 billion years old. A lot had to happen before our world could emerge from the void.

The stage was set for our planet’s birth much, much earlier, at the origin of all things—the Big Bang—about 13.7 billion years ago, by the latest estimates. That moment of creation remains the most elusive, incomprehensible, defining event in the history of the universe. It was a singularity—a transformation from nothing to something that remains beyond the purview of modern science or the logic of mathematics. If you would search for signs of a creator god in the cosmos, the Big Bang is the place to start.

In the beginning, all space and energy and matter came into existence from an unknowable void. Nothing. Then something. The concept is beyond our ability to craft metaphors. Our universe did not suddenly appear where there was only vacuum before, for before the Big Bang there was no volume and no time. Our concept of nothing implies emptiness—before the Big Bang there was nothing to be empty in.

Then in an instant, there was not just something, but everything that would ever be, all at once. Our universe assumed a volume smaller than an atom’s nucleus. That ultracompressed cosmos began as pure homogeneous energy, with no particles to spoil the perfect uniformity. Swiftly the universe expanded, though not into space or anything else outside it (there is no outside to our universe). Volume itself, still in the form of hot energy, emerged and grew. As existence expanded, it cooled. The first subatomic particles appeared a fraction of a second after the Big Bang—electrons and quarks, the unseen essence of all the solids, liquids, and gases of our world, materialized from pure energy. Soon thereafter, still within the first fraction of the first cosmic second, quarks combined in pairs and triplets to form larger particles, including the protons and neutrons that populate every atomic nucleus. Things were still ridiculously hot and remained so for about a half-million years, until the ongoing expansion eventually cooled the cosmos to a few thousand degrees—sufficiently cold for electrons to latch on to nuclei and form the first atoms. The overwhelming majority of those first atoms were hydrogen—more than 90 percent of all atoms—with a few percent helium and a trace of lithium thrown in. That mix of elements formed the first stars.

First Light

Gravity is the great engine of cosmic clumping. A hydrogen atom is a little thing, but take one atom and multiply it by ten to the sixtieth power (that’s a trillion-trillion-trillion-trillion-trillion hydrogen atoms) and they exert quite an impressive collective gravitational force on one another. Gravity pulls them inward to a common center, forming a star—a giant gas ball with epic pressures at the core. As an immense hydrogen cloud collapses, the star-forming process transforms the kinetic energy of moving atoms to the gravitational potential energy of their clustered state, which translates into heat once more—the same violent process that occurs when an asteroid impacts Earth, but with vastly more energy release. The core of the hydrogen sphere eventually reaches temperatures of millions of degrees and pressures of millions of atmospheres.

Such temperatures and pressures trigger a new phenomenon called nuclear fusion reactions. Under these extreme conditions, the nuclei of two hydrogen atoms (each with one proton) collide with such force that neutrons are transferred from one nucleus to another, making some hydrogen atoms more massive than others. After several such collisions, a helium nucleus with two protons forms. Surprisingly, the resulting helium atom is about 1 percent less massive than the original hydrogen atoms from which it formed. That lost mass converts directly to heat energy (just as it does in a hydrogen bomb), which promotes even more nuclear fusion reactions. The star “ignites,” bathing its surroundings with radiant energy, while becoming ever richer in helium at the expense of hydrogen.

Large stars, many of them much bigger than our Sun, eventually used up the prodigious supplies of hydrogen in their cores. But extreme interior pressure and heat continued to promote nuclear fusion. Two-proton helium atoms in a stellar core fused to make carbon, the vital element of life with its six protons, even as new pulses of nuclear energy triggered hydrogen fusion in a spherical layer of atoms surrounding the core. Then core carbon fused to make neon, neon to make oxygen, then magnesium, silicon, sulfur, and on and on. Gradually the star developed an onionlike structure, with layer upon concentric layer of fusion reactions. Faster and faster these reactions occurred, until the ultimate iron-producing phase lasted no more than a day. By this point in the first stars’ life cycles, many millions of years after the Big Bang, most of the first twenty-six elements in the periodic table had been brought into existence by nuclear fusion within many individual stars.

Iron is as far as this nuclear fusion process can go. When hydrogen fuses to produce helium, when helium fuses to produce carbon, and during all the other fusion steps, abundant nuclear energy is released. But iron has the lowest energy of any atomic nucleus. As when a blazing fire transforms every bit of fuel to ash, all the energy has been used up. Iron is the ultimate nuclear ash; no nuclear energy can be extracted by fusing iron with anything. So when the first massive star produced its inevitable iron core, the game was over, the results catastrophic. Until that point, the star had sustained a stable equilibrium, balancing its two great inner forces: gravity pulling mass toward the center, nuclear reactions pushing mass outward from the center. When the core filled with iron, however, the outward push just stopped, and gravity took over in an instant of unimaginable violence. The entire star collapsed inward with such swiftness that it rebounded off itself and exploded in the first supernova. The star was ripped apart, blasting most of its mass outward.

The Birth of Chemistry

For those readers who seek design in the cosmos, supernovas are nearly as good a place to start as the Big Bang. To be sure, the Big Bang led inevitably to hydrogen atoms, and hydrogen atoms just as inexorably produced the first stars. Yet it’s not at all obvious how stars, by themselves, get you to our modern living world. A big ball of hydrogen, even if it does have a growing core-bound collection of heavier elements up to iron, doesn’t seem to help move things along in a very interesting way.

But when the first big stars exploded, cosmic novelty ensued. These fractured bodies seeded space with the elements they had created. Carbon, oxygen, nitrogen, phosphorus, and sulfur—the elements of life—were especially abundant. Magnesium, silicon, iron, aluminum, and calcium, which dominate the compositions of many common rocks and form a large fraction of the mass of Earth-like planets, also abounded. But in the incomprehensibly energetic environment of these exploding stars, these elements fused in new and exotic ways to make all the periodic table—elements way beyond number twenty-six. So appeared the first traces of many rarer elements: precious silver and gold, utilitarian copper and zinc, toxic arsenic and mercury, radioactive uranium and plutonium. What’s more, all these elements were hurled out into space, where they could find one another and clump together in new and interesting ways through chemical reactions.

Chemistry happens when one everyday atom bumps into another. Every atom has a tiny but massive central nucleus with a positive electric charge, surrounded by a cloudlike distribution of one or more negatively charged electrons. Isolated atomic nuclei almost never interact, except in the ultimate pressure-cooker environments of stellar interiors. But electrons from one atom are constantly bumping into the electrons of adjacent atoms. Chemical reactions occur when two or more atoms meet and their electrons interact and rearrange. Such shuffling and sharing of electrons occurs because certain combinations of electrons, notably collections of two or ten or eighteen electrons, are particularly stable.

The first chemical reactions following the Big Bang produced molecules—small clusters of a few atoms tightly bound into a single unit. Even before hydrogen atoms began fusing together in stars to form helium, hydrogen molecules (H2), each with two hydrogen atoms chemically bonded together, formed in the vacuum of deep space. Each hydrogen atom carries only one electron, which is a rather unstable situation in a universe where two electrons is a magic number. So when two hydrogen atoms meet, they pool their resources to form a molecule with that magic number of two shared electrons. Given the abundance of hydrogen following the Big Bang, hydrogen molecules surely predated the first stars and have been a perpetual feature of our cosmos since atoms first appeared.

Following the first supernova, as a variety of other elements seeded space, lots of other interesting molecules could form. Water (H2O), with two hydrogen atoms bonded to an oxygen atom, was one early example. Chances are that nitrogen (N2), ammonia (NH3), methane (CH4), carbon monoxide (CO), and carbon dioxide (CO2) molecules also enriched the space around supernovas. All of these molecular species would come to play key roles in the formation of planets and in the origins of life.

Then came the minerals—microscopic solid volumes of chemical perfection and crystalline order. The first minerals could have formed only where the densities of mineral-forming elements were high enough, but temperatures cool enough, for atoms to arrange themselves in little crystals. Just a few million years after the Big Bang, the expanding, cooling envelopes of the first exploding stars provided the perfect settings for such reactions. Tiny crystallites of pure carbon—diamond and graphite—were probably the first minerals in the universe. Those pioneering crystals were like a fine dust, the individual grains indiscernibly small but perhaps large enough to add a bit of diamond sparkle to space. These crystalline forms of carbon were soon joined by other high-temperature solids that featured the more common elements, including magnesium, calcium, silicon, nitrogen, and oxygen. Some were familiar minerals like corundum, the chemical compound of aluminum and oxygen that is so valued in its richly colored varieties, ruby and sapphire. Tiny amounts of the magnesium silicate olivine, the semiprecious birthstone of August, also appeared, joined by moissanite, a silicon carbide often sold these days as a cheap synthetic substitute for diamond. Altogether the interplanetary dust hosted perhaps a dozen common “ur-minerals.” And so, with the explosion of the first stars, the universe began to get more interesting.

Nothing happens only once in our universe (except perhaps for the Big Bang). Scattered debris of old exploded stars were constantly subjected to the organizing force of gravity. Thus remnants of the former stellar generations inexorably seeded new populations of stars by forming new nebulas, each a vast interstellar cloud of gas and dust representing the wreckage of many prior stars. Each new nebula was more iron rich, and a little poorer in hydrogen, than the one before. For 13.7 billion years, this cycle has continued, as old stars produce new stars and slowly alter the composition of the cosmos. Countless billions of stars have emerged in countless billions of galaxies.

Cosmic Clues

Once upon a time, five billion years ago, our future real estate in the galactic suburbs lay halfway out from the Milky Way’s center, at the uninhabited edge of a star-studded spiral arm. Little was to be found in that unassuming neighborhood, apart from a great nebula of gas and icy dust stretching light-years across the dark void. Nine parts in ten of that cloud were hydrogen atoms; nine parts in ten of what remained were helium atoms. Ice and dust, rich in small organic molecules and microscopic mineral grains, accounted for the remaining 1 percent.

A nebular cloud in space can last many millions of years before a trigger—a shock wave from a nearby exploding star, for example—begins its collapse into a new star system. Almost 4.6 billion years ago, such a trigger initiated our Solar System. Ever so slowly, over the course of a million years, the swirling mass of presolar gas and dust was drawn inward. Like a twirling ice-skater, the big cloud rotated faster and faster as gravity pulled its wispy arms to the center. As it collapsed and spun faster, the cloud became denser and flattened into a disk with a growing central bulge—the nascent Sun. Larger and larger grew that greedy hydrogen-rich central ball, which ultimately swallowed 99.9 percent of the cloud’s mass. As it grew, internal pressures and temperatures rose to the fusion point, igniting the Sun.

Clues to what happened next are preserved in the record of our Solar System—its planets and moons, its comets and asteroids, and its abundant and varied meteorites. One striking feature is that all the planets and moons orbit the Sun on the same plane, and in the same direction. What’s more, the Sun and most of the planets rotate on their axes in more or less that same plane and direction. Nothing in the laws of motion requires this commonality of spin; planets and moons could orbit and rotate any which way—north to south, east to west, top to bottom, bottom to top—and still obey the law of gravity. If planets and moons were captured from distant, random sources, one might expect such a hodgepodge. The observed orbital near-uniformity in our Solar System, by contrast, suggests that planets and moons all coalesced from the same flat rotating disk of dust and gas at more or less the same time. All of these grand objects preserve the same sense of rotation—the shared angular momentum of the entire Solar System—from the time of the original swirling cloud.

A second clue to the Solar System’s origins is found in the distinctive distribution of its eight major planets. The four planets closest to the Sun—Mercury, Venus, Earth, and Mars—are relatively small rocky worlds composed mostly of silicon, oxygen, magnesium, and iron. Dense rocks, like black volcanic basalt, dominate their surfaces. By contrast, the outer four planets—Jupiter, Saturn, Uranus, and Neptune—are gas giants made primarily of hydrogen and helium. These immense spheres have no solid surfaces, just an ever-thickening atmosphere the deeper you go. This dichotomy of worlds suggests that early in the history of the Solar System, within a few thousand years of the Sun’s birth, an intense solar wind blew leftover hydrogen and helium far out to the colder realms. Sufficiently far from the radiant Sun, these volatile gases could cool, condense, and gather into spheres of their own. By contrast, the coarser, mineral-rich grains of dust that remained closer to the hot central star quickly clumped together to form the rocky inner planets.

Details of the violent processes that formed Earth and the other inner planets are beautifully preserved in the amazingly diverse varieties of meteorites. It’s a bit unsettling to think that our home is constantly being peppered by stones falling from the sky. In fact, the scientific community didn’t pay them much heed until about two hundred years ago, though there was certainly no shortage of colorful meteorite anecdotes in folklore (including several tales involving unfortunate French peasants). Even when scholars began to describe meteorite falls more formally, little in the way of reproducible scientific evidence could be mustered to document them, much less explain their provenance. The American statesman and naturalist Thomas Jefferson, upon reading the technical report from Yale University of an observed meteorite impact in Weston, Connecticut, quipped: “I find it easier to believe that two Yankee professors would lie than that stones would fall from heaven.”

Two centuries and tens of thousands of meteorite finds later, their veracity is no longer in question. As meteorite experts cover more ground, and as avid collectors vie for the rarest types, museum and private collections around the world have swelled. For a time, these repositories were skewed in favor of distinctive iron meteorites, whose black crusts, weirdly sculpted shapes, and unusually high density made them stand out against everyday rocks. But the 1969 discovery of thousands of meteorites lying on pristine Antarctic ice fields changed that perception.

Meteorites are telltale clues to our planet’s origins. The most common and ancient ones, the 4.566-billion-year-old chondrites, date from the time just before the planets and moons of the Solar System formed, when the Sun’s nuclear reactor first turned on and intense radiant energy broiled the encircling nebula. The blast furnace effect melted the dusty disk into clots of small, sticky rock droplets, called chondrules, after the ancient Greek word for “grain.” Ranging from the size of BBs to that of small peas, these products of the Sun’s refining fire were melted multiple times, in repeated pulses of radiation that transformed the regions closest to the Sun. Clusters of these ancient chondrules, cemented together by finer-grained presolar dust and mineral fragments, compose the primitive chondrites that have landed on the Earth by the millions. Chondrites provide our best view of the brief time just after the Sun was born but before the planets were formed.

A second, younger class of meteorites, collectively dubbed achondrites, dates from the time when the earliest materials of the Solar System were being reworked—melted, smashed, and otherwise transformed. The diversity of achondritic meteorites is astonishing—nuggets of shiny metal, chunks of blackened rock, some as fine-grained as glass, others with lustrous crystals an inch across. Important discoveries of new varieties are still being made in some of Earth’s most remote regions.

The continent of Antarctica holds vast plains of ancient blue ice—places where it never snows and the frozen surface may have remained unchanged for many thousands of years. Rocks that have fallen from space just lie there, dark, out-of-place objects waiting to be retrieved. International treaties banning commercial exploitation of the area, coupled with limited access to the remote ice fields, ensure that these extraterrestrial resources will be preserved for scientific study. Teams of warmly bundled scientists in helicopters and on snowmobiles systematically scour mile after square mile of these forbidding ice deserts. They carefully record and package each find, making sure that no hand, no breath contaminates its surface. Upon returning to civilization after each Antarctic summer season, these meteorite hunters deliver their treasures to public collections, most notably the Smithsonian Institution storage facilities in suburban Suitland, Maryland, where many thousands of specimens are preserved in ultraclean, airtight storage cabinets within buildings the size of football fields.

Equally rich in meteorites, though far less conducive to organized recovery and sterile curation, are Earth’s great deserts in Australia, the American Southwest, the Arabian Peninsula, and most dramatically, North Africa—the vast Sahara Desert. Word has spread among Sahara-crossing nomads—Tuaregs, Berbers, Fezzanis—that meteorites can be valuable. A single precious lunar meteorite found somewhere in the shifting sands of North Africa early in the twenty-first century is reputed to have fetched a million dollars in a private sale. It’s easy enough for a desert rider to get down off his camel and carry an odd stone to the next village, where someone from an unofficial guild of meteorite middlemen, networked by satellite phones and skilled in hyperbole, will offer him a pittance in cash. From one dealer to the next, bags of rocks are passed, each time with a markup, until they reach Marrakech, Rabat, or Cairo and thence travel to the buyers on eBay and the big international rock and mineral shows.

More than once on geology trips to remote parts of Morocco, I’ve been offered burlap bags filled with ten or twenty pounds of rocks purported to be meteorites—“no middlemen, fresh from the desert, just found last week.” These cash-only “deals” are often brokered in dingy, windowless back rooms of tan mud-brick houses, away from the blazing desert Sun, where it’s almost impossible to see what’s being offered. Once the formalities of greeting and the traditional cups of mint tea have been shared, the seller dumps the contents on a carpet. Some of the rocks are just rocks. Ballast. It’s like a test to see if you know your stuff. A few will be the commonest sort of chondrite, the size of an olive or an egg, some with a nicely melted fusion crust, the fiery result of falling fast through the sky. The starting price is always way too high. If you say they’re too common, a second, smaller bag may appear, perhaps with an iron meteorite or something even more exotic.

I recall one deal worked by our guide, Abdullah, on a dusty side road a few miles east of Skoura. The seller, a distant acquaintance of questionable integrity, called by satellite and demanded secrecy. “It might be a Martian,” he told Abdullah. “Nine hundred grams. Just twenty thousand dirhams.” About $2,400—if it was real, if it could be added to the two dozen or so known meteorites that came from Mars, it’d be a bargain. They arranged the time and place. Two nondescript cars pulled up beside each other; three of us got out and stood in a tight circle. The rock in question was lovingly slipped from a velvet pouch. But it looked like an ordinary rock (as do all Martian meteorites). The price dropped to fifteen thousand dirhams. Then twelve thousand. But there was no way to be sure, so we passed. Later Abdullah confided to me that he had been tempted, but there are always more meteorites. It’s best not to be too greedy with one big score; no one tells the truth, and all deals are final.

As in Antarctica, the equatorial deserts reveal the natural distribution of all kinds of meteorites, providing unrivaled clues to the character of the early Solar System and thus the origins of our own planet. Sadly, unlike meteorites from Antarctica, most of these specimens will never make it to museum collections for at least two reasons. First and foremost, the growing community of amateur collectors (fueled by a few wealthy aficionados and the readily available Saharan finds) is intensely competitive. Anything rare sells quickly and for a lot of money. Some of those specimens will surely wind up as donations to museums, but most are poorly handled, and much of the scientific value in a pristine find is soon lost by contamination from unprotected hands, multipurpose cloth bags, and the ubiquitous camel dung. Equally troubling is the lack of any useful documentation, as to when or where in the desert the meteorites were found. All the dealers will say is “Morocco,” which is usually a falsehood, as most of the sandy Sahara lies to the east, in Algeria and Libya—countries from which it is now illegal to import specimens. So without rigorous documentation, most museums simply will not accept “Moroccan” or “North African” meteorites.

In those hostile, arid terrains of the Sahara, or the ice fields of Antarctica, any rock stands out as a foreign object fallen from the sky. Such an unadulterated sampling of the meteorite population gives scientists their best view of the earliest stages of the Solar System in which Earth formed. Chondrites represent almost nine out of every ten finds; the rest are the diverse achondrites, belonging to the few-million-years era when our young Solar System was a turbulent nebula, in which chondrites clumped together into larger and larger bodies: first the size of your fist, then the size of your car, then a small city—billions of objects a few miles or so in diameter all vying for space in the same narrow ring around the young Sun.

Larger and larger they grew: to the size of Rhode Island, then Ohio, Texas, Alaska. As thousands of such planetesimals underwent this chaotic process of accretion, they diversified in new ways. As they grew to fifty miles or more in diameter, two coequal sources of heat compounded. The gravitational potential energy of many small objects smashing together was matched in intensity by the nuclear energy of fast-decaying radioactive elements like hafnium and plutonium. The minerals making up these planetesimals were thus transformed by heat, while their interiors melted outright, differentiating into an egglike arrangement of distinctive mineral zones: a dense metal-rich core (analogous to the egg’s yolk), the magnesium silicate mantle (the egg white), and the thin brittle crust (the shell). The largest planetesimals were altered by internal heating, by reactions with water, and by the intense shock of frequent collisions in the crowded solar suburbs. Perhaps three hundred different mineral species arose as a consequence of such dynamic planet-forming processes. Those three hundred minerals are the raw materials from which every rocky planet must form, and all of them are still found today in the diverse suites of meteorites that fall to Earth.

From time to time, when two big planetesimals smashed together with sufficient force, they were blasted to smithereens. (This violent process continues to this day in the Asteroid Belt beyond Mars, thanks to the gravitational disruptions from the giant planet Jupiter.) Consequently, most of the diverse achondrite meteorites we find today represent different parts of destroyed miniplanets. Analyzing achondrites is thus a bit like a messy anatomy lesson from an exploded cadaver. It takes time, patience, and a lot of bits and pieces to get a clear picture of the original body.

The dense metallic cores of planetesimals, which wound up as a distinctive class of iron meteorites, are the easiest to interpret. Though once thought to be the most common type of meteorites, the unbiased Antarctic sampling reveals that irons represent a modest 5 percent of all falls. Planetesimal cores must have been correspondingly small.

The contrasting silicate-rich mantles of planetesimals are represented in a host of exotic meteorite types: howardites, eucrites, diogenites, ureilites, acapulcoites, lodranites, and more—each of distinctive composition, texture, and mineralogy, and most named for the locality where the earliest known example was recovered. Some of these meteorites are close analogues to rock types found on Earth today. Eucrites represent a rather typical kind of basalt—the rock type that spews out of the Mid-Atlantic Ridge and blankets the ocean floor. Diogenites, composed primarily of magnesium silicate minerals, appear to be the result of crystal settling in a large underground magma reservoir. As the magma cooled, crystals more dense than their surrounding hot liquid grew and then sank to the bottom to form a concentrated mass, just as they do in magma chambers deep inside Earth today.

Occasionally, during a particularly destructive collision, a meteorite happened to snatch a piece of a planetesimal’s core-mantle boundary, where chunks of silicate minerals and iron-rich metals coexisted. The result is a beautiful pallasite—a stunning mixture of shiny metal and golden crystals of olivine. Thin polished slabs of pallasite, with light reflecting off the metal and passing through the olivine like stained glass, are among the most prized specimens in the world of meteorite collecting.

As gravity clumped the early chondrites together—and as crushing pressure, scalding temperature, corrosive water, and violent impacts reworked the growing planetesimals—more and more new minerals emerged. All together, more than 250 different minerals have been found in all the varieties of meteorites—a twenty-fold increase over the dozen presolar ur-minerals. These varied solids, which include the first fine-grained clays, sheetlike mica, and semiprecious zircon, became the building blocks of Earth and other planets. Bigger and bigger the planetesimals grew, as the largest swallowed the smaller. Eventually a few dozen big balls of rock, each the size of a small planet, acted as giant vacuum cleaners, sweeping swaths of the Solar System clean of most of its dust and gas as they coalesced and settled into near-circular orbital paths. Where an object ultimately wound up depended in large measure on its mass.

Assembling the Solar System

The Sun, which has the lion’s share of the Solar System’s mass, dominates everything. Ours is not a particularly massive star system, and so the Sun is a modest sort of star—a good thing for a nearby living planet. Paradoxically, the more massive a star, the shorter its lifetime. The greater interior temperatures and pressures of big stars push nuclear fusion reactions faster and faster. So a star ten times the mass of our Sun might last less than a tenth as long—several hundred million years at most, barely enough time for an orbiting planet to get life started before the star explodes in a killer supernova. Conversely, a red dwarf star a tenth the Sun’s mass will last more than ten times longer—one hundred billion years or more—though the energy output of such a weak star might not prove as life-sustaining as our radiant yellow benefactor.

Our middling-size Sun has struck a happy medium: not too large and short-lived, not too small and cool. And its projected nine or ten billion years of reliable hydrogen burning mean there’s been plenty of time for life to get going, and there’s plenty more for it to continue to evolve. True, in another four or five billion years, the Sun will run out of hydrogen in its core and will have to switch to helium burning. In the process, it will swell to a much less benign red giant star more than one hundred times its present diameter, engulfing poor little Mercury, first scalding and then swallowing Venus, and making things pretty unpleasant on Earth as well. Nevertheless, even after 4.5 billion years, we still have plenty of time before the Sun enters its crotchety old age and life on Earth becomes problematic.

Our Solar System has another important benefit for a living planet. Unlike most others, ours is a single-star system. Astronomers using powerful telescopes have found that about two of every three stars we see in the night sky are actually binaries—systems in which two stars orbit each other in a dance about a common gravitational center. As those stars formed, hydrogen accumulated at two separate places to form big gas balls.

If our nebula had been a bit swirlier, with more angular momentum and consequently more mass out in the region of Jupiter, our Solar System would likely have been a double-star system as well. The Sun would have been smaller, and Jupiter, instead of being a big hydrogen-rich planet, would have grown to become a small hydrogen-rich star. Perhaps life would have thrived betwixt such a polarity. Perhaps an extra star would have provided an extra source of life-sustaining energy. But the gravitational dynamics of two stars can be tricky, and Earth might have ended up a world hostile to life with an eccentric orbit, wobbly spin, and wild climatic swings as two strong gravitational attractors pulled it this way and that.

As it is, the gas giant planets are rather well behaved, with modest size and near-circular orbits around the Sun. Jupiter, the largest of the cast, weighs in at just under a thousandth of the Sun’s mass. That’s large enough to exert significant control on its planetary neighbors; thanks to Jupiter’s disruptive gravitational field, the planetesimals that make up the Asteroid Belt never coalesced into a single planet. But Jupiter is not nearly large enough to trigger nuclear fusion reactions in its own core—the defining difference between stars and planets. The more distant ringed planet Saturn and the even more remote and frigid Uranus and Neptune are smaller still.

Nevertheless, all these gas giant planets were large enough to capture their own gravitationally bound disks of debris, like little solar systems within the Solar System. Consequently, all four outer planets have suites of fascinating moons, including some relatively small asteroids that were attracted and then held in orbit by the giants’ gravity. Other moons, some almost as large as the four inner planets and with dynamic geological processes of their own, formed more or less in place from leftover dust and gas—the debris of planetary construction. In fact, the most active object in the Solar System is Jupiter’s moon Io, which is so close to the big planet that it completes a full orbit once every forty-one hours. Epic tidal forces constantly stress the moon’s 2,260-mile diameter and power a half-dozen volcanoes with sulfur plumes that extend more than a hundred miles from the surface, unlike anything else in the Solar System. Equally intriguing are Europa and Ganymede, big moons roughly the size of Mercury and composed of near-equal proportions of water and rock. Both of these big moons are kept warm inside by Jupiter’s incessant tidal forces. Consequently, they both have deep, encircling, ice-covered oceans—places targeted by NASA, in its ongoing search for life on other worlds.

Saturn, the next planet out from the Sun, is endowed with almost two dozen moons, not to mention a glorious ring system dominated by small bits of brilliantly reflective water ice. Most of Saturn’s moons are relatively small, some captured asteroids and others formed from Saturn’s gassy leftovers; but its largest moon, Titan, is bigger than Mercury and enshrouded in a thick orange atmosphere. Thanks to the European Space Agency’s Huygens lander, which touched down on January 14, 2005, we have close-up views of Titan’s dynamic surface. A branching network of rivers and streams feeds frigid lakes of liquid hydrocarbons; the dense, colorful, and turbulent atmosphere is laced with organic molecules. Titan is yet another world worth exploring for signs of life.

The most distant gas giant planets, Uranus and Neptune, are no less well endowed with interesting moons. Most show signs of water ice, organic molecules, and ongoing dynamic activity. Neptune’s big moon Triton even has a nitrogen-rich atmosphere. And both Uranus and Neptune have their own complex ring systems, though apparently they are composed of automobile-size chunks of dark carbon-rich material, quite unlike the luminous particles that constitute the icy rings of Saturn.

Rocky Worlds

Closer to home, gravity also held sway. With most of the hydrogen and helium blown outward to the realm of the gas giants after ignition of the Sun, the inner Solar System had much less mass to play with, and most of that consisted of hard rocks—the stuff of chondrite and achondrite meteorites. Mercury, the smallest and driest rocky planet, formed closest to the Sun. A hostile scorched world, this innermost planet appears to be dead and battered: its billions of years of intensely cratered surface is preserved under an airless sky. If you are ever asked to name objects in the Solar System where you’d bet against life, Mercury should top your list.

Venus, the next planet out, is Earth’s twin in size but radically different in habitability, thanks in large measure to its orbit, almost thirty million miles closer to the Sun. It may have had a modest store of water early in its history, and even a shallow ocean, but subjected to the Sun’s heat and solar wind, most Venusian water appears to have boiled off, preventing that world from being wet. Carbon dioxide, the dominant gas in the thick Venusian atmosphere, sealed in the Sun’s radiant energy and created a runaway greenhouse effect. Today Venus’s average surface temperatures exceed 900 degrees Fahrenheit—hot enough to melt lead.

Mars, one stop out from Earth, is a lot smaller—only a tenth its mass—but it is in many respects the most Earth-like. Like all the rocky planets, Mars has a metal core and a silicate mantle. Like Earth, it has an atmosphere and a lot of water. Its relatively weak gravity cannot easily hold speeding gas molecules in the upper atmosphere, so billions of years have eaten away at both air and water, and yet Mars still holds warm, wet underground reservoirs where life might maintain a tenuous refuge. No wonder most planetary missions have targeted the red planet.

Earth itself, the “third rock from the Sun,” is smack in the middle of the habitable “Goldilocks” zone. It’s close enough to the Sun, and hot enough, to have relinquished significant amounts of hydrogen and helium to the outer realms of the Solar System, but it’s far enough from the Sun, and cool enough, to have held on to most of its water in liquid form. Like the other planets in our Solar System, it formed about 4.5 billion years ago, essentially from colliding chondrites and their subsequent gravitational clumpings into larger and larger planetesimals, over a span of a few million years.

Deep Time

Layered into all the evidence for how the Sun, the Earth, and the rest of our Solar System were born is the concept of immense time spans—4.5 billion years and counting. Americans love to quote the dates of famous events in human history. We celebrate great accomplishments and discoveries, like the Wright brothers’ first flight on December 17, 1903, and the first manned Moon landing on July 20, 1969. We recount days of national loss and tragedy like December 7, 1941, and September 11, 2001. And we remember birthdays: July 4, 1776, and, of course, February 12, 1809 (the coincident birthdays of Charles Darwin and Abraham Lincoln). We trust the validity of these historic moments because an unbroken written and oral record links us to that not-so-distant past.

Geologists also love to quote historic time markers: about 12,500 years ago, when the last great glaciation ended and humans began to settle North America; 65 million years ago, when the dinosaurs and many other creatures became extinct; the Cambrian boundary, at 530 million years ago, when diverse animals with hard shells suddenly appeared; and more than 4.5 billion years ago, when Earth became a planet in orbit about the Sun. But how can we be sure those age estimates are correct? There’s no written record of Earth’s ancient chronology past a few thousand years, or any informing oral tradition.

Four and a half billion is a number almost beyond reckoning. The current Guinness world record for longevity is held by a French woman who lived to celebrate her 122nd birthday—so humans fall far short of living even for 4.5 billion seconds (about 144 years). All of recorded human history is much less than 4.5 billion minutes. And yet geologists claim that Earth has been around for more than 4.5 billion years.

There’s no easy way to comprehend this deep time, but I sometimes try by taking long walks. Just south of Annapolis, Maryland, twenty miles of stately, undulating, fossil-packed cliffs flank the western shore of Chesapeake Bay. Walking along the narrow strip of sand between land and water, one can find an abundance of extinct clams and spiraled snails, corals, and sand dollars. Once in a while on a very lucky day, a six-inch serrated shark tooth or six-foot streamlined whale skull turns up. These prized relics tell of a time fifteen million years ago, when the region was warmer and more tropical, like today’s Maui, and majestic whales came to calve and monster sharks sixty feet long feasted on the weak. The fossils populate three hundred vertical feet of sediments, laid down over three million years of Earth history. The layers of sand and marl dip ever so gently to the south, so walking along the beach is like a stroll through time. Each stride to the north exposes slightly older layers.

To get a sense of the scale of Earth history, imagine walking back in time, a hundred years per step—every pace equal to more than three human generations. A mile takes you 175,000 years into the past. The twenty miles of Chesapeake cliffs, a hard day’s walk to be sure, correspond to more than 3 million years. But to make even a small dent in Earth history, you would have to keep walking at that rate for many weeks. Twenty days of effort at twenty miles a day and a hundred years per step would take you back 70 million years, to just before the mass death of the dinosaurs. Five months of twenty-mile walks would correspond to more than 530 million years, the time of the Cambrian “explosion”—the near-simultaneous emergence of myriad hard-shelled animals. But at a hundred years per footstep, you’d have to walk for almost three years to reach the dawn of life, and almost four years to arrive at Earth’s beginnings.

How can we be sure? Earth scientists have developed numerous lines of evidence that point to an incredibly old Earth—to the reality of deep time. The simplest evidence lies in geological phenomena that produce annual layerings of material; count the layers, count the years. The most dramatic such geological calendars are varve deposits, thin alternating light and dark layers that represent coarser-grained spring sediments and finer winter sediments, respectively. One meticulously documented sequence from glacial lakes in Sweden records 13,527 years of layering, with a new light-dark layer deposited every year. The finely laminated Green River Shale, which is exposed in scenic steep-walled canyons in Wyoming, features continuous vertical sections with more than a million annual layers. Similarly, ice drill cores thousands of feet deep from Antarctica and Greenland reveal more than eight hundred thousand years of accumulation, year by year, snow layer by snow layer. All of these layerings rest atop vastly older rocks.

Measurements of slower geological processes stretch the timescale of Earth history even further. The massive Hawaiian Islands required slow and steady volcanic activity, as successive lava blankets piled up—at least tens of millions of years, based on modern rates of eruption. The Appalachians and other ancient rounded mountain ranges were formed by hundreds of millions of years of gradual erosion, and the barely detectable motions of tectonic plates that have shifted continents and opened oceans operate in cycles of hundreds of millions of years as well.

Physics and astronomy provide evidence for deep time that is no less persuasive. The predictable decay rates of radioactive isotopes of carbon, uranium, potassium, rubidium, and other elements are exceptionally accurate clocks for dating rock-forming events that extend back billions of years to the formation of the Solar System. If you have a collection of one million atoms of a radioactive isotope, half of them will decay over a span of time called the half-life. Leave behind a million atoms of uranium-238, for example, and come back when its half-life of 4.468 billion years has passed, and you’ll find only about a half-million atoms of uranium-238 remaining. The rest of the uranium will have decayed to a half-million atoms of other elements, ultimately to stable atoms of lead-206. Wait another 4.468 billion years and only about a quarter-million atoms of uranium will remain. The age determinations of the oldest primitive chondrites—4.566 billion years old—are obtained by this radiometric dating method.

But what of the many billions of years before the Solar System? Astrophysicists’ measurements of distant galaxies in motion point to a universe that is much older than 4.5 billion years. All galaxies are speeding away from us. Doppler shift data—the so-called redshift—reveal that the more distant galaxies are retreating even faster. Play that cosmic tape backward, and everything converges down to a point about 13.7 billion years ago. That’s the Big Bang. The light from some of these most distant objects has been traveling through space for more than 13 billion years.

The data on this point are unassailable. Any claim that Earth’s age is ten thousand years or less defies the overwhelming and unambiguous observational evidence from every branch of science. The only alternative is that the cosmos was created ten thousand years ago to look vastly older—a conclusion first expounded by American naturalist Philip Gosse in 1857, in his convoluted treatise Omphalos (named after the Greek word for “navel,” because motherless Adam was created with a navel, so as to look as if he were born by woman). Gosse cataloged hundreds of pages of evidence for an extremely ancient Earth and then proceeded to describe how God created everything ten thousand years ago to look much older.

Some may find comfort in this Creationist loophole of created antiquity, known as prechronism. To astrophysicists’ observations of stars and galaxies that are billions of light-years away, prechronists retort that the universe was created with light from those stars and galaxies that was already on its way to Earth. Rocks with ancient ratios of radioactive and daughter isotopes, they argue, were created with just the right mixtures of uranium, lead, potassium, and argon to make them appear much older than they really are. If you are of this prechronist persuasion, I suggest you skip ahead to chapter 11, “The Future.” Otherwise, allow your imagination to skip back several billion years into the past, when our planet was born.

The birth of Earth 4.5 billion years ago was a drama that has been repeated countless trillions of times throughout the history of the universe. Every star and planet arises in the tenuous near-vacuum of space from gas and dust—individual particles of matter too small to see with the unaided eye, yet so vast in total extent that we can observe immense star-forming clouds halfway across the galaxy. Billions of years ago, gravity served to midwife the Solar System’s birth—the Sun emerged as the solitary giant in a litter of planetary runts. Nuclear reactions inflamed the Sun’s surface, bathing its planetary neighbors in light and warmth. And so our home took its first halting steps to becoming a living world.

As alien as such epic events might seem, we all experience, every day of our lives, the same cosmic phenomena that led to Earth’s formation. The very same elements and atoms that forged Earth also make up our bodies and our dwellings. The same universal force of gravity that assembled the stars and planets from dust and gas, and that forged the elements into stars, also holds us fast to our planetary home. When it comes to the universal laws of physics and chemistry, there is nothing new under the Sun.

The lessons of rocks, stars, and life are equally clear. To understand Earth, you must divorce yourself from the inconsequential temporal or spatial scale of human life. We live on a single tiny world in a cosmos of a hundred billion galaxies, each with a hundred billion stars. Similarly, we live day by day in a cosmos aged hundreds of billions of days. If you seek meaning and purpose in the cosmos, you will not find it in any privileged moment or place tied to human existence. The scales of space and time are too inconceivably large. But a cosmos bound by natural laws that lead inevitably, inexorably to a universe that promises the possibility of knowing itself, as scientific study inherently suggests, is a cosmos that abounds with meaning.
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