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FOR AIR, WATER, AND ROCK. FOR FIRE, ICE, AND MUD.


For the gnawing glaciers, rippling dunes, prismatic hot springs, and abyssal plains.


For the searing undersea vents, explosive magma chambers, ancient mountains, and newborn islands. For the great green forests, billowing grasslands, and spongy peat;


the abrupt plateaus, treeless tundra, and salt-soaked mangroves.


FOR THE DINOSAURS, REDWOODS, MAMMOTHS, AND WHALES;


the slime molds, insects, fungi, and snails.


For the microbes that eat sunlight, seed clouds, and mine gold.


For the roots that gave us soil and made rivers flow.


For the herds of extinct titans and all those that still roam.


For the ocean in our blood and our skeletons of stone.


FOR THE GROWERS, BUILDERS, THINKERS, AND TEACHERS.


For the explorers, creators, carers, and healers.


For all the songs we know and all those still unheard.


For our living planet. For our miracle. For Earth.











Consider: Whether you’re a human being, an insect, a microbe, or a stone, this verse is true. All that you touch, You Change. All that you Change, Changes you.


—Octavia Butler, The Parable of the Sower


What if we understood that the heartbeats of all creatures can be heard in our own heartbeats, that this drumming is an echo of the Earth’s pulse, which runs through all of our veins, plants and animals included?


—Terry Tempest Williams, “Take Place,” The Paris Review


Earth is one country. We are all waves of the same sea, leaves of the same tree, flowers of the same garden.


—The Message of Fraternity, likely paraphrased from the writings of Bahá’u’lláh, prophet-founder of the Baháʼí Faith, and his son, ‘Abdu’l-Bahá












INTRODUCTION


___


WHEN I WAS A BOY, I THOUGHT I COULD CHANGE THE WEATHER. On sweltering summer days in suburban California, when gardens wilted and asphalt burned bare skin, I would draw a picture of a stout blue rain cloud and march around it on the lawn, splashing it with a potion of hose water and yard trimmings. I may have even sung a rudimentary incantation—an inversion of the popular nursery rhyme that tells rain to “go away.”


As I grew up, so did my understanding of meteorology. In school, I learned how water evaporates from lakes, rivers, and oceans and rises into the atmosphere, where it cools and condenses into minuscule droplets. These drifting beads of water collide and coalesce, clinging to bits of floating dust and growing into the cottony masses we call clouds, which eventually become heavy enough to fall back to the surface. Rain, I was taught, is an inevitable outcome of atmospheric physics—a gift that we and other living creatures passively receive.


Some years ago, however, I learned a startling fact that completely changed the way I think about weather and ultimately altered my perception of the planet as a whole—a fact that returned me to a sense of awe and possibility I had rarely felt since childhood. What I learned is this: in many cases, life does not simply receive rain—it summons it.


Consider the Amazon rainforest. Every year, the Amazon is drenched in about eight feet of rain. In some parts of the forest, the annual rainfall is closer to fourteen feet—more than five times the average yearly precipitation across the contiguous United States. This deluge is partly a consequence of geographic serendipity: intense equatorial sunlight speeds the evaporation of water from sea and land to sky, trade winds bring moisture from the ocean, and bordering mountains force incoming air to rise, cool, and condense. Rainforests happen where it happens to rain.


But that’s only half of the story. Within the forest floor, vast symbiotic networks of plant roots and filamentous fungi pull water from the soil into trunks, stems, and leaves. As the nearly 400 billion trees in the Amazon drink their fill, they release excess moisture, saturating the air with 20 billion tons of water vapor each day. At the same time, plants of all kinds secrete salts and emit bouquets of pungent gaseous compounds. Mushrooms, dainty as paper parasols or squat as doorknobs, exhale plumes of spores. The wind sweeps bacteria, pollen grains, and bits of leaves and bark into the atmosphere. The wet breath of the forest—peppered with microscopic life and organic residues—creates the ideal conditions for rain. With so much water in the air and so many minute particles on which the water can condense, clouds quickly form. Certain airborne bacteria even encourage water droplets to freeze, making clouds bigger, heavier, and more likely to burst. In a typical year, the Amazon generates around half of its own rainfall.


Ultimately, the Amazon rainforest influences much more than the weather above its canopy. All the water, biological detritus, and microscopic beings discharged by the forest form a massive floating river—an aerial echo of the one snaking through the understory. This flying river brings precipitation to farms and cities throughout South America. Some scientists have concluded that, due to long-range atmospheric ripple effects, the Amazon contributes to rainfall in places as far away as Canada. A tree growing in Brazil can change the weather in Manitoba.


The Amazon’s secret rain ritual challenges the way we typically think about life on Earth. Conventional wisdom holds that life is subject to its environment. If Earth did not orbit a star of the right size and age, if it were too close or too far from that star—if it did not have a stable atmosphere, liquid water, and a magnetic field that deflects harmful cosmic rays—it would be lifeless. Life evolved on Earth because Earth is suitable for life. Since Darwin, prevailing scientific paradigms have likewise emphasized that the ever-shifting demands of the environment largely dictate how life evolves: species best able to cope with changes to their particular habitats leave behind the most descendants, whereas those that fail to adapt die out.


Yet this truth has an underappreciated twin: life changes its environment, too. In the mid–twentieth century, when ecology established itself as a formal discipline, this fact began to gain wider recognition in Western science. Even so, the focus was on relatively small and local changes: a beaver constructing a dam, for instance, or earthworms churning a patch of soil. The notion that living creatures of all kinds might modify their environments in much more dramatic ways—that microbes, fungi, plants, and animals can change the topography and climate of a continent or even the entire planet—was rarely given serious consideration. “To a large extent, the physical form and the habits of the earth’s vegetation and its animal life have been molded by the environment,” Rachel Carson wrote in Silent Spring in 1962. “Considering the whole span of earthly time, the opposite effect, in which life actually modified its surroundings, has been relatively slight.” E. O. Wilson declared something similar in his 2002 book, The Future of Life: “Homo sapiens has become a geophysical force, the first species in the history of the planet to attain that dubious distinction.”


When I first learned about the Amazon’s rain dance, I was both enthralled and bewildered. I knew that plants pulled water from the ground and expelled moisture into the air, but the fact that trees, fungi, and microbes in the Amazon collectively conjured so much of the rain for which their home was named, that life’s activity on one continent altered weather on another, was jolting. The idea of the Amazon rainforest as a garden that watered itself obsessed me. If that were true for an ecosystem as massive as the Amazon, I wondered, might it be true on an even larger scale? In what ways, and to what extent, has life changed the planet throughout its history?


In seeking the answers to these questions, I’ve learned that the scientific understanding of life’s relationship to the planet has been undergoing a major reformation for some time now. Contrary to longstanding maxims, life has been a formidable geological force throughout Earth’s history, often matching or surpassing the power of glaciers, earthquakes, and volcanoes. Over the past several billion years, all manner of life forms, from microbes to mammoths, have transformed the continents, ocean, and atmosphere, turning a lump of orbiting rock into the world as we’ve known it. Living creatures are not simply products of inexorable evolutionary processes in their particular habitats; they are orchestrators of their environments and participants in their own evolution. We and other living creatures are more than inhabitants of Earth; we are Earth—an outgrowth of its physical structure and an engine of its global cycles. Earth and its creatures are so closely intertwined that we can think of them as one.


The evidence for this new paradigm is all around us, although much of it has been discovered only recently and has yet to permeate public consciousness to the same degree as, say, selfish genes or the microbiome. Nearly two and a half billion years ago, photosynthetic ocean microbes called cyanobacteria permanently altered the planet, suffusing the atmosphere with oxygen, imbuing the sky with its familiar blue hue, and initiating the formation of the ozone layer, which protected new waves of life from harmful exposure to ultraviolet radiation. Today, plants and other photosynthetic organisms help maintain a level of atmospheric oxygen high enough to support complex life but not so high that that Earth would erupt in flames at the slightest spark. Microorganisms are important participants in many geological processes, responsible for much of Earth’s mineral diversity; some scientists think they played a crucial role in forming the continents. Marine plankton drive chemical cycles on which all other life depends and emit gases that increase cloud cover, modifying global climate. Kelp forests, coral reefs, and shellfish store huge amounts of carbon, buffer ocean acidity, improve water quality, and defend shorelines from severe weather. And animals as diverse as elephants, prairie dogs, and termites continually reconstruct the planet’s crust, facilitating the flow of water, air, and nutrients and improving the prospects of millions of species.


Humans are the most extreme example of life transforming Earth in recent history—and, by some measures, the most extreme ever. By exhuming and burning the carbon-rich remains of ancient jungles and sea creatures in the form of fossil fuels, as well as by destroying and degrading ecosystems, industrialized nations have flooded the atmosphere with carbon dioxide and other heat-trapping greenhouse gases, rapidly increasing global temperature, raising sea levels, exacerbating drought and wildfire, intensifying storms and heat waves, and ultimately endangering billions of people and countless nonhuman species. One of the many obstacles to public and political reckoning with climate change has been the stubborn notion that humans are not powerful enough to affect the entire planet. In truth, we are far from the only creatures with such power. The history of life on Earth is the history of life remaking Earth.


As I studied the interdependence of Earth and life, I continually returned to an ancient and controversial idea: that Earth itself is alive. Animism is one of humanity’s oldest and most ubiquitous beliefs. Throughout history, diverse cultures have extended the concepts of life and spirit to the planet and its components. In many religions, Earth is personified as a deity, often a goddess, who may be maternal, monstrous, or both. The Aztecs worshiped Tlaltecuhtli, a colossal clawed chimera whose dismembered body became the mountains, rivers, and flowers of the world. In Norse mythology, the giantess Jörð’s name and identity were synonymous with Earth. Several cultures have imagined Earth as a garden growing from the back of a gargantuan turtle. The ancient Polynesians revered Rangi and Papa, Sky and Earth, who remained locked in a lover’s embrace until their children separated them. Still, they cried out for one another, in the form of rising mist and falling rain.


The idea that Earth is alive seeped from myth and religion into early Western science, persisting for centuries. Many ancient Greek philosophers regarded Earth and other planets as animate entities with souls or vital forces. Leonardo da Vinci wrote of the parallels between Earth and the human body, comparing bones to rocks, water to blood, and the tides to breathing. James Hutton, the eighteenth-century Scottish scientist who helped found modern geology, described the planet as a “living world” that possessed a “physiology” and the ability to repair itself. Not long after, German naturalist and explorer Alexander von Humboldt characterized nature as a “living whole” in which organisms were connected by a “net-like intricate fabric.”


Hutton and Humboldt were exceptions among their peers, however, especially those who hewed to strict empiricism. By the mid-nineteenth century, even metaphorical descriptions of Earth as a living entity were largely out of vogue in the mahogany halls of European science. Academic disciplines were becoming more specialized and reductionist. Scientists were organizing matter and natural phenomena into increasingly specific categories that further segregated life from nonlife. In tandem, the far-reaching consequences of the Industrial Revolution and the expansion of colonial empires favored language and worldviews based on mechanization, profit, and conquest. The planet was no longer perceived as an immense living being worthy of veneration but rather a body of inanimate resources waiting to be exploited.


It was not until the late twentieth century that the idea of a living planet found one of its most popular and enduring expressions in the canon of Western science: the Gaia hypothesis. Conceived by British scientist and inventor James Lovelock in the 1960s and later developed with American biologist Lynn Margulis, the Gaia hypothesis proposes that all the animate and inanimate elements of Earth are “parts and partners of a vast being who in her entirety has the power to maintain our planet as a fit and comfortable habitat for life.”* Viewed through the lens of Gaia, Lovelock wrote, Earth is like a giant redwood tree. Only a few parts of a tree contain living cells, namely the leaves and thin layers of tissue within the trunk, branches, and roots. The vast majority of a mature tree is dead wood. Similarly, the bulk of our planet is inanimate rock, wrapped in a flowering skin of life. Just as strips of living tissue are essential to keep a whole tree alive, Earth’s living skin helps sustain a kind of global being.


Although Lovelock was not the first scientist to describe Earth as a living entity, the audacity, expansiveness, and eloquence of his vision provoked a tremendous outpouring of acclaim and derision. Lovelock published his first book on Gaia in 1979 amid a growing environmental movement. His ideas found an enthusiastic audience among the public, but they were not as warmly received by the scientific community. Throughout the next several decades, many scientists criticized and ridiculed the Gaia hypothesis. “I would prefer that the Gaia hypothesis be restricted to its natural habitat of station bookstalls, rather than polluting works of serious scholarship,” wrote the evolutionary biologist Graham Bell in one review. Robert May, future president of the Royal Society, declared Lovelock “a holy fool.” Microbiologist John Postgate was especially vehement: “Gaia—the Great Earth Mother! The planetary organism! Am I the only biologist to suffer a nasty twitch, a feeling of unreality, when the media invite me yet again to take it seriously?”


Over time, however, scientific opposition to Gaia waned. In his early writing, Lovelock occasionally granted Gaia too much agency, which encouraged the misperception that the living Earth was yearning for some optimal state. Yet the essence of the Gaia hypothesis—the idea that life transforms the planet and is integral to its self-regulating processes—was prescient. Although some researchers still recoil at the mention of Gaia, these truths have become tenets of modern Earth system science, a relatively young field that explicitly studies the living and nonliving components of the planet as an integrated whole.* As Earth system scientist Tim Lenton has written, he and his colleagues “now think in terms of the coupled evolution of life and the planet, recognizing that the evolution of life has shaped the planet, changes in the planetary environment have shaped life, and together they can be viewed as one process.”


Although the idea that Earth itself is a living entity remains controversial, some scientists embrace it and others are increasingly open to it. “There’s no question to me that our planet is alive,” says atmospheric scientist Colin Goldblatt. “To me, that is a plain statement of fact.” Astrobiologist David Grinspoon has written that Earth is not simply a planet with life on it, but rather a living planet. “Life is not something that happened on Earth but something that happened to Earth,” he says. “There is this feedback between the living and nonliving parts of the planet that make the planet very different from what it would otherwise be.” Even some of Gaia’s fiercest critics have changed their minds. “I’ve got a confession,” evolutionary biologist W. Ford Doolittle wrote in Aeon in 2020. “I’ve warmed to Gaia over the years. I was an early and vociferous objector to Lovelock and Margulis’s theory, but these days I’ve begun to suspect that they might have had a point.”


Those who bristle at the notion of a living planet will throw up the usual protestations: Earth cannot be alive because it does not eat, grow, reproduce, or evolve through natural selection like “real” living things. We should remember, however, that there has never been an objective measure nor a precise and universally accepted definition of life. Instead, textbooks typically offer a long list of qualities that presumably distinguish the animate from the inanimate. Yet the two cannot be categorically separated. There are numerous examples of things we consider inanimate that have traits of the living and vice versa. Fire, for example, grows as it consumes fuel, and crystals faithfully replicate their highly organized structures as they expand—but most people do not think of either as alive. Conversely, some organisms, such as brine shrimp and the microanimals called tardigrades, can enter a period of extreme dormancy during which they stop eating, growing, and changing in any way, but are still considered living creatures. Most scientists exclude viruses from the realm of the living because they cannot reproduce and evolve without hijacking cells, yet they do not hesitate to ascribe life to all the parasitic animals and plants that are equally incapable of surviving or multiplying without a host.


Life, then, is more spectral than categorical, more verb than noun. Life is not a distinct class of matter, nor a property of matter, but rather a process—a performance. Life is something matter does. Although science has not yet settled on a definition or fundamental explanation of life, many experts in the past century have favored a variation of the following: Life is a system that sustains itself.* Living systems use free energy to maintain an improbably high level of organization in a universe hurtling inescapably toward maximum entropy—toward complete dissolution. Theoretically, any system of matter with sufficient complexity and an adequate supply of energy can participate in the phenomenon we call life. We need to become more comfortable with the idea that life happens at many different scales: at the scale of the cell, the organism, the ecosystem, and—yes—the planet.


Like many living things, Earth absorbs, stores, and transforms energy. Earth has a body with organized structures, membranes, and daily rhythms. From the raw elements of our planet have emerged zillions of biological entities that ceaselessly devour, transfigure, and replenish its rock, water, and air. Such organisms do not simply reside on Earth—they are literal extensions of Earth. Moreover, organisms and their environments are inextricably bonded in reciprocal evolution, often converging upon self-stabilizing processes that favor mutual persistence. Collectively, these processes endow Earth with a kind of planetary physiology: with breath, metabolism, a regulated temperature, and a balanced chemistry. Earth is not a single organism, nor a product of standard Darwinian evolution, but it is nonetheless a genuine living entity—a vast interconnected living system. Earth is as alive as we are.


The scientific community’s initial reception of Lovelock’s hypothesis might have been less disparaging had he given it a different name. On the advice of his friend William Golding, author of Lord of the Flies, Lovelock named his global being after the Greek goddess Gaia, the personification of Earth, forever branding his ideas with the scientific taboo of anthropomorphism. Whether Lovelock intended it or not, his chosen namesake gave his hypothesis a maternal face and a certain mysticism, making it an easy target for critics with little tolerance for metaphor and hostility toward anything resembling religion or myth. As we reexamine and reanimate the concept of a living planet for the twenty-first century, perhaps we don’t need to appropriate old names or invent new monikers. Our planet is an extraordinary living entity that already has a well-known name. It is a creature called Earth.


As the largest and most complex form of life known to us, Earth is also the most difficult to comprehend. Purely mechanistic metaphors fail to capture the vitality and lushness of our planet. Analogies to animal bodies seem too narrow for a planet whose living matter is mostly plants and microbes. Perhaps there is no perfect metaphor, but in the course of writing this book, I have found one that is both useful and complementary to the concept of a living Earth: music.*


As Lynn Margulis wrote, the animate Earth “is an emergent property of interaction among organisms, the spherical planet on which they reside, and an energy source, the sun.” Music, too, is an emergent phenomenon: it cannot be reduced to notes on paper, the shape of an instrument, or the dexterous movements of a musician’s hands but instead arises from the interaction of all its constituent parts. When the right sequence of notes is played, when it is combined with other sequences in just the right way, we no longer hear mere sounds—we experience music. Likewise, the living entity we call Earth emerges from a highly complex set of interactions: the mutual transformation of organisms and their environments.


For the first half billion years of its existence, the planet was a purely geological construct. As the first living creatures adapted to the planet’s primordial features and rhythms, they began to play upon them, too, each changing the other. Since then, biology and geology, the animate and inanimate, have been locked in a perpetual and increasingly elaborate duet. Over the eons, despite perennial tumult, Earth and its life forms discovered profound harmonies: they regulated global climate, calibrated the chemistry of the atmosphere and ocean, and kept water, air, and vital nutrients cycling through the planet’s many layers. Erupting megavolcanoes, asteroid strikes, shriveling seas, and other unimaginable catastrophes have ravaged the planet many times, overwhelming long-established rhythms with pandemonium. Yet our living planet has consistently demonstrated an astonishing resilience—an ability to revive itself in the wake of devastating calamities and find new forms of ecological consonance.


When we learn to see our species as part of a much larger life form—as members of a planetary ensemble—our responsibility to Earth becomes clearer than ever. Human activity has not simply raised global temperature or “harmed the environment”—it has severely imbalanced the largest living creature known to us, pushing it into a state of crisis. The speed and magnitude of this crisis are so great that, if we do not intervene, Earth will require anywhere from thousands to millions of years to fully recover on its own. In the process, it will become a world unlike any we have known—a world incapable of supporting modern human civilization and the ecosystems on which we currently depend.


Our species is unique in its ability to study the Earth system as a whole and deliberately alter it. But it would be hubris to try and control such an immensely complicated system in its entirety. Instead, we must simultaneously acknowledge our disproportionate influence on the planet and accept the limitations of our abilities. The most essential undertaking is clear: in order to avert the worst possible outcomes of the climate crisis, wealthy industrial and postindustrial nations must lead a global effort to rapidly replace fossil fuels with clean and renewable energy. Earth system science underscores the importance of a complementary approach. Our living planet has evolved many ways to store carbon and regulate climate. Over the past few centuries, the ocean and continents, and the ecosystems within them, have absorbed and sequestered much of humanity’s greenhouse gas emissions. By protecting and restoring Earth’s forests, grasslands, and wetlands—its undersea meadows, abyssal plains, and reefs—we can amplify their planet-stabilizing processes and preserve ecological synchronies that have developed over eons.


Becoming Earth is an exploration of how life has transformed the planet, a meditation on what it means to say that Earth itself is alive, and a celebration of the wondrous ecology that sustains our world. It’s a book about how the planet became Earth as we’ve known it, how it is rapidly becoming a very different world, and how we—we who are alive at this crucial moment in the planet’s history—will ultimately help determine what kind of Earth our descendants inherit for millennia to come. The book’s three sections—Rock, Water, and Air—mirror the planet’s three main elemental components and its three major spheres—the lithosphere, the hydrosphere, and the atmosphere. Their order further reflects their relative abundance: by mass, Earth contains vastly more rock than water and significantly more water than air. Each section has three chapters, the first of which examines how microbes, Earth’s earliest and smallest organisms, altered that layer of the planet. The second chapter in each section focuses on key transformations wrought by succeeding waves of larger, more complex life forms—fungi, plants, and animals—and how those changes depended on the ones that came before. The third reviews how our species has rapidly changed Earth in relatively recent history and investigates how best to reform our relationship with the planet.


We’ll begin our journey deep within the crust and work our way out, roaming the continents, immersing ourselves in the planet’s liquid expanse, and finally reaching the most ethereal of the three spheres, the envelope of air extending more than six thousand miles above us. Along the way, we’ll swim through underwater forests, visit an experimental nature park where animals are reconstructing the landscape, and climb to an observatory halfway between the treetops and clouds. We’ll meet a diverse cast of fascinating characters—scientists, artists, and inventors; firefighters, spelunkers, and beachcombers—many of whom have dedicated their lives to studying and protecting our living home. We’ll travel back in time to some of the most formative events in Earth’s tumultuous 4.54-billion-year history and imagine its many possible futures. And we will learn to recognize life’s imprint on every part of the planet today, from the heart of the Amazon rainforest to the soil in your backyard.
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CHAPTER
1


INTRATERRESTRIALS


___


EARTH’S SKIN IS FULL OF PORES, AND EVERY PORE IS A PORTAL TO AN inner world. Some are large enough only for an insect; others could easily accommodate an elephant. Some lead only to minor caves or shallow crevices, whereas others extend into the unexplored recesses of Earth’s rocky interior. Any human attempting to journey toward the center of our planet requires a very particular type of passageway: one that is wide enough, yes, but also extremely deep, stable along its entire depth—and ideally equipped with an elevator.


One such portal sits in the middle of North America. About half a mile wide, the furrowed pit spirals 1,250 feet into the ground, exposing a marbled mosaic of young and ancient rock: gray bands of basalt, milky veins of quartz, pale columns of rhyolite, and shimmering constellations of gold. Beneath the pit, some 370 miles of tunnels twist through solid rock, extending more than 1.5 miles below the surface. For 126 years, this site in Lead, South Dakota, housed the biggest, deepest, and most productive gold mine in North America. By the time it ceased operations in the early 2000s, the Homestake Mine had produced more than two million pounds of gold.


In 2006, the Barrick Gold Corporation donated the mine to the state of South Dakota, which ultimately converted it into the largest subterranean laboratory in the United States, the Sanford Underground Research Facility. After mining ceased, the tunnels began to flood. Although the lowest half of the facility remains waterlogged, it is still possible to descend nearly a mile underground. Most of the scientists who do so are physicists conducting highly sensitive experiments that must be shielded from interfering cosmic rays. While the physicists slip into bunny suits and seal themselves in polished laboratories equipped with dark matter detectors, biologists who venture into the underground labyrinth tend to seek out its dankest and dirtiest corners—places where obscure creatures extrude metal and transfigure rock.


On a bitingly cold December morning, I followed three young scientists and a group of Sanford employees into “The Cage”—the bare metal elevator that would take us 4,850 feet into Earth’s crust. We wore neon vests, steel-toed boots, hard hats, and, strapped to our belts, personal respirators, which would protect us from carbon monoxide in the event of a fire or explosion. The Cage descended swiftly and surprisingly smoothly, its spare frame revealing glimpses of the mine’s many levels. Our idle chatter and laughter were just audible over the din of unspooling cables and whooshing air. After a controlled plummet of about ten minutes, we reached the bottom of the facility.


Our two guides, both former miners, directed us into a pair of small linked rail cars and drove us through a series of narrow tunnels. The cars jostled forward with a sound like the rattling of heavy metal chains as the thin beams of our headlamps illuminated curving walls of dark stone threaded with quartz and specked with silver. Beneath us, I saw flashes of old railing, shallow stands of water, and rocky debris. Although I knew we were deep underground, the tunnels acted like blinders, restricting my perspective to a narrow chute of rock. Glancing at the tunnel’s ceiling, I wondered what it would feel like to see the full extent of the planet’s crust above us—a pile of rock more than three times as tall as the Empire State Building. Would our depth become palpable the way height does when you peer over the edge of a cliff? Sensing the onset of inverse vertigo, I quickly shifted my gaze straight ahead.


Within twenty minutes, we had traded the relatively cool and well-ventilated region near The Cage for an increasingly hot and muggy corridor. Whereas the surface world was snowy and well below freezing, a mile down—much closer to Earth’s geothermal heart—it was about 90°F with nearly 100 percent humidity. Heat seemed to pulse through the rock surrounding us, the air became thick and cloying, and the smell of brimstone seeped into our nostrils. It felt as though we had entered hell’s foyer.


The rail cars stopped. We stepped out and walked a short distance to a large plastic spigot protruding from the rock. A pearly stream of water trickled from the wall near the faucet’s base, forming rivulets and pools. Hydrogen sulfide wafted from the water—the source of the chamber’s odor. Kneeling, I realized that the water was teeming with a stringy white material similar to the skin of a poached egg. Caitlin Casar, a geobiologist, explained that the white fibers were microbes in the genus Thiothrix, which join together in long filaments and store sulfur in their cells, giving them a ghostly hue. Here we were, deep within Earth’s crust—a place where, without human intervention, there would be no light and little oxygen—yet life was literally gushing from rock. This particular ecological hot spot had earned the nickname “Thiothrix Falls.”


As I gingerly probed the strands of microbes with a pen, biogeochemist Brittany Kruger opened one of several valves on the spigot before us and began conducting various tests on the discharged fluid. By simply dribbling some of the water into a blue handheld device, reminiscent of a Star Trek tricorder, Kruger measured its pH, temperature, and dissolved solids. She clamped filters with extremely tiny pores onto some of the valves to collect any microorganisms drifting through the water. Meanwhile, Casar and environmental engineer Fabrizio Sabba examined a series of rock-filled cartridges that had been hooked up to the spigot. Back at the lab, they would analyze the contents to see if any microbes had flowed into the tubes and survived within them, despite the complete darkness, the lack of nutrients, and the absence of a breathable atmosphere.


On a different level of the mine, we sloshed through mud and shin-high water, stepping carefully to avoid tripping on submerged rails and stray stones. Here and there, delicate white crystals ornamented the ground and walls—most likely gypsum or calcite, the scientists told me. When our headlamps caught the tunnels of pitch-black rock at the right angle, the crystals shimmered like stars. After another twenty-minute journey, this time on foot, we reached another large spigot jutting out from the rock. Only half a mile underground, and better ventilated, this alcove was much cooler than the last. The rock around the faucet was mired in what looked like wet clay, which varied in color from pale salmon to brick red. This, too, Casar explained, was the work of microbes, in this case a genus known as Gallionella, which thrives in iron-rich waters and excretes twisted metal spires. At Casar’s request, I filled a jug with fracture water from the faucet, scooped microbe-rich mud into plastic tubes, and stored them in coolers, where they would await future analysis.


Kruger and Casar have visited the former Homestake Mine at least twice a year for many years. Every time they return, they encounter enigmatic microbes that have never been successfully grown in a laboratory and species that have not yet been named. Their studies are part of a collaborative effort co-led by Magdalena Osburn, a professor at Northwestern University and a prominent member of the relatively new field known as geomicrobiology.


Osburn and her colleagues have shown that, contrary to long-held assumptions, Earth’s interior is not barren. In fact, the majority of the planet’s microbes—perhaps more than 90 percent—may live deep underground. These intraterrestrial microbes tend to be quite different from their counterparts on the surface. They are ancient and slow, reproducing infrequently and possibly living for millions of years. They often acquire energy in unusual ways, breathing rock instead of oxygen. And they seem capable of weathering geological cataclysms that would annihilate most creatures. Like the many tiny organisms in the ocean and atmosphere, the unique microbes within Earth’s crust do not simply inhabit their surroundings—they transform them. Subsurface microbes carve vast caverns, concentrate minerals and precious metals, and regulate the global cycling of carbon and nutrients. Microbes may even have helped construct the continents, literally laying the groundwork for all other terrestrial life.


The story of the living rock we call Earth is a story of perpetual metamorphosis. The world our species has known is only one of the planet’s successive and often radically distinct identities. Many of Earth’s previous permutations would have been inhospitable and largely unrecognizable not only to humans but to any creature apart from a primordial microbe.


When Earth first formed, it was a seething ball of molten rock, likely too small, hot, and volatile to hold on to liquid water or maintain an atmosphere for long. Whatever incipient atmosphere might have existed was probably obliterated about 4.5 billion years ago in an unfathomably violent collision between Earth and one of its smaller sibling planets. The impact resulted in a massive field of rocky debris, some of which eventually coalesced into the Moon. Over the next 100 million years, Earth’s molten surface cooled and formed a crust, expelling steam and other gases, including carbon dioxide, nitrogen, methane, and ammonia. Ongoing volcanic activity thickened this gaseous cloak. A continual barrage of asteroids and meteorites delivered more water vapor, carbon dioxide, and nitrogen on impact.


Together, all the gases released from the planet’s interior and supplied by hurtling space rocks created a new atmosphere. Immense volumes of water vapor condensed into clouds and poured back to the surface in heavy rains that may have lasted for millennia. By four billion years ago, if not earlier, the liquid water accumulating on the nascent crust had become a shallow global ocean pockmarked by volcanic islands, which gradually grew into the first landmasses.


Like so much in Earth’s earliest history, exactly where and when the planet first stirred to life is not definitively known. At some point not long after our planet’s genesis, in some warm, wet pocket with the right chemistry and an adequate flow of free energy—a hot spring, an impact crater, a hydrothermal vent on the ocean floor—bits of Earth rearranged themselves into the first self-replicating entities, which eventually evolved into cells. Evidence from the fossil record and chemical analysis of the oldest rocks ever discovered indicate that microbial life existed at least 3.5 billion years ago and possibly as far back as 4.2 billion years ago.


Among all living creatures, the peculiar microbes that dwell deep within the planet’s crust today may most closely resemble some of the earliest single-celled organisms that ever existed. Collectively, these subsurface microbes comprise an estimated 10 to 20 percent of the biomass—all the living matter—on Earth. Yet until the mid-twentieth century, most scientists did not think subterranean life of any kind was plausible below a few meters.


Humans undoubtedly began to encounter the shallowest and most conspicuous forms of underground life as soon as they began to explore and inhabit caves, but the oldest surviving reports of such encounters date only to the 1600s. In 1684, while traveling throughout central Slovenia, naturalist Janez Vajkard Valvasor investigated rumors of a mysterious spring near Ljubljana, beneath which a dragon was thought to live. Locals believed the dragon forced water to the surface every time it shifted its body. After heavy rains, they explained, they sometimes found baby dragons washed up on rocks nearby—slender and sinuous with blunted snouts, frilled throats, and nearly translucent pink skin. Based on these reports, Valvasor described the animals as “akin to a lizard, in short, a worm and vermin of which there are many hereabouts.” It was not for another century that naturalists formally identified the creatures as aquatic salamanders that lived exclusively underground in water flowing through limestone caves. They are now known as olms.


In 1793, Alexander von Humboldt published one of his earliest scientific studies: a monograph on fungi, moss, and algae that eked out a living in mines near Saxony, Germany. Nearly four decades later, in September 1831, cave guide and lamplighter Luka Čeč found a tiny copper beetle, less than a third of an inch long, scuttling through caves in southwestern Slovenia. It was somewhat antlike in appearance, with a bulbous abdomen, narrow head, and spindly legs. Upon closer examination, entomologist Ferdinand Schmidt determined that the beetle was a previously unknown species that had adapted to life underground: it had no wings or eyes, instead navigating its surroundings with its long, bristled antennae. The news of this discovery initiated a flurry of scientific exploration. Between 1832 and 1884, naturalists documented numerous cave-dwelling species new to science, including various crickets, pseudoscorpions, woodlice, spiders, millipedes, centipedes, and snails.


In the early twentieth century, scientists started to get glimpses of the true abundance of life deep underground. Around 1910, while trying to determine the source of methane gas in mines, German microbiologists isolated bacteria from coal samples collected 3,600 feet below the surface. In 1911, the Russian scientist V. L. Omelianski discovered viable bacteria preserved in permafrost alongside an unearthed mammoth. Not long after, UC Berkeley soil microbiologist Charles B. Lipman reported that he had revived ancient bacterial spores trapped in chunks of coal obtained from a Pennsylvania mine.


Although tantalizing, these early studies did not persuade most scientists that microbes were prevalent in the deep crust because of the possibility that surface microbes had contaminated the samples. Over the next few decades, however, researchers continued to find microbes in rock and water obtained from mines and drill sites in Asia, Europe, and the Americas. Soviet biologists even started using the term “geological microbiology.” By the 1980s, attitudes in the scientific community had started to shift. Studies of aquifers—underground reservoirs of water embedded in rock—indicated that bacteria populated groundwater and changed its chemistry, even thousands of feet below the surface. The United States Department of Energy launched a Subsurface Science Program to monitor groundwater contamination and investigate whether microbes could help filter any pollutants. Program manager Frank J. Wobber and his colleagues developed more rigorous methods for preventing the accidental introduction of surface microbes, such as disinfecting drill bits and rock cores and tracking the movement of fluids through the crust to make sure surface water was not mingling with their samples.


Ultimately, the results of this research and similar studies confirmed that, if anything, early proponents of a subterranean biosphere had been too conservative in their estimates. Wherever scientists looked—within the continental crust, beneath the seafloor, under Antarctic ice—they found unique communities of microbes collectively containing thousands of unidentified species. Sometimes, microbes were clearly present but diffuse: in certain pockets of the crust, there appeared to be as few as one microbe per cubic centimeter, equivalent to a country with only one person every four hundred miles. The underworld was real, but its inhabitants were much smaller and stranger than anyone had imagined.


In the 1990s, Cornell astrophysicist Thomas Gold published a series of provocative claims about the microbial underland. Gold proposed that microorganisms permeated the entire subsurface, living in fluid-filled pores between the grains in rocks, sustaining themselves not with light and oxygen but primarily with methane, hydrogen, and metals. Although scientists had not yet found microbes further than 1.86 miles underground, Gold suspected that they lived even deeper—up to 6.2 miles—and that the biomass within the crust was at least equal to, if not greater than, that on the surface. He further suggested that all life on Earth, or at least some branches of it, may have originated in the planet’s interior; that other planets and moons might also harbor subterranean ecosystems; and that deep-dwelling microbes, protected from surface vicissitudes, were likely the most common form of life throughout the cosmos.


By the early 2000s, motivated in part by Gold’s vision, scientists had started negotiating new ways to plunge even farther into Earth’s crust. Mines were particularly promising because they provided access to the remote subsurface without requiring much additional drilling or infrastructure. Tullis Onstott, a professor of geosciences at Princeton University, and his colleagues traveled to ultra-deep gold mines in South Africa and retrieved samples of groundwater from nearly two miles underground. Within some of the deepest samples, they found a single species: a baguette-shaped bacterium with a whiplike tail that endured temperatures up to 140°F and acquired energy from the chemical byproducts of radioactively decaying uranium embedded in its sunless home.


Onstott and his colleagues decided to name the microbe Desulforudis audaxviator after a passage in Jules Verne’s Journey to the Center of the Earth, which reads “descende, Audax viator, et terrestre centrum attinges”—descend, bold traveler, and you will attain the center of the Earth. The water in which D. audaxviator was discovered had not been disturbed for tens of millions of years at a minimum, suggesting that a population of these daring microbial terranauts may have sustained itself for at least as long. “We do not normally think of rock as harboring life,” Onstott writes in his book Deep Life. “I am a geologist by training, and like most geologists, I too have viewed rocks as inanimate entities.” But now, he continues, as a geomicrobiologist, he sees all rocks as little worlds unto themselves, composed of microorganisms, “some of which may have been living in the rock since its formation hundreds of millions of years ago.”


Some communities of subsurface microbes may be even older. The Kidd Creek Mine in Ontario, Canada, is one of the largest and deepest mines in the world: extending about 1.86 miles belowground, it contains rich veins of copper, silver, and zinc that formed nearly three billion years ago on the ocean floor. In 2013, University of Toronto geologist Barbara Sherwood Lollar published a study demonstrating that some parcels of water in the Kidd Creek Mine have been untouched and isolated from the surface for more than a billion years—the oldest water ever discovered on Earth. Transparent when first collected, the iron-rich water tinges a pale orange when exposed to oxygen; it has the consistency of light maple syrup, contains at least twice as much salt as modern seawater, and, in Sherwood Lollar’s judgment, “tastes terrible.” In 2019, Sherwood Lollar, Magdalena Osburn, and several colleagues confirmed that, just like much younger fluids circulating through the pores and fissures in rock a few thousand feet below the surface, the billion-year-old water miles deep in Kidd Creek Mine is also populated by microorganisms. Like many deep Earth microbes, they too depend on the molecular byproducts of radiation-powered chemical reactions between rock and water. Whether some of these microbes are themselves an eon old is not yet known, but it is plausible.


“This research really is a form of exploration,” Sherwood Lollar says. “Some of the findings are causing us to rewrite the textbooks about how this planet works. They are changing our understanding of Earth’s habitability. We don’t know where life originated. We don’t know if life arose on the surface and went down, or whether life emerged below and went up. There’s a tendency to think about Darwin’s warm little pond, but, as my colleague T. C. Onstott likes to say, it could just as easily have been some warm little fracture.”


Even close to two miles deep in Earth’s bowels, there is more than microbial life. Scientists have found fungi, flatworms, arthropods, and microscopic aquatic animals known as rotifers living in South African gold mines between 0.62 and 1.86 miles below the surface. In December 2008, Onstott’s colleague Gaëtan Borgonie, a Belgian zoologist, made a discovery uncannily reminiscent of the “vermin” Valvasor described in the seventeenth century. About 0.8 miles deep in Beatrix Gold Mine, near the town of Welkom, South Africa, he collected a nematode—a tiny roundworm—from filtered borehole water. At low magnification, it looked like nothing more than a squirming noodle half a millimeter long, about five hundred times larger than a bacterium. Under a powerful scanning electron microscope, it resembled a plump leech whose face was wreathed with mouth plates and sensory buds.


In the lab, Borgonie found that the nematode favored a diet of subsurface microbes over more typical roundworm fare. Eventually, it produced twelve eggs, all of which hatched and established a new population. Although the nematode’s ancestors had almost certainly washed down into the subsurface with rain, rather than originating there, it was clearly adapted to subterranean life. Borgonie, Onstott, and their colleague Derek Litthauer named the new species Halicephalobus mephisto after Mephistopheles, the Devil’s delegate in the legend of Faust. It remains one of the most astonishing discoveries in the history of biology. Finding a multicellular animal of that size and complexity living in a trickle of water so deep within the planet’s crust was, Onstott said, like “finding Moby Dick swimming around in Lake Ontario.”


Magdalena Osburn’s shelves are full of rocks, and every rock is the fossil of a story. When we met in her office at Northwestern University, she showed me the Hawaiian basalt she had scooped up with a stick when it was still flowing lava; the giant quartz crystal she had pulled out of a fracture on a trip to Hot Springs, Arkansas; and the pyrrhotite she had surreptitiously stuffed down her overalls while touring a mine in Canada. Near her desk she kept a rippled segment of a 580-million-year-old microbial mat and a milky blue mineral known as smithsonite, which was mined in Magdalena, New Mexico, her namesake. In a different corner of her office, she handed me an orange rock with the texture of sesame brittle. “Those are ooids,” she said. “They’re like tiny marine gobstoppers of carbonate. If you go to the Bahamas and play around in the shoals, those are largely ooids.” She picked up a large gray chunk of amphibolite: “This rock tried to kill me. I was in a rock fall at a field camp when I was an undergrad. This rock actually went through my tent.” “So it just missed you?” I asked. “Well, I was running like hell in the other direction,” she explained. “And when I got back to my tent, this rock was there. So that’s the death rock.”


Rocks and the stories they tell have been an important part of Osburn’s life since childhood. Her father was a laboratory administrator in the Department of Earth and Planetary Sciences at Washington University in St. Louis. She often joined him on university field trips to see bluffs, gorges, billion-year-old lava rock, massive boulders deposited by glaciers, and other geological features of Missouri. “It would always be a bunch of Wash U. students and then me as a seven-year-old or something,” she recalled. “And I was always the one that was too close to the cliff, or too high up the cliff, or with my head hanging off.” On one occasion she slashed her hand open on a rock and started gushing blood. As the college students gaped in horror, she sauntered up to her father and casually requested a bandage.


Many of Osburn’s formative experiences with scientific research focused on the intersection of geology and microbiology. As an undergrad at Washington University, she studied hot springs and shallow hydrothermal vents, both sites where certain heat-loving bacteria thrive. At the California Institute of Technology, her graduate thesis combined studies of ancient rock with innovative analyses of the chemical signatures that modern microbes leave in their environment, ultimately working toward a new understanding of how microbes have changed Earth throughout its history.


While completing a postdoc at the University of Southern California, Osburn became one of the lead investigators on a NASA-funded study of subsurface life and visited the former Homestake Mine for the first time. In the past, miners searching for high-quality ore had drilled exploratory boreholes, some of which tapped into underground reservoirs of water. After removing the cores for analysis, miners had plugged the holes with concrete, although some of them continued to leak. When Osburn’s team discovered that several of these leaky conduits contained microbes, they arranged for the miners to clear out the boreholes with a diamond-bladed industrial drill. They then replaced the concrete with plastic tubes fitted with valves so that they could periodically return and collect new samples, establishing a functional underground observatory.


After admiring the rock collection in her office, Osburn and I walked over to her microbiology lab, where she stores water, sediment, and microbes collected from various research sites. Osburn and Caitlin Casar prepared several microscope slides, smearing some mine water across the glass. Osburn removed her tortoiseshell glasses and tucked her wavy brown hair out of the way before situating herself in front of the microscope and adjusting various knobs to get a clear view. “Here we are looking at some Gallionella with twisty, twisty stalks,” she said. At about 1000x magnification, the microbes looked like daubs of orange marmalade and caviar. On the computer screen linked to the scope it was easier to see the stalks Osburn had referenced: contorted filaments of iron, some like warped corkscrews, others like loosely braided twist ties—byproducts of the microbes’ unique metabolism. A few minutes later we switched to looking at Thiothrix, which resembled white baubles tangled in yellow tinsel. We could see the bright dots of sulfur compounds that the microbes had sequestered within their cells when they converted the element from one molecular state to another.


I thought I saw something moving and asked what it might be. “This is a pretty old sample of biofilm,” Osburn said, “so I doubt there’s much—Oh!” A minuscule dot twitched across the screen like a jumping bean. “Just as I said it was dead, there’s a happy little cell.” The sample we were examining had been collected several years earlier and, as it was never intended for culturing cells, it had not received any special care. Yet, somehow, this drop of rock and water—this dribble from Earth’s deepest veins—was still pulsing with life.


For hundreds of years, Lechuguilla Cave appeared to be little more than a long hole leading to dead-end passages in the Guadalupe Mountains of New Mexico. Explorers occasionally ventured into the pit. Prospectors routinely visited to collect bat guano, which was prized as a fertilizer. Otherwise, no one paid it much attention. One blustery day in the 1950s, however, cavers noticed air streaming through rubble at the bottom of the cave, suggesting that there might be a hidden section. A series of excavations in the 1970s and ’80s uncovered several long passageways. Subsequent explorations eventually revealed more than 145 miles of underground terrain extending more than 1,600 feet below the surface. The tunnels and chambers were decorated with strange and beautiful formations: massive chandeliers of frostlike gypsum, lemon-yellow sulfur pods, pearly balloons of hydromagnesite, transparent selenite spears, and calcite lily pads hovering over turquoise pools.


In the early 1990s, microbiologist Penny Boston watched a National Geographic TV special that mentioned Lechuguilla. She was fascinated by the prospect of a pristine subterranean wonderland. One of the researchers featured on the show, Kim Cunningham, had found some preliminary evidence of microbial life in the cave. Boston, who was particularly interested in the possibility of life beyond Earth, saw Lechuguilla as an analog for potential subsurface habitats on other planets. She called Cunningham and arranged to visit the cave with a team of scientists and cavers.


Boston and the other scientists, who did not have much caving experience, practiced for a few hours on cliffs in Boulder, Colorado, before taking the plunge into Lechuguilla. The brief training was nowhere near adequate. Lechuguilla is not a simple series of interconnected rooms that one can walk through; it’s a tangle of crystal labyrinths embedded in a tortuous maze of rock. To navigate it, Boston and her colleagues had to rappel down steep cliffs, climb over slippery towers of gypsum, traverse narrow ledges of rock, and squirm through stone honeycombs—all while towing their cumbersome gear. “We were in such an alien environment that we were just basically coping,” Boston recalls. “I kept thinking to myself, I just have to live long enough to get out of here.”


They did survive, but not without injuries. At one point, Boston sprained her ankle. While shimmying across a crevasse, she gouged her shin, which caused her leg and foot to swell. She pressed on. Not long before leaving the cave, she spied some curious rust-colored fluff coating a low-hanging portion of the ceiling. She was preparing to scrape some of the fluff into a bag when a smidgen fell into her eye, which soon swelled shut as though it were infected. Perhaps, she thought, the brown fuzz was made by microbes; perhaps it was made of microbes. Laboratory studies eventually confirmed her hunch: the cave was covered in microorganisms that chewed through rock, extracting iron and manganese for energy and leaving behind a soft mineral residue. Microbes were turning rock into soil more than one thousand feet underground.


Eventually, through many years of research, Boston and other scientists—including Diana Northup, Carol Hill, and Jennifer Macalady—revealed that the microbes in Lechuguilla do much more than spit out a little dirt. Lechuguilla is ensconced in thick layers of limestone, the petrified remains of a 250-million-year-old reef. The manifold chambers in such caves are usually formed by rainwater that seeps into the ground and gradually dissolves the limestone. In Lechuguilla, however, microbes are the sculptors: bacteria eating buried reserves of oil release hydrogen sulfide gas, which reacts with oxygen in groundwater, producing sulfuric acid that carves away limestone. In parallel, different microbes consume hydrogen sulfide and generate sulfuric acid as a byproduct. Similar processes happen in 5 to 10 percent of limestone caverns globally. Although such caves could form from the purely geological production of acids and gases, microbes amplify the process, allowing the chambers to grow much larger much faster.


Since Boston’s initial descent into Lechuguilla, scientists around the world have discovered that microorganisms transform the planet’s crust wherever they inhabit it—which is to say, just about everywhere. Alexis Templeton, a geomicrobiologist at the University of Colorado, Boulder, regularly visits a barren mountain valley in Oman where tectonic activity has pushed sections of the earth’s mantle—the layer that sits below the crust—much closer to the surface. She and her colleagues drill a borehole up to a quarter of a mile into the uplifted mantle and extract long cylinders of 80-million-year-old rock, some of which are beautifully marbled in striking shades of maroon and green. In laboratory studies, Templeton has demonstrated that these samples are full of bacteria that change the composition of Earth’s crust: they eat hydrogen and breathe sulfates in the rock, exhale hydrogen sulfide, and create new deposits of sulfide minerals similar to pyrite, also known as fool’s gold.


Through related processes, microbes have helped form some of Earth’s deposits of gold, silver, iron, copper, lead, and zinc, among other metals. As subsurface microbes break down rock, they often free the metals stuck within it. Some of the chemicals microbes release, such as hydrogen sulfide, combine with free-floating metals, forming new solid compounds. Other molecules produced by microbes grab soluble metals and bind them together. Some microbes stockpile metal inside their cells or grow a crust of microscopic metal flakes that continuously attracts even more metal, potentially forming a substantial deposit over long periods of time.


Life, in particular microbial life, has also forged the majority of Earth’s minerals, which are naturally occurring inorganic solid compounds with highly organized atomic structures—or, to put it more plainly, very elegant rocks. Like living organisms, minerals are classified into families and species. Today, Earth has at least five thousand distinct mineral species, most of which are crystals such as diamond, quartz, topaz, graphite, and calcite. In its infancy, however, Earth did not have much mineral diversity. Over time, the continuous crumbling, melting, and resolidifying of the planet’s early crust shifted and concentrated uncommon elements. Life began to break apart rock and recycle elements, generating entirely new chemical processes of mineralization. More than half of all minerals on the planet can occur only in a high-oxygen environment, which did not exist before microbes, algae, and plants oxygenated the ocean and atmosphere.


Through the combination of tectonic activity and the ceaseless bustle of life, Earth developed a mineral repertoire unmatched by any other known planetary body. Comparatively, the Moon, Mercury, and Mars are minerally impoverished, with perhaps a few hundred mineral species between them at most. The variety of minerals on Earth depends not merely on the existence of life but also on its idiosyncrasies. Robert Hazen, an Earth scientist at the Carnegie Institution, and statistician Grethe Hystad have calculated that the chance of two planets having an identical set of mineral species is 1 in 10322. Given that there are only an estimated 1025 Earthlike planets in the cosmos, there is almost certainly no other planet with Earth’s exact complement of minerals. “The realization that Earth’s mineral evolution depends so directly on biological evolution is somewhat shocking,” writes Hazen. “It represents a fundamental shift from the viewpoint of a few decades ago, when my mineralogy PhD adviser told me, ‘Don’t take a biology course. You’ll never use it!’”


The microbial modification of the crust is not restricted to land—it happens within and beneath the seafloor, too. In some regions, microbes in the ocean crust convert sulfur into sulfate; because sulfate is water-soluble, it dissolves into the sea and becomes an accessible nutrient for other creatures. Marine sediments contain one of the largest reservoirs of methane on the planet, 80 percent of which is produced by microbes. Were all that methane to rise into the atmosphere, it would significantly thicken Earth’s invisible blanket of heat-trapping greenhouse gases and greatly intensify global warming. But another set of microbes recycles 90 percent of the methane rising through seafloor sediments before it reaches the surface, constituting “one of the most important controls on greenhouse gas emission and climate on Earth,” as one group of experts on deep ocean microbiology has called it.


The continents themselves may also be partial constructs of microbial terraforming. No one knows precisely how the continents were born, but a widely supported theory proposes that continental crust is a distillation of oceanic crust. The continents are made of granite, which, as far as we know, is abundant only on Earth—it has rarely been found anywhere else in the universe. In contrast, oceanic crust is composed of basalt, a cosmically common rock. Basalt is dark, dense, and rich in magnesium and iron, a particularly heavy metal. More than four billion years ago, as Earth’s earliest ocean crust aged and cooled, it eventually became heavier than the mantle on which it floated and started to sink—a process called subduction. During its descent into the mantle, ocean crust and its overlying sedimentary layer released the water trapped within them, which lowered the melting point of the surrounding mantle. Certain components of the mantle began to melt into buoyant magma, which eventually erupted from volcanoes and cooled into new rock.


This process continues today. In Earth’s earliest chapters, however, the mantle was significantly hotter than it is now; in addition to squeezing water out of sinking ocean crust, the mantle melted the crust itself. When this hybrid magma rose to the surface, it cooled into a new kind of rock—granitoid rock—which was largely depleted of magnesium and iron and thus was much less dense than basalt. Over time, granitoid rock was subducted and recycled into true granite. Because granite was less dense than basalt, it accumulated on top of the ocean crust, forming thick patches of early continental crust that gradually breached the water’s surface. Later, with the emergence of plate tectonics, protocontinents coalesced into microcontinents and eventually formed immense tracts of land high above sea level. By about 2.5 billion years ago, nearly a third of the planet’s surface was land, a proportion that has fluctuated throughout Earth history with the rising and falling of the seas.


Several Earth scientists, including Robert Hazen and his colleagues, have investigated the possibility that life helped create the continents by promoting the subduction of oceanic crust and sediments and their transformation into granite. The more water the crust and sediments contain, the more easily this process occurs. When Earth was young, microbes inhabiting the ocean crust probably dissolved the basalt with acids and enzymes in order to obtain energy and nutrients, producing wet clay minerals as byproducts and thereby effectively lubricating the crust. A more hydrated crust would have introduced more water into the mantle, accelerating the dissolution of both mantle and crust and their eventual transfiguration into new land.


Geophysicists Dennis Höning and Tilman Spohn have published similar ideas. They point out that water trapped in subducting sediments escapes first, whereas water in the crust is typically expelled at greater depths. The thicker the sedimentary layer covering the crust, the more water makes it into the deep mantle, which ultimately enhances the production of granite. In Earth’s earliest eons, microorganisms—and, later, fungi and plants—continuously dissolved and degraded rock at a rate much greater than geological processes could accomplish on their own. In doing so, they would have increased the amount of sediment deposited in deep ocean trenches, thereby cloaking subducting plates of ocean crust in thicker protective layers, flushing more water into the mantle, and ultimately contributing to the creation of new land. Computer models suggest that had life never evolved, the expansion of the continents would have been severely stunted and the planet might have remained a water world flecked with islands—an Earth without much earth.


About seventy miles south of the former Homestake Mine, in a bed of limestone surrounded by rolling prairie, there’s a hole in the shape of a heart. Sometimes you can hear it sighing. In English, it’s known as Wind Cave. To the Lakota, it is Maka Oniye—“breathing earth”—and it is sacred. The Lakota regard the Black Hills, the ancient mountainous terrain encompassing the mine and cave, as the womb of Mother Earth. The region is at the center of an ongoing legal dispute with the U.S. government. The 1868 Treaty of Fort Laramie formally established the Lakota as the owners of the Black Hills and protected the area from white settlement. In the 1870s, however, when soldiers and prospectors confirmed rumors of gold in various parts of the Black Hills, the U.S. government revoked the earlier treaty and seized the land.


As the Lakota tell it, Maka Oniye conceals a portal that links the spirit world to the surface of Earth. Long ago, their ancestors lived in the spirit lodge, waiting for the Creator to make the surface habitable. In some versions of the story, a duplicitous spirit lures a group of people through the portal to the surface before it is ready. As punishment, the Creator transforms them into the first bison. Once plants and animals are abundant aboveground, the rest of the people in the spirit land emerge and thrive.


Underground realms are prevalent in religion and literature around the world: the Greek Hades, Hindu Patala, Inuit Adlivun, Aztec Mictlan, and Christian hell; the thousands of legends, folktales, and novels about primeval landscapes, fantastical beasts, magical beings, and advanced civilizations hidden far beneath the surface. In the Americas, origin stories known as earth-diver myths are particularly common. In these myths, a creator, hero, or council of beings asks various animals—beavers, birds, crustaceans—to plunge into primordial waters and retrieve a bit of mud or dirt from which to construct the continents. “The earth was all water,” begins one such tale from the Eufaula people of southeastern North America. “Men, animals, and all insects and created beings met and agreed to adopt some plan to enable them to inhabit the earth. They understood that beneath the water there was earth, and the problem to be solved was how to get the earth to the top and spread it that it might become habitable.”


Even millions of years ago, early humans must have realized that there was as much to explore below the ground as above. Earth betrays its underland in myriad ways. An old oak tumbles, tipping its buried branches—its secret mirror image—into the air. Someone slips in a limestone cave, falling into a hidden passageway. The ground trembles, ripples, and fractures, opening a depthless trench. That life depends on, and often arises from, the underworld would have been apparent long ago, too. Seedlings suspend themselves in soil, lifting bowed heads toward the sun as they thrust roots ever deeper. Mushrooms materialize from dirt overnight, then collapse back into it almost as quickly. Beetles squirm out of interred cocoons. Bears lumber forth from the darkness of their dens. Humans have been burying their dead for at least eighty thousand years, and probably far longer. When an individual’s life ends, our instinct has long been to return them to the earth—to the womb that bore us all.


Science redefines the contour of the plausible: what was once thought certain may dissolve into absurdity as the formerly ludicrous becomes credible. It is easy enough to imagine life in the deepest strata of soil, where there is still a supply of air and nutrients. To accept as scientific fact that life extends much farther—that it pervades the bleak, torrid, crushing expanse of crust miles below the surface—requires extraordinary evidence. Yet this is exactly what scientists over the past four decades have confirmed.


To recognize that deep subsurface life not only exists but is also engaged in a continuous alchemy of earth—that it may have helped create the very crust it inhabits and on which all terrestrial life stands—is to redefine the modern understanding of how our planet came to be. Yet it is also an echo of an ancient truth, one that seems to have lurked in human consciousness for millennia, waiting to be fully unearthed. In the Eufaula’s earth-diver myth, the continents do not simply grow out of ocean mud; they must be sculpted. The assembled beings eventually select Crawfish to search for a foundational piece of land. He “went down and after a long time brought up in his claws a ball of earth. This was kneaded, manipulated, and spread over the waters (the great deep). Thus the land was formed.”
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