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            Prologue: Deep Space

         

         Mid-Cayman Spreading Center, Caribbean Sea: August 8, 2022

         On the ocean’s surface, we bob like a cork on the gathering swells. I sit inside the submersible, aware of the nervous coiling in my stomach tightening into nausea. But once we dip beneath the waves, it all goes still. I’m struck by how suddenly everything feels expansive and unexpected: like hearing the color purple, or tasting Beethoven’s Fifth. While life on land unfolds in two dimensions—weighted as we are by gravity’s tug on our bodies, we only ever really move across surfaces—the ocean is a three-dimensional space, a vast volume as variable on the third axis as across the other two.

         As essential as the ocean is to human society and survival, it remains shrouded in mystery, due largely to the simple yet profound fact that we can’t see through water. Viewed from above, the ocean is a mirrored, dynamic surface—papered over, crinkled, and recast in mere moments. It’s timeless yet ever-changing, mesmerizing as a campfire. But seeing through the water to learn what lies within isn’t so easy. Water molecules absorb sunlight—first the reds and oranges, then the greens and blues—converting it to vibrational energy. Plankton and mineral particles drifting in the shallows filter out and scatter photons as well, and by a depth of two hundred meters beneath the waves, virtually no light remains. Beneath this boundary lies the deep sea—more than 95 percent of Earth’s habitable volume.1 viii

         On this day, I am curled up next to the port window in Alvin, the world’s most scientifically advanced submersible, along with two other deep-sea explorers. We’re in the Caribbean Sea, somewhere between Honduras, Jamaica, and Cuba, descending toward an area called the Mid-Cayman Spreading Center, where new oceanic crust is being created.2 The section we’re visiting is nearly six kilometers deep; we’re hoping to spot evidence of recent volcanism and collect samples to learn more about how the seafloor is formed and, ultimately, inhabited by enterprising life-forms.

         Sunbeams sparkle like swords through the water. Gelatinous creatures whir by my window. We overtake a sinking glob of seaweed, a micro-universe unto itself. Within a few minutes, the blue becomes so dark it’s black, and we officially enter the deep sea, a zone devoid of light. I am struck with the realization that the ocean we’ve been looking at all these years from shores and ships isn’t a barrier, a boulevard, or a background. It’s a portal to another realm—one that may well be the largest, most diverse, most consequential habitat on Earth.

         
            *

         

         The Dark Frontier is a portrait of the deep sea at a precarious inflection point. Even after a century and a half of scientific expeditions surveying the deep sea, we’ve only just begun to understand its wondrous complexity and its critical role in maintaining a habitable planet. And yet human activity threatens to alter many of the deep sea’s most essential features, from its immense biodiversity to its nutrient recycling and carbon sequestration processes. The window for understanding the deep sea in its natural state is rapidly closing—if it hasn’t been slammed shut already—but the decisions we make now about how we interact with our ocean will dictate the health of this environment in the decades and centuries to come. We face enormous challenges in accessing this remote realm and in countering the destructive threats of resource extraction, but there are—always—glimmers of hope as policymakers and scientists around the world offer a template for conserving and exploring the deep sea before it’s forever changed. ix

         The deep sea is freighted with long-held cultural aversions to its distinguishing characteristics, its darkness and its depth. Dark is evil; light is sanctified. Darkness hides; light reveals. When we’re confused, we’re “in the dark”; when we understand, something is “illuminated.” “Depression” and “rock bottom” are emotional nadirs; joy is “buoyant” and “uplifting.” But in the context of the natural laws and ecological principles that shape our world, these properties have no moral valence. Such associations are tied to our reliance on light to reveal our world, to provide the security that comes with a sensory understanding of our surroundings. For most of the denizens of the deep sea—and thus, for the vast majority of organisms on Earth—light is an ungraspable, irrelevant concept. Darkness and depth are the default.

         
            *

         

         The fact that the deep sea is defined largely by what it lacks—light—rather than what it contains obscures the brilliance of its geological and biological variety. There are rocky canyons festooned with corals; mountain ranges spanning tens of thousands of kilometers; underwater rivers carrying oxygen to the depths; hydrothermal vents spewing superheated water with the ferocity of Old Faithful; boundless fields of ancient pebbles; volcanoes building new tracts of seafloor; glaciers of methane-packed ice lurking just beneath the seafloor; and tectonic plate graveyards that cut deep gashes into the crust, carving trenches deeper than Everest is tall.

         These settings are crucibles of evolution, straining the limits of biological adaptation to forge remarkable organisms. There are translucent shrimp that dance through sulfurous vents,3 crabs that stretch four meters from claw to claw,4 tufted worms that eat the bones of decaying carcasses,5 corals that date back to the Bronze Age,6 hose-like fish that shoot slime from their skin,7 and whales that dive three kilometers down.8 Perhaps most alien of all are the gelatinous animals, jellyfish, and other soft-bodied creatures that are about 95 percent water; they are in and of the ocean in a way that blurs the boundary between self and nonself.9 x

         And at the root of it all, the microbes. In most places, each pinch of sediment contains millions of these microscopic, single-celled organisms. What they may lack in photogenic charm they make up for with biochemical virtuosity. Microbes can eat anything from oil to fool’s gold and breathe compounds like sulfate or nitrate, opening up for them niches that are unavailable to animals.10 They talk to each other with chemical languages,11 switching among dialects to coordinate behaviors with different groups. They form symbioses to turn methane into rock,12 and to sustain clams and mussels in otherwise toxic sediments.13 In the marine deserts where food particles rarely fall, they can live for more than a hundred million years.14 Microbes that huddled around alkaline hydrothermal vents may have been the first forms of life on Earth, and could be harbingers of life elsewhere in the universe.15

         These wonders, these paradigm-shifting findings, have all come from the minuscule fraction of the deep sea that scientists have actually sampled; a recent estimate suggests that we’ve seen less than 0.001 percent of the deep seafloor and an even smaller proportion of the water column it sits beneath.16 Accessing the deep sea is exceedingly difficult; it’s expensive and technically demanding. Most forays into the ocean’s depths have been conducted by Western countries, which overprint cultural and geographical biases onto deep-sea activities in a way that fails to reflect the full range of human experience and interests. With so much more to be explored, and so many other nations who could lead the way, the deep sea could be a source of transformational discovery for centuries to come.

         
            *

         

         On today’s dive, the 5,094th in Alvin’s illustrious history, our target is an unexplored segment of the Mid-Cayman Spreading Center, where two tectonic plates are pulling apart from each other by a centimeter and a half each year.17 For nearly three hours, we sink through the water, in free fall. The submersible’s titanium shell conducts the refrigerator-cold seawater, and our breath condenses into droplets on the windows, the bolts, and the switches; they merge into rivulets that flow down the xisphere’s curved wall. It’s a disconcerting sight, thousands of meters beneath the surface. Pilot Bob Waters, a veteran of the Alvin program, tastes a drop to make sure it’s not salty. He clicks on a small flashlight and inspects the hatch, checking for leaks. There aren’t any, of course. If there were, it’s unlikely we’d have the time or the wherewithal to do anything about it. Our submersible is a tiny bubble of air beneath more than four million kilograms of water, and with each minute we descend, the weight of a passenger plane is added to the burden. Even a pinprick leak would, at this pressure, generate a jet of water that could slice through the submersible like a lightsaber.

         The Mid-Cayman Spreading Center is one of the slowest-moving spreading centers discovered to date; the tectonic plates move at half the speed of a growing fingernail. But over the course of millennia, it adds up: the rock stretches and cracks, forming faults that extend for several kilometers. Like books starting to slide down a shelf without a bookend, these blocks slip across each other and create a jumble of sawtooth peaks and valleys.18 Geological forces down here act slowly until they don’t: seafloor volcanoes occasionally burst with magma that solidifies quickly, cooled by seawater, and is cast into bulbous lobes of glassy black rock.

         I peer through my window to see the seafloor gradually come into focus. A faint impression of a surface resolves into a field of fluffy gray sediment, pockmarked by small circular worm burrows, like honeycomb. It’s not the black rock we were looking for, but rather a gentle slope of “marine snow,” the dead and decaying remnants of life falling out of the water column. We’re seeing the ocean’s “biological pump” in action—a sequestration process that removes carbon from the air and the surface ocean and stores it in the deep sea,19 far from the atmosphere, where it could otherwise contribute to global warming. The fraction that isn’t buried is eaten by critters with the most inventive body shapes I’ve ever seen: worms with hooked bristles, brittle stars whose curved tendrils grasp for purchase, and frantically paddling shrimp that hover just above the seafloor. We collect a few plugs of sediment that we will analyze back in the lab, hoping to learn more about this carbon burial ground. xii

         Carbon sequestration—through both the biological pump and the chemical dissolution of carbon dioxide in seawater—is one of the foundational benefits the deep sea provides. The ocean holds fifty times more carbon than the atmosphere and twenty times more than plants and soils on land,20 serving as a capacitor for the carbon dioxide we produce through our profligate combustion of fossil fuels. (It also absorbs more than 90 percent of the heat from human-caused global warming—equivalent to the energy of twenty-three billion atomic bombs.21) Other elements too—nitrogen, phosphorus, sulfur, iron—are transformed and transported through deep waters and seafloor sediments. This constant biochemical churn sustains rich ecosystems with prodigious biodiversity. Bioprospectors anticipate that compounds made by these myriad organisms will stock the pharmaceutical and cosmetics shelves of the future.22 Fishing fleets are increasingly looking to these deep-sea ecosystems as near-shore fishing grounds are decimated by overuse.23 Scientists are hopeful that future discoveries in the deep sea will help solve major biological puzzles, like the trajectory of evolution, or the secrets of future-proofed, resilient ecosystems.

         As these contributions come into focus, the nature of the deep sea’s role in sustaining a viable planet and a thriving human civilization remains masked by our overwhelming ignorance of its essence. It’s a challenging duality: the deep sea is vast and almost entirely unexplored, but we do know enough to understand its fundamental importance—to realize that, due to its tremendous size and multifaceted nature if nothing else, the integrity of the deep sea is central to the future of life on this planet.

         
            *

         

         Our pilot eases the sub across the sediment-covered hill and over a mushroom-shaped rock. Three grenadier fish huddle beneath the structure, unmoving. More rocks loom up ahead—huge black boulders with blocky angles, cutting through the soft sediment. Something violent happened here, as one of Earth’s youngest mountain ranges took shape, built from solidified lava. I look forward and see a blizzard xiiiof marine snow, each flake flashbulbing as it falls through Alvin’s headlights.

         I’m transported to the nighttime drives my family would take through the Colorado Rockies, up and over mountain passes. I’d press my forehead to the cool glass, watching our headlights flicker through the forest, oblivious to the majestic peaks that towered above us, shrouded in darkness. Now a mountain of similar magnitude lurks outside my port window, and I strain to see past the throw of the sub’s illumination. For the next hour we trace the contour, sidling up to a sheer cliff to collect chunks of rocks for later analysis. We’re hoping to learn how old the mountain is and which conduits of magma created it. We move along the cliff slowly, past sponges and corals. We see the rock face only one spotlight’s width at a time, but the whole thing, we later calculate, is the height of Niagara Falls.

         This type of exploration feels more like burrowing than flying. The restricted view forces a narrow gaze, a focus on the details we can see rather than the context we cannot. Without a way to build spatial intuition—we can’t peer across canyons or run along the abyssal plains—the deep sea registers as infinite and inexhaustible.

         But conceiving of the deep sea as an unperturbable expanse is a dangerous delusion: it engenders a sense of remove, of impunity, that excuses destructive behavior. The ocean has always been a dumping ground, the ultimate “away” where everything is thrown, from bronze statues24 of out-of-fashion leaders in ancient Greece to barrels of DDT25 and nuclear waste in the mid-twentieth century.26 Chemical pollutants and microplastics continue to flow, drip-wise, through the oceancurrent bloodstream, dusting even the most remote areas with toxins and microfibers.27 There are more acute threats as well: offshore oil and natural gas drilling efforts have become increasingly ambitious, and their mishaps increasingly catastrophic. The Deepwater Horizon spill went unchecked for eighty-seven days in 2010, spewing more than 500 million liters of crude oil into the Gulf of Mexico;28 the effects will likely be felt for centuries. Deep-sea mining could be even more destructive, given the fledgling industry’s plans to scrape up billions of tons of xiv“polymetallic nodules”—small rocks packed with commercially appealing metals—across huge areas of the Pacific Ocean’s seafloor.

         Thanks to its size and inertia, the deep sea has, thus far, absorbed most of these blows with little apparent distress, but the buffer is wearing thin. Warming waters are shifting animal habitats at unprecedented rates,29 causing more methane to leak30 from subseafloor ices and slowing down the biological pump.31 Ocean acidification is making it harder for plankton to grow shells,32 compromising their carbon-sequestration abilities. The deep sea is losing its oxygen at an alarming rate,33 which threatens to disrupt nutrient supplies in a way that could cause major animal extinctions. Pollutants and plastics fill the guts of animals living in the ocean’s deepest trenches.34 Earlier during this expedition in the Caribbean Sea, my colleagues had come across what seemed like the remnants of a tailgate party—beer cans and plates—strewn across a patch of rocky seafloor.

         The sad truth is that our reach has exceeded our grasp; we’ve irrevocably changed the deep sea before even getting to know it.

         
            *

         

         Alvin’s battery is running low, and we peek around one last cliff in our campaign for fresh lava rocks. No luck. We sought a landscape in its infancy but found one in early childhood, probably a few tens of thousands of years old. We’ve learned that the topography at the Mid-Cayman Spreading Center is more jumbled than geologists had expected—it isn’t so cleanly explained by computational models of the slow-moving tectonic plates. There is much more to understand about how the seafloor really formed.

         During the three-hour ascent back to the surface, I consult our dive trajectory, which we planned out the day before on the highest-resolution bathymetric map available for the region. We’ve traveled a little less than a kilometer on the seafloor—the width of a few grainy pixels on the digital map I magnify on my tablet. It’s both humbling and invigorating: three measly pixels—that’s it? And yet we have seen landscapes, animals, worlds, that no one else has seen before; we will contribute new knowledge, however incremental, to the never-ending xvquest to understand the universe and our place in it. It is even more intoxicating to imagine what others might find in each of the thousands—millions—of other pixels that spread across the map, each one brimming with the potential of discovery.

         On our way back to sunlit waters, I see streaks of blue light outside my window. Everything is calm inside the sphere, but outside we’re plowing through clouds of plankton, and the turbulence stimulates flashes of fluorescence. It feels like reentry—like a space capsule’s heat shield glowing as it bores through the atmosphere and returns to Earth.

         
            *

         

         The deep sea possesses an inexhaustible set of stories—about science and society alike—that clamor to be told. To distill its multiplicity to the confines of a few hundred pages is plainly unfeasible, and this book is not intended as an exhaustive treatment. The topics that follow are, necessarily, filtered through my perspective and informed by the scientific tradition I’ve inherited, the people I’ve worked with, and the places I’ve lived. I have been immensely privileged to see and sample the ocean’s depths—to come eye to eye with lumbering rockfish through a submersible window; to hold rocks from hydrothermal vents, still warm, as I distributed them into sterile tubes—and I feel compelled to share the wonder and the importance of what my colleagues and I are learning. I’ve widened the aperture by speaking with hundreds of other experts whose work entwines them with the deep sea: historians, sociologists, fishermen, prospectors, economists, diplomats, politicians, and several taxa of scientists and engineers.

         My own research focuses on understanding the microbes that inhabit the rocks and sediments of the seafloor. In my lab at Boston University, I work with a team of scientists to learn how microbial communities perform feats of metabolic ingenuity that shape the global carbon cycle and push the boundaries of life’s limits in extreme environments. But as the magnitude (and brazenness) of the threats facing the deep sea has escalated in recent years, this fundamental research seemed insufficient, and I have joined forces with other scientists and policy experts to bring the best available science—and a sense xviof the overwhelming uncertainty pervading the deep sea—to negotiations over international legislation. With my own work as an anchor, I’ve applied a journalistic perspective in this book to provide a broader sense of the open ocean and our evolving relationship with it. For everyone from scientists working on the front lines of climate change to engineers imagining life in the outer solar system and diplomats pursuing a new economic world order through ocean governance, the deep sea is an arena for many of humanity’s biggest challenges.

         These threads of experience and inquiry reveal the deep sea as an otherworldly realm that is fascinating, critically important, and increasingly at risk. Our twinned compulsions to explore and exploit have complicated humanity’s interaction with the ocean from the beginning, but now, with a rapidly changing climate and gathering forces of anthropogenic destruction, the collision course is set, and the race is on to discover the deep sea’s wonders before they change or are lost forever.
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            1. Discovery (I)

         

         Sardinia: October 1860

         In the autumn sunlight, the jagged coastline was a lavish display. Copper-tinged cliffs cascaded toward the sea, cross-stitched with fractures and painted with splotches of orange and yellow lichens. Over a dusty ridge, flamingos filled a brackish lagoon, deer cantered through the valley, and swarms of mosquitos clouded the sunset view. It was a stunning scene: the full splendor of the Mediterranean coast exposed, flaunting its beauty and raw vivacity. But just beyond the island’s gentle curves, stretching to the horizon, the dappled surface of the ocean grew harder to read—a world redacted, seemingly unknowable.

         The British engineer Fleeming Jenkin was visiting Sardinia to explore those distant waters. Not to “explore,” perhaps—nothing quite so grandiose—but to study, understand, and ultimately tame. Somewhere out there, between this craggy island outpost and North Africa, a broken telegraph cable was resting on the seafloor. In order to restore communication between Europe and the French colony in Algeria, the cable needed to be raised from the seabed and, if possible, repaired.

         As he boarded SS Elba to tackle the task, Jenkin strode with the purpose of a young man eager to make his mark on the world. He felt as if his twenty-seven years—an eventful run that included a childhood sketching ancient Scottish castles with his father,1 an adolescence 4dodging musket fire in revolutionary Paris, and an apprenticeship building engines in Manchester—had been a prelude to his next few weeks at sea. It was his second journey along the Sardinia–to–French Algeria route in the last three years—the telegraph cable was proving to be stubbornly problematic—but his first in command, a position he cottoned to quickly as he dispatched aides to fetch marmalade and make handwritten copies of his journal.

         Elba’s mission was part of the telegraph cable bonanza of the mid-nineteenth century. The newly developed technology could send messages quickly over long distances by transmitting pulses of electricity through copper wires. Engineers, entrepreneurs, and politicians sought to scale the approach by encircling the globe with cables; for the first time, it was possible to communicate across long distances without physically transporting written messages between people.

         The most prominent cable-laying effort was the ambitious plan to connect Europe and North America with a 3,200-kilometer-long cable that crossed the Atlantic Ocean. It was the moonshot of its day, a logistical and technological endeavor whose boldness so wildly surpassed previous projects as to seem impossible. Initial attempts in 1857 and early 1858 failed when the line repeatedly snapped and couldn’t be repaired.2 When a reliable version of the cable was finally completed in 1866,3 it was transformational: communication time between Europe and North America collapsed from the ten days required for a ship to cross the Atlantic to the several minutes needed for electrons to speed through copper wires beneath the sea. Cyrus West Field, the driving force behind the effort who co-founded the Atlantic Telegraph Company to fund the cable, held the lofty ambition that the project would “disarm all prejudice”4 and usher in a new era of world peace.

         Why, then, was a mere two-hundred-kilometer-long cable in the Mediterranean proving so challenging? It was initially installed in 1857; by the next year, it needed servicing, and Jenkin was called in to do the job. Fifty kilometers of cable was replaced, and operation was restored. Now, in 1860, it had ceased transmission again, and Jenkin was growing frustrated. “Confound the cable, though! I shall never be able to repair it,” he wrote before setting off from Sardinia. The plan was to 5start from the African side, close to shore, and toss a grappling hook over the side of the ship. By scraping the hook along the seafloor—back and forth, until it seized—the team would be able to find the cable, but to test its electrical integrity, they needed to bring it on board. It was a delicate operation: if the cable had been cut nearby, it could quickly slide away, like a slippery strand of spaghetti on a fork.

         Despite a range of logistical delays, the grappling hook worked, and the cable was secured on Elba’s deck. Jenkin and his team traced it northward, only to find a clean break a few kilometers offshore, which they attributed to overzealous fishermen whose trawl had snapped the cable. It was a harsh reminder of the challenges that come with deep-sea work, where unpredictable hazards like fishing, anchoring, or the long-term effects of the seafloor environment could, in an instant, bring an expensive multiyear effort to a grinding halt.

         From the Italian side, the crew followed the same procedure, hooking the cable near shore and following it to deeper water. Jenkin watched as the line dragged along the deck. He was carefully attuned to the kink of the wire and the nature of the goopy sediment that coated the cable; he hoped to learn about the seafloor environment—and any obstacles it could present to telegraph operations—based on subtle contextual clues. He noticed corals, sponges, and other unknown creatures encrusting the cable’s outer steel wire; ever the scientist, he pried the animals loose and placed them in collection jars, recording exactly where on the cable each sample originated.

         The presence of these organisms wasn’t so surprising—Jenkin had seen similar fauna several days earlier on the African side of the cable, and it didn’t seem to affect the transmission of an electrical signal. But he grew increasingly alarmed as they reached fifty and then sixty kilometers from shore, as the seafloor dropped sharply from a few hundred meters’ depth to more than 2,000 meters, and still there were creatures firmly attached to the cable. Sixty-four kilometers from shore, as they floated 2,200 meters above the silty bottom, the line came to an abrupt, frayed end. Jenkin was no doubt dismayed by what this rupture meant for his team’s repair efforts, but such thoughts faded from his mind as he stared, transfixed, at the cable. There, undeniably bound to the 6wire, was a small coral whose sharp skeletal bristles projected outward from a central ring,5 surrounded by a gelatinous orange sheen.

         The animal he was looking at wasn’t supposed to exist. It was well established that there was no life in the deep sea. The darkness was too absolute, the pressure too crushing, the food too scarce. Jenkin removed the final coral; fearing no one would believe his improbable story without evidence, he sent the full collection to a zoologist at the University of Edinburgh, sensing, perhaps, the rippling repercussions his discovery would have.

         
            *

         

         To understand the significance of Jenkin’s finding, we must appreciate the prevailing sense, at the time, that the deep sea was a barren, largely irrelevant wasteland. For centuries, open water was a barrier to be crossed, a threat to be minimized, and in many cultures, a boisterous spirit to be quelled with rituals and prayers. Reports from sailors and fishermen—no doubt rooted in some degree of truth—metastasized into tales of terrifying beasts and relentless storms that dominated the public’s perception of the sea. The prevailing belief that water got denser with depth implied that sinking objects would stop falling when their density matched that of a given water layer.6 One logical extension of this mistaken idea was the horrifying specter of a layer of corpses—victims of naval battles, mutinies, and shipwrecks past—suspended in salt water. Another was that flesh-and-blood organisms would be restricted to the shallow, low-density zones, and that life on the deep seabed was impossible.

         Well into the nineteenth century, it wasn’t even entirely clear that the ocean had a bottom. “Navigators didn’t carry sounding lines longer than two hundred fathoms [365 meters],” Helen Rozwadowski, a professor of history at the University of Connecticut, told me, “because if you weren’t on a continental shelf worried about running aground, then it didn’t matter how deep it was. Nobody thought of articulating that question.”

         This particular stance was prescribed, of course, by the geography and culture of land-centered European societies. By contrast, the Tahitian 7 navigator Tupaia displayed a more holistic relationship with the sea when he was seconded by Captain James Cook to guide HMS Endeavor through Polynesia in 1769.7 Having grown up among small islands scattered across the South Pacific, Tupaia knew “land” was the exception rather than the rule. He understood the archipelago as the uppermost fringe of a series of peaks and valleys whose full extent remained underwater, obscured but ever present.

         Along the shores of West Africa,8 historian Kevin Dawson writes, precontact societies “wove terrestrial and aquatic experiences into amphibious lives, interlacing spiritual and secular beliefs, economies, social structures, and political institutions—their very way of life—around relationships with water.” Among the pearl divers of the Persian Gulf, as well as the female divers known in Japanese as ama and in Korean as haenyeo, traditions of free diving built an immersive familiarity with the sea’s third dimension in a way that net-casting fishing practices could not.

         By the nineteenth century, terracentric Europeans were discovering more appealing aspects of the sea from the comfort of their own shores. The seaside holiday was ascendant: a healthy escape from increasingly smog-choked cities, where beachside strolls often turned into wholesome treasure hunts for unusual shells, seaweed, and other curious flotsam. Perhaps there was more to the underwater realm than it seemed; beachcombers and naturalists soon grew unsatisfied as passive recipients, seeking instead a more active role in collecting samples to test new ideas and directly compare different depths and geographies.

         They found their champion in a young British naturalist named Edward Forbes,9 who had grown up on the Isle of Man, a small craggy island nestled between Great Britain and Ireland. Forbes spent his youth in the early 1800s collecting curiosities along the coast.10 As a twelve-year-old, he created a museum in his parents’ home, where he displayed the rocks, fossils, and unusual creatures he encountered. He would occasionally hitch a ride with scallop fishermen to a site eight kilometers from shore, where he learned the craft of seafloor dredging. They’d toss a weighted, open-mouthed net over the side, let it sink thirty-five meters to the seafloor, and drag it along the bottom, hauling 8it up a few minutes later to inspect their bounty. Forbes sifted through the silt, comparing the submerged creatures with their counterparts in the tidal zone, and the questions taking shape in his mind only multiplied. How did life underwater work, and what were its limits?

         At age sixteen, Forbes enrolled at the University of Edinburgh and quickly bailed on a medical course of study—practical but unsatisfying—in order to pursue his true passion for natural history. He joined any sea-going research effort he could talk his way onto,11 repurposing fishing equipment or building his own makeshift contraptions to more effectively scoop up seafloor sediments, rocks, and the life-forms that came along for the ride. Forbes was besotted with the “dominions yet to be visited,12 and kingdoms to be discovered.”

         With an eye for detail and a quick pen, Forbes discovered several new snail species13 in the Irish Sea and published a compendium of British starfish.14 In the tradition of German naturalist Alexander von Humboldt, Forbes sought a holistic, contextual understanding of how underwater animals were distributed. While Humboldt showed that plant populations changed systematically with elevation, Forbes revealed a similar zonation underwater,15 where varying light levels, temperatures, and pressures shaped distinct ecologies.

         In 1841, Forbes joined a government-sponsored mission to the Aegean Sea. The primary goal was to take regular soundings along the Greek coast to identify routes of safe passage—perhaps for a telegraph cable to India—but no one particularly minded if Forbes wanted to poke around in the mud that was hauled back on board. He collected data from more than one hundred distinct sites, and as he counted different organisms and measured their sizes, one thing became undeniably clear: the number of species and the overall amount of life decreased as the seafloor got deeper. Based on the patterns he saw, Forbes suggested that there was a “zero of animal life possibly about 300 fathoms,”16 or roughly 550 meters, beneath the waves. The deep sea, it appeared, was devoid of life.

         In the ensuing decades, Forbes’s “azoic hypothesis,” as the proclamation came to be known, was widely accepted as a universal truth. He never intended the comment to carry such weight: it was an extrapolation, 9 based on data from a particular marine basin, which, it turns out, possesses unusually low nutrient levels and sparse biomass.17 At the end of one published report, Forbes acknowledged his overstatement and challenged future scientists to take up the cause of understanding life in the deep sea:

         
            I have put forward several generalizations which to many may appear to be founded on inductions drawn from too limited a number of facts.18 The objection is, to a certain extent, true…. In the present state of the subject speculation is unavoidable, and indeed necessary for its advancement. If it be as important as the author believes, further researches are imperatively called for.

         

         Forbes was giving his fellow scientists something to push back against, hoping that the friction would give traction to new ideas and propel the field forward. But the azoic hypothesis proved hard to shake. In Forbes’s era, as today, scientific theories often exerted a sort of gravitational force, growing in spite of themselves through confirmation bias, a lack of systematic collection protocols, and—in this case especially—force of personality. “Literally everyone in England and most of Europe who knew how to deep-sea dredge knew because they did it first with Forbes,” Rozwadowski explains, “or they were taught by somebody who was taught by him.” He was an enthusiastic, garrulous presence who spoke the language of learned society, and, stricken by his early death at the age of thirty-nine, other naturalists felt they honored his memory by parroting his ideas.

         The other reason Forbes’s theory had such staying power was that it seemed entirely logical. The best science of the day suggested that life was most vibrant in warm, sunny, low-elevation, tropical conditions, and that its richness declined with all deviations from this optimum. Without the language of evolution (Darwin’s On the Origin of Species wouldn’t be published until 1859), there was no real evidence to suggest that biological systems could develop ways to handle the pressure and darkness of the deep sea. And so, lacking access to Earth’s most extreme 10environments, naturalists couldn’t grasp life’s true limits; they were painting a Technicolor sunset with a charcoal pencil.

         Despite the party line, there were rumblings of opposition and rumors of compelling biological discoveries below 550 meters. Both before and after Forbes shared his azoic hypothesis in the early 1840s, a handful of expeditions reported that they had recovered animals from deep dredges. But the smoking gun proved elusive. Verbal or written accounts were dismissed out of hand, lacking verifiable evidence. Samples—if they existed—were often lost or irrevocably compromised during globe-spanning journeys. Even when a living creature was collected from below Forbes’s boundary,19 skeptics argued that it could have leapt into the dredge during the equipment’s passage through the more biologically amenable sunlit waters.20

         This is why Jenkin’s discovery of the life-encrusted cable in the Mediterranean was so revelatory: given the organisms’ abundance and penetrating embrace of the wire, not even Forbes’s most stubborn defenders could argue that they latched onto it during its brief transit through the water column.

         Jenkin’s report definitively established that there was biological activity—and bizarre new species—below 2,000 meters. It was an exhilarating discovery, but one that marked much more of a beginning than an end: if 550 meters wasn’t life’s depth limit, what was? And now that the enormous realm of the dark deep sea was officially part of the biosphere, what exactly was down there?

         
            *

         

         As Forbes’s azoic hypothesis was being challenged and ultimately toppled, a Scottish naturalist named Charles Wyville Thomson followed the dredging drama with great interest. Despite having dropped out of college, his aptitude for botany and geology enabled him to vault between prestigious academic appointments like an ambitious politician. First Aberdeen, then Cork, Belfast, and, ultimately, the pinnacle of his profession at the University of Edinburgh,21 a post Forbes himself had once occupied.

         Thomson was fascinated by the distribution of different animals not 11only across space—furthering the ecological work Humboldt and Forbes had pioneered—but also through time. What accounted for the gap between extinct and extant animals? Why were some organisms still flying, crawling, and swimming around, while others were confined to ancient layers of rocks, existing only as ghostly fossils? He narrowed his inquisition to invertebrates and was particularly intrigued by crinoids. Crinoids often resemble variegated feather dusters—handle anchored to the seafloor, wispy tendrils swaying in the current, collecting plankton and other suspended morsels from the water. What perplexed Thomson the most, however, was the striking disconnect between the paltry diversity of crinoid representatives he and his colleagues were scooping out of local waters and the stunning range of forms found as fossils. Which were everywhere. Any respectable natural history museum in Europe had its obligatory crinoid fossils; sometimes the remains were so dense that they comprised the rock itself. But were these oddly shaped crinoids truly extinct? Thomson suspected that they used to inhabit the deep sea, and he secretly hoped that they might be there still.

         Now that the deep sea had been cast as a viable habitat with untold biological wonders, Thomson was elated. He had all the intellectual ammunition he needed to go searching for missing pieces of the biological puzzle he was assembling.

         In 1868, Thomson gained the support of the Royal Society—the UK’s scientific society—and petitioned the navy for a dedicated deep-sea expedition. The remit would be relatively modest: the team would only be taking depth measurements and an occasional dredge sample, and they’d be staying in the neighborhood north and west of Scotland, where the seafloor dropped off dramatically just a few hundred kilometers from shore. The goal was to get deeper than anyone had before.

         Remarkably, the navy said yes immediately, swayed by the naturalists’ enthusiasm and a growing sense that scientific supremacy could aid the enterprise of empire building. They offered the facilities and crew of HMS Lightning for six weeks, as well as a modest budget for preserving alcohol, glass jars, and other supplies. The offer seemed, 12perhaps, more magnanimous that it was: Lightning, as Thomson writes, was “a cranky little vessel” that “kept out the water imperfectly.”22

         Nonetheless, ship operations were seamless and the results were compelling. Around the Faroe Islands, they dredged up brittle stars, lobsters, and spider crabs; in the North Sea, the gravelly seafloor housed red starfish and translucent shrimp. They scooped up pale mud from 1,200 meters’ depth—a new record—which was “everywhere traversed by the long glassy root-fibres of anchoring sponges.”23 To Thomson’s delight, the navy doubled down the next year, offering the more seaworthy HMS Porcupine for an even more ambitious expedition. They remained in the North Atlantic but dredged deeper—recovering several animals from a mind-boggling depth of 4,400 meters.

         It was becoming clear that deep-sea expeditions in the spirit of those on Lightning and Porcupine were mutually beneficial for scientists and the British government. The former saw a wellspring of discovery with which to test big ideas of how the earth worked; the latter saw fertile ground for technology development and strategic knowledge that could advance industrial and militaristic aims, and perhaps even help stake out valuable natural resources. Everyone seemed to be on the same page, and Thomson knew that the winds were blowing in his favor. It was time to take his unique recipe for deep-dredging, sample-cataloging, state-sponsored science beyond the North Atlantic. It was time to go global.

         
            *

         

         The ambitious, multiyear expedition came together quickly. Thomson’s pitch was approved by the Royal Society in April of 1872, and just eight months later, the team was leaving Portsmouth, England, aboard HMS Challenger.24 The ship was a fourteen-year-old sail-steam hybrid; its figurehead was a stoic, liberally mustachioed knight in sixteenth-century garb.

         It was a navy ship with a navy crew, 263 men strong. But the agenda was set by just six scientists, led by Thomson. The Scientifics, as they soon became known, rarely strayed from their laboratories, and their inexplicable insistence on wearing three-piece suits drew scoffs from 13the hardened sailors. Each morning’s wake-up call came at 4 a.m., at which point the crew would scrub the decks, make their beds, and down a biscuit and some cocoa. Then the real work began—sinking and lifting all manner of gear over the side of the ship; down and up, down and up, each transit through the water column taking up to several hours, depending on the distance to the seafloor.

         First came the sounding, a premium version of the weight-on-a-rope tool that ships had used for centuries to determine the depths of their surroundings and avoid hazards. Challenger’s sounding line had thermometers, water samplers, and a humble sediment sampler that would provide a tantalizing preview of the bigger haul to come later in the day. Once back on board, the sounding line’s specimens were rushed to their respective labs: water belowdecks to the physical lab; sediment to the natural history lab, where mud and fauna were separated and assessed.

         By late morning, it was time for the main event: the dredge. The device had a gaping iron ring of a mouth and trailed a finely woven bag that, like a butterfly net dragging along a dirt field, would scoop up the top layer of seafloor sediment and any critters unlucky or unwise enough to be run down. It would often take hours for the dredge to reach the bottom, hours of steaming forward slowly to fill the bag, and hours more to retrieve the contraption with the help of a rickety engine. For the ship’s crew, it was an exhausting rhythm that chafed against their predilection for sea-crossing speed and daring war games. Over the course of the four-year expedition, roughly one quarter of the navy sailors deserted, chasing their fortune or their sanity in Halifax, South Africa, Australia, or other ports.

         The Scientifics, on the other hand, were in their element, sorting and slicing by candlelight, erecting theories one day that would come crashing down the next under the force of new data. They were blindly feeling out the contours of entirely new fields—deep-sea biology, sea-floor morphology, perhaps even evolution itself—in a way that must have been both humbling and thrilling. In January 1873, off the coast of Portugal, the dredge disgorged its contents onto the deck to reveal a living crinoid. Thomson couldn’t believe his luck: the feather-duster 14animals were living in the deep sea after all! The ancient rock strata of Europe—chock full of crinoid fossils—weren’t only telling tales of past life but were also hinting at deeper, darker biospheres persisting today.

         Thomson sensed an opportunity, a frontier ready to be explored. Was he the first to see it? The thought was exhilarating, and while he didn’t know where this path of discovery would lead, he was compelled to follow it—to catalog, make use of, and understand this unknown expanse that had been hidden from view for so long. He hoped that once he shared what he now knew, people might begin to value the wonders of the ocean’s depths—to see this realm not as a parallel, separate plane, but as something inextricably connected to the surface world.

         In particular, Thomson was enamored with the animals, crinoids among them, that Darwin had called “living fossils”—organisms that resembled species from the fossil record but appeared to have no other contemporary relatives. All manner of animal forms had been found in rock layers deposited millions of years ago, but not all of them were still swimming, hopping, or flying around. If this chasm between past and present could be spanned—a series of fossils of various ages culminating in living, breathing animals, like links in a chain—then Darwin’s suggestion that today’s organisms evolved from ancient ancestors would be all the stronger.

         Thomson and the rest of the Scientifics thought that by surveying deep-sea animals around the world, they could animate this evolutionary chain; in a sense, they could bring museums to life. After reading Darwin, they reasoned that the missing ancient creatures might still exist in places where conditions remained relatively constant and natural selection operated at a more relaxed pace. Slow environmental change, slow biological change; ergo, “living fossils.” Presumably, one such environment was the deep, dark seafloor.

         The truth would turn out to be more complicated—and more wondrous—but at the time, crinoids fit the pattern perfectly. Challenger’s Scientifics fawned over the specimens they plucked from the seafloor. After Portugal, it happened again near the equator, off Africa’s Atlantic coast. Thomson, perhaps hedging against scientific disappointment, 15 had bet the crew that they wouldn’t find a second crinoid; he paid up in the form of champagne for all at dinner. Wisely, the wagers stopped there, as subsequent finds would have threatened the alcohol supply. The expedition found a total of sixteen crinoids in the deep sea, representing a handful of distinct species. When the expedition’s report was published, a hefty 442 pages was dedicated to the crinoid samples. The authors tried to place their findings in the context of a robust fossil taxonomy, and it reads like another language: “The stem-joints hitherto referred to Rhizocrinus or to Bourgueticrinus may possibly belong to Bathycrinus, no calyx of which has yet been found in the fossil state.”

         The fastidious form matching was a valiant attempt to connect the past with the present, to cast the deep sea as a time machine that might support evolutionary theory by revealing a continuous line of crinoid descent over hundreds of millions of years. But despite their paleontological significance, no one really knew how crinoids actually survived in the ocean’s depths. On Challenger’s deck, the animals looked slimy and deflated, their calcareous stalks splintered by the dredge, their arms gnarled and purple-pink, like arthritic chicken claws. The Scientifics couldn’t have imagined the beauty these animals exhibited in their natural habitat.

         
            *

         

         To build a complete picture of an animal’s evolutionary changes through time, fossils are insufficient. Details about its behavior—what it eats, who it hides from—are essential. In the century following the Challenger expedition, technological advances transformed access to the deep sea, and by the late twentieth century, scientific submersibles could take researchers into the depths. Charles Messing, a marine biologist and longtime professor of marine and environmental sciences at Nova Southeastern University in Fort Lauderdale, spent much of his career studying crinoids, and with the in-person access to the seafloor afforded by submersibles, he could observe his subjects in their natural habitat. It was a window to the underwater world that scientists like Thomson would have scarcely been able to imagine. 16

         
            *

         

         Early in graduate school, Messing started a project on deep-sea crustaceans, but he found the field to be crowded and the politics murky. The crinoid samples, however—the neglected chaff from dozens of research expeditions, bottled in alcohol and stacked in a basement—those were available; any chance he wanted to take a look? his advisor asked.

         At first, the novelty was enough. “I didn’t really want to be studying things that everybody else was studying,” Messing recalled. “I confess, I was initially drawn to their obscurity, but as you learn things and find out what is and isn’t known, I became more and more invested.” It turned out that crinoids needed a new champion, and despite the central role they played in the birth of deep-sea biology, the field was running on fumes. Over the ensuing decades, Messing chased crinoids across the Caribbean. From the Bahamas to Honduras to the Florida Keys, he’d hop on a research ship whenever he got a chance. The invertebrates of the deep sea seemed stilted and stiff in museum collections, but through the window of a submersible, they’d bob and weave across the seabed with a purpose-built, balletic grace.

         Crinoids belong to the “spiny-skinned” clan, the echinoderms—a motley crew whose evocative shapes draw easy comparisons to more familiar objects and include sea stars, sea cucumbers, and sea urchins. The stalked crinoids that so enthused Challenger’s Scientifics attach to the seafloor with a grippy stem, elevating the business end of the animal up into the ocean current where drifting organic morsels stream past or, ideally, into its open feathery arms. The arms—all five, seven, eleven, twelve, fourteen of them, the scope of possibilities remains unclear—are coated with tiny extensions that flick food inward toward the central mouth like a pinball flipper.

         This had all been pretty well sorted out by studying fossils and the behavior of the crinoids’ shallow-water relations. But the real shock came as Messing and others watched them on the seafloor: they moved,25 and not just at the glacial pace of sea stars, one tentative tube foot in front of the other; they flew across the sandy bottom at impressive 17speeds. It was so at odds with the locomotion strategies of other echinoderms that scientists felt compelled to take a closer look. They zeroed in on the bizarre ligaments that oscillate between rigidity—allowing the animal to use its arms like oars and pirouette through the water—and formlessness—ideal for collecting food from a moving current. The ligaments can even contract like muscles,26 providing a range of functions found nowhere else in biology.

         Through his observations, Messing had been circling a central question: What made crinoids so successful, from an evolutionary standpoint? How was it that stalked crinoids had persisted—in seemingly high abundance—for the last half billion years, when most other animals from the Paleozoic Era had gone extinct? (A full 81 percent of marine species and 70 percent of land-dwelling vertebrate species were snuffed out in the Permian-Triassic mass extinction,27 the greatest die-off the world has ever seen.) The answer is fragmentary and not entirely conclusive, but several factors are likely at play. The ability to move quickly—away from threats, toward compelling food sources—has been a hugely advantageous hack; more and more crinoid species adopted the mobile lifestyle over time,28 and what was experimental in Paleozoic seas has become a standard feature today.

         They’re also able to take a punch. If a sea urchin starts nibbling on a stalked crinoid’s anchor, no worries: the crinoid ditches the compromised end and scurries away, to filter-feed another day. If a fish bites off an arm, another one will soon sprout in its place. In some locations, researchers found that 75 percent of crinoid arms had been re-grown.29 Remarkably, observations of modern crinoids’ regeneration superpower have helped reconstruct ancient ecologies. By counting the nubs or partial arms on fossilized crinoids, paleontologists were able to chart the intensity of predation in the distant past. In a snapshot of the 450-million-year-old ocean encapsulated by layers of carbonate rock in modern-day Ontario,30 just 1 percent of crinoids were caught in the act of regenerating. One hundred million years later, in fossil beds from Indiana, that number had jumped to 13 percent.31 In the interim, it appears, fish and other predators had gotten fiercer; a literal arms race ensued, prompting crinoids to grow thicker limbs and sharper spines. 18It was a period of wild diversification known as the Middle Paleozoic Marine Revolution, and it set the stage, in many ways, for the ocean ecosystems we see today.

         Despite these findings, many fundamental questions about crinoids and their role in marine ecosystems remain unanswered. How long do they live? Some shallow-water species expire after a few years, but their deep-sea relatives could live for centuries. How do they decide where to put down roots? While diving on one carbonate mound in the Atlantic, Messing saw a crinoid monoculture on one side and corals plastered to the other. “It changed so dramatically,” he recalled, “it was like flipping a switch, and we can’t fully explain it. With a lot of these basic questions, we’ve hardly scratched the surface.” It’s a surprising statement about the organisms that, perhaps more than any other, kickstarted the entire field of deep-sea biology. Several crinoid species that showed up in Challenger’s dredges haven’t been encountered since—a testament to the expedition’s ambition as well as a stark reminder of how challenging it is to access the deep sea, and how much more there is to discover.

         
            *

         

         The hits came early—multiple living crinoids before they had even crossed a single ocean basin—but the Challenger expedition was just getting started. In the central Atlantic, fragments of coral came up coated with a metallic black sheen soon identified as manganese. The team scratched their heads and moved on, but a couple of weeks later, they found larger rocks, the size of a closed fist, not just airbrushed with the black substance but fully made of it. Sliced open, the rocks revealed concentric layers that may have reflected past episodes of growth and quiescence, like the rings of a sliced tree stump. The Scientifics had anticipated that the deep sea would retain important information about life’s history, but they hadn’t necessarily imagined that it would preserve geological histories as well—that seafloor rocks could have something to tell us about ancient environmental conditions.

         The outward growth of the manganese-rich rocks seemed self-evident, but did the layers form by chemistry alone, or could biology 19play a role? Thomson went all in on the latter theory. “The manganese is doubtless, like the iron, set free by the decomposition of … organic bodies and tests.” Despite ample opportunity to ponder the situation—they would go on to find the black rocks at multiple locations in the Atlantic, and, impressively, across a five-thousand-kilometer swath of the central and south Pacific—the Scientifics grew increasingly befuddled. “The whole question,” wrote Thomson at the end of the expedition, “is a very singular one.”

         At sea, the dredging was relentless—to the dismay of the crew, bored out of their minds—while the Scientifics’ journals bloomed with detailed observations. Led by Thomson and his fellow naturalist John Murray, the Scientifics were captivated by the minutiae, poring over shrimp, worms, and the fine seafloor sediments while virtually ignoring larger animals. Much of this focus was preordained: the goal of the expedition was to collect and catalog life on the seafloor, which was, for the most part, stationary and small in stature.

         Focusing on the small stuff was also good science—a prescient understanding that fundamental principles can best be seen from the ground up, underpinning larger, flashier, more immediate phenomena like fisheries or climate. Most fundamental of all was the question of what, exactly, the seafloor was made of. The fine sediment lugged up in the dredge was all just mud to the crew, the cursed cause of their back-breaking toil, but under the microscope and in the chemistry lab, subtle differences appeared. The Scientifics called it “ooze,” and noticed that it was composed of tiny, intricately sculpted shells that crackled when spritzed with acid. The origin of these shells—now known to belong to a group of protozoa known as foraminifera, or forams for short—grew into one of the most heated debates between the expedition’s lead scientists. Thomson was convinced that they grew on the seabed, while Murray was adamant that they were the remnants of surface-derived plankton that sank to the depths upon their death. Ultimately, Thomson caved. “After going into the thing carefully and considering the mass of evidence … I now admit that I was in error,” he wrote. “It may be taken as proved,” he continued, that the forams “are derived from the surface.” 20

         Thomson’s concession, it turns out, was premature. Over a century later, subsequent research has exposed forams as some of the most intriguing, complicated, and informative marine organisms out there. Today, the catalog of foram species runs to several thousand.32 Some live in surface waters, as Murray proposed, but most—perhaps as many as 99 percent—live on the seafloor, eating whatever organic material floats or falls their way. As Challenger’s Scientifics discovered, the global seafloor is littered with forams, but a closer look reveals critical nuances. Some gorge, others nibble; some require tepid water, others brisk; some prefer the embrace of the hadal depths, others the looser confines of shallower zones.

         The chemical composition of forams’ shells holds even more secrets. They’re made of calcium, carbon, and oxygen—chalk, essentially—but the elemental nuances can tell a detailed story about the conditions under which they formed. Most elements have multiple versions of themselves—distinct combinations of protons and neutrons known as isotopes. Different isotopes have different masses, and they shuffle between molecular reservoirs with discernment. For example, when water evaporates from the ocean, the molecules with the lighter version of oxygen go from liquid to vapor more easily—it’s simply a lower energetic bar to clear. If this water then falls out of the sky and is locked away in ice rather than returning to the ocean, the remaining ocean water has a higher proportion of heavy oxygen. And so, the balance of light and heavy oxygen in ancient foram shells can reveal major climatic changes: in an ice age, when more light oxygen is locked in ice and more heavy oxygen remains in ocean water, the shells are enriched with heavy oxygen. In warmer phases, like today, they trend lighter.

         As scientists have interpreted forams’ isotopes and other chemical clues, an expansive view of our planet’s past has emerged. One hundred forty million years ago, Earth was a water world with virtually no glaciers.33 The ice came and went, and the patterns found in the forams’ chemical constitution reveal cyclical aspects of orbital dynamics as well as feedback loops of volcanoes, erosion, and rock formation. Since their evolution nearly half a billion years ago, carbonate-shelled forams have been quietly taking notes.34 Reading them with microscopes and 21mass spectrometers shows us what’s normal for our home planet—the timescales over which ice caps typically flex and flow. The data help confirm that the warming we’re seeing today is most certainly not normal, not at all.35

         The evolutionary implications of crinoids and the “deep time” significance of manganese nodules and forams are among the greatest scientific legacies of the Challenger expedition. These findings revealed the deep sea to be a window into Earth’s ancient past, a repository of environmental memory that contextualizes our present and previews our future. The Scientifics’ findings launched entirely new research fields that engage the incomprehensible timescales of seafloor: species come and go, metal crusts cohere, and forams accumulate in dusty seafloor layers over hundreds of millions of years.

         
            *

         

         The morning of March 23, 1875, started just like any other: a 4 a.m. start and a predawn sounding to establish the water depth. Challenger was at station 225, a site in the southwestern Pacific that would come to bear the ship’s name. The first depth measurement came back at nearly 8,400 meters, but that couldn’t be right; nothing close to that deep had been recorded at the previous 224 stations—or anywhere else in the world, by any other expedition, for that matter. “To leave no doubt as to the correctness of the sounding,” Thomson wrote later, they did it again. This time, they added more weight to keep the line as taut as possible so it wouldn’t drift sideways, like the hypotenuse of a triangle, and give an erroneously high reading. And again, the value was incomprehensible: 8,200 meters. Three of the four thermometers imploded, and the pressure gauge couldn’t compute the immensity of the overlying water. At such depths, carbonate is smeared into solution—like chalk ground between your fingers and scattered to the wind—so the only plankton whose bodies had survived the long death-fall to the seafloor were the silica-shelled radiolaria. The report lists 336 different species, which were painstakingly sorted and cataloged through the eyepiece of a microscope.

         Thomson and his crew had just stumbled upon the southern end of 22the Mariana Trench, Earth’s deepest furrow, where the Pacific tectonic plate burrows beneath the Mariana plate. The bottommost depression of the trench has since been measured to be 10,935 meters down and is now known as the Challenger Deep.36 It’s one of the most extreme, inaccessible places on the planet, where the crush of the overlying water is equivalent to a Boeing 747 airplane pressing down on your forehead.

         The rest of Challenger’s voyage took the floating laboratory north to Japan, east across the Pacific to Chile by way of Hawaii, down around Tierra del Fuego, and back through the familiar Atlantic to England. The soundings, dredges, and careful note taking continued throughout—the Scientifics were too dedicated to their craft to let the discipline slip now—but everyone seemed eager to get home. Much of the Pacific, including the vast field of manganese nodules, was covered with rocks, harder to dredge. It made for sparse samples in the labs. By the expedition’s fourth year, the tenor had shifted from the fizzing excitement of constant discovery to the deliberate focus of rigorous cataloging.

         On May 24, 1876, Challenger returned to a fog-socked England, and most of the Scientifics decamped to Edinburgh. They set up shop in a three-story townhouse opposite the Queen Street Gardens, where they began sorting through samples, distributing them to experts, and writing up their voluminous findings. Thomson led the effort until his death in 1882, at which point Murray took charge. Writing up the findings was, in many ways, a more ambitious and complicated endeavor than the expedition itself. At sea, the team had collected samples and tried their best to contextualize them, but once they returned to dry land, they could send specimens to experts around the world for a more thorough analysis. For Murray, the job was as administrative as it was analytical. He spent much of his time nudging the participating experts to finish their contributions—a noble legacy that remains a cornerstone of scientific collaboration to this day. Without a rigorous account of the expedition’s findings distributed across the libraries of Europe, Murray felt, the voyage remained unfinished. The final compendium of richly described, evocatively illustrated results—which introduced more than 4,700 new species to the scientific community—consolidated 23 Challenger’s claim as the most prolific oceanographic research effort in history.37

         While the expedition has its detractors—it was expensive, the thermometers may not have been correctly calibrated, the knowledge of coastal communities it visited was all but ignored—the endeavor was widely considered a success. The deep sea was definitively inhabited, and was stranger and more remarkable than anyone had dared to imagine.
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            2. Heat

         

         Woods Hole, Massachusetts: June 2006

         Woods Hole is a marine science mecca in a vacation town’s clothing. It’s nestled into the southwestern corner of Cape Cod, with a handful of businesses arranged tidily along a single main street and clapboard homes spread along lush, sinuous side roads. During the frenetic summer months, it’s little more than a connecting stop to Martha’s Vineyard on most tourists’ agenda, but when I rolled into the small town before my senior year of college, there was, in my mind, nowhere else to be. I’d heard stories of Woods Hole and the brilliant scientists who worked there in my undergraduate classes—tales of research expeditions on the high seas, where challenges were overcome and discoveries were made. With this mythology firmly implanted in my mind, the internship I’d scored to work in a lab for a few months felt like a pilgrimage, momentous even before it began.

         I would be stationed at Woods Hole Oceanographic Institution, or WHOI—the verbalization of which sounds like a load of nonsense (“hooey”) or a roller coaster exclamation (hoo-eeeee!), depending on the intonation. I’d even been lucky enough to get my first choice of lab placement and would be working with Katrina Edwards’s group on the complex links between microorganisms and seafloor rocks. I didn’t know a whole lot more than that when I first knocked on her office 25door, but the idea that life could somehow exist in the murky depths, far from the embrace of the sun, was thrilling.

         Shortly after our introduction, Katrina took me across the hall and into a gleaming lab with black countertops and a faint scent of bleach and ethanol. The shoulder-high windows framed a small forest of pitch pines and scrub oaks at the height of their summer splendor. Katrina introduced me to Brandy Toner, a postdoctoral scholar who I’d be working with in the lab over the next three months. We’d interrupted. Brandy was in a pose of concentration—she stared intently at a fine black powder inside a tiny plastic tube she held in her left hand. With her right, she carefully navigated the tip of a pipette into the tube, pressed down gently on the button to release a minuscule drop of liquid, and expelled the breath she had been holding.

         “All right,” Brandy said with a smile, “we’ve got a few minutes until the next step of the procedure. These samples have been a bit finicky, so we’re going to have to do everything exactly by the book.”

         “What’s in all of those tubes?” I asked, gesturing toward the line of powder-dusted plasticware on the lab bench in front of her.

         “These are all pieces of the deep sea,” Brandy responded, gently lifting one of the tubes with the caution of someone carrying a brim-full mug of coffee over an antique rug. “We’ve collected these rocks from thousands of meters down, crushed them up, and now here they are. Right now I’m trying to extract the DNA from all of the microbes who might be living in here, but as I said, it’s been tricky.”

         The care with which Brandy was handling the crushed rocks was bizarre; in my experience, rocks were typically the aggressor—scratching skin off your knee, for example—not the coddled patient. “There are actually things living in there?” I asked stiffly, nervous about the first impression I was making.

         “Oh, absolutely,” Katrina chimed in, leaning against the doorframe. “It’s shocking, really, what microbes can do with a rock, and how many different ways of life there are. By the time you’re done here, you’re going to find all kinds of new species,” she said with a knowing grin.

         Her prediction turned out to be a generous interpretation of my 26role, but at the time, it had the intended effect: I was buoyed, anticipating the discoveries I might soon make. I recognized this feeling—it was a sense that my world was about to expand, and that I’d feel less tethered and more free, less central but more myself, in the new version.

         I left Katrina’s lab on a high and floated along Woods Hole’s main drag, past the T-shirt shop, the pirate-themed pub, the town hall bulletin board with posters hawking tickets for the local film festival. Near one unassuming brick building, I gazed to the left and saw an open expanse strewn with gear: bulbous orange floats, snakes of rusty chain, torpedo-shaped yellow canisters propped up on wooden benches. Two large ships hugged the dock like horses in the starting gate, ready to run. A couple of scientists wearing hard hats and Hawaiian shirts lugged a large cooler down a gangplank and toward a warehouse; a spiny fish tail peeked out. Behind them, a forklift beeped its way in the opposite direction, carrying a pallet packed with riveted aluminum cases.

         This was the WHOI pier, where expeditions began and precious samples returned. As I drifted closer to get a better look, I realized I was watching the twenty-first-century equivalent of Portsmouth, England, where Challenger mobilized during a few hectic weeks in 1872 and returned roughly four years later, haggard but heavy with samples. This was where the action was.

         “You got your ID?” asked a guard, breaking my wide-eyed reverie. I didn’t—or at least not one that would grant me access to the pier—so I shuffled back the way I’d come, wondering what discoveries lay beyond the gate.

         
            *

         

         If the Challenger expedition was a starting gun in the race to explore the deep sea, the early stages would have been an underwhelming slog. What made Challenger so special wasn’t any particular technological advance that brought the deep seafloor suddenly into reach; it was the high-level buy-in, the concerted support from several sectors of society, and the global ambition of the journey. And so, when 27Thomson, Murray, and the rest of the Scientifics returned home in the spring of 1876 and the political will waned—they’d done it, after all, mounted a global expedition—not much had substantively changed. The haul of knowledge was immense, but scientists eager to follow in Challenger’s wake continued to face roadblocks accessing and studying the deep sea.

         The root of the problem, as ever, was the stubborn opacity of seawater. It’s simple, self-evident, and profoundly significant: we can’t see through the ocean, so the picture being developed by emerging oceanographers was fragmented, decontextualized, and incomplete. Meanwhile, on land, naturalists wrote of vast landscapes and epic clashes of predator and prey, intuitively and intentionally building a perspective of connectivity into their work.

         The scientific lexicon we use to describe the central role of interactions in life’s trajectory was taking shape around the time of the Challenger expedition. Terms like “ecology” (Ernst Haeckel,1 1866) and “symbiosis” (Albert Bernhard Frank,2 1877) were introduced. This focus on the relationships between living things, and the historical associations the terms implied, offered a fuller understanding of how life came to be the way it is. Scientists tried to extend this approach to their study of life in the deep sea, but they struggled to make out connections when each sample was plucked blindly from above, cleaved from its context. It was like building a city based on a few ripped pieces of a blueprint. To reconstruct the staggering complexity of what was really happening on the seafloor, scientists needed to see it.

         The technology required to make this happen was several decades away, and so intellectually distant as to seem impossible to Challenger-era naturalists. Instead, they shifted landward, inward, returning to the well-trodden territory of animal development. As Eric Mills, an invertebrate zoologist turned science historian at Dalhousie University, told me, “Descriptive embryology in the late nineteenth century was the sine qua non of being a biologist. Many people that had dabbled in marine science went back to embryology,” watching how one cell turned to two, then four, eight, sixteen, and so on, ultimately blossoming into a kaleidoscope of body shapes. “Even the deep-water expeditions 28 that happened here and there—the French, the Austrians—were kind of peripheral. It was never at the core of these countries’ scientific interests.” The marine research that did continue was driven by application rather than curiosity and was “almost entirely concerned with fisheries.”

         In the meantime, a few adventurers and renegade technologists became obsessed with the challenge of visiting ever-greater depths. Otis Barton and William Beebe made the biggest splash: the former provided a water-tight steel sphere, the latter rounded up the funding, and both held grudges over credit and publicity for their attempts to dive 800 meters beneath the waves. But, for a few summers in the early 1930s, they blew past existing depth records, hunching inside Barton’s “bathysphere” for hours on end and bottoming out, in 1934, at 923 meters.3 Beebe’s accounts offered an alluring glimpse of what a submersible could offer scientists. “Every dive convinces me of the futility of trying to get the true idea of deep-sea life through dragging nets,”4 he told The New York Times. “Many deep-sea creatures are such rapid swimmers that they can easily get away from nets.” Jim Wakelin, the assistant secretary of the navy for research and development in the early 1960s, put it more colorfully, explaining researchers’ sense that “towing a sampling net through the ocean is like running madly through an open field blindfolded holding a butterfly net over one’s head.”5

         The great leap downward came mid-century, when, as in England nearly a century earlier, the political winds once again blew in favor of a concerted effort to study the ocean. But while Challenger was conceived by and for scientists, this new American push was a more military-centered endeavor. The U.S. Navy had been humbled by the prowess of German U-boats during World War II and was anticipating a central role for submarine operations during the Cold War. The Office of Naval Research poured money into marine initiatives, developing “basic task contracts”6 with the country’s two leading oceanographic research centers. For WHOI, this meant serving as “a pilot plant of new ideas and new methods in the military aspects of oceanography” while also conducting basic research—a bargain that rankled many of 29the institute’s “blue skies” researchers who merely wanted to understand how the ocean worked, not wade into politically tinged applications. For the other research center, at the Scripps Institution of Oceanography in California, it resulted in a rapidly growing in-house Division of War Research, focused on “the direct solution of problems peculiar to the Navy.”

         One of the ideas from WHOI’s pilot plant was a deep-diving submersible small enough to withstand enormous pressures and maneuver around craggy canyons. It would have large windows and external mechanized arms, allowing occupants to perform complex manipulative tasks and actually see what they were doing. To satisfy both key constituencies—its funder (the navy) and its users (WHOI scientists)—project proponents had to walk a messaging tightrope. With a depth rating of a few thousand meters, the submersible could salvage sunken submarines … or study the mineralogical composition of seafloor rocks. With its agility, it could inspect the mysterious water layer that scattered sonar transmissions … or learn about the feeding behavior of fish in the water column. With its grippy manipulator arms, it could repair hydrophones and cables … or collect sediment samples for researchers back on land. Despite the double-talk, the submersible program was fueled by navy money and navy missions. As Naomi Oreskes documents in her book Science on a Mission, “Science was nearly absent from its planning … The military value of a deep-submergence vessel was never seriously challenged,7 but its scientific value was doubted more than once.”

         The resulting submersible was named Alvin in honor of Allyn Vine, a WHOI geophysicist with a roving curiosity so consuming that once, deep in conversation with a stranger at an airport, he absentmindedly boarded the man’s flight and wound up in California rather than Boston, his intended destination. Vine had spent years evangelizing to funders and scientists alike about the potential benefits of a human presence in the deep sea. “A good instrument can measure almost anything better than a person can if you know what you want to measure,”8 he said at a 1956 symposium in Washington, D.C. “But people are so 30versatile, they can sense things to be done and can investigate problems. I find it difficult to imagine what kind of instrument should have been put on the Beagle instead of Charles Darwin.”

         Alvin was introduced to the world during a ceremony on the WHOI pier in June of 1964, draped with bunting and punched up by a brass band. It quickly proved its worth, at least to its navy funders. In 1964 and 1965, a ragtag team of Alvin pilots used the submersible to observe, reposition, and recover hydrophones on the seafloor off Bermuda. The next year, the team crisscrossed the seafloor off the coast of Spain, searching for a hydrogen bomb the air force had lost in an airborne refueling accident. It was a mortifying few months for military officials, who were flummoxed by the technical challenge of finding the thing and pilloried by the international press for mishandling such a perilous asset. During one dive, Alvin pilots, glued to their windows, noticed a furrow in the fluffy brown sediment, like the trail of an over-sized worm. They followed the trail to the bomb, which was ultimately recovered and greeted topside by sunburned military officers in sweaty suits. Alvin rode a wave of popularity, praised as “the little sub that could.”9 To Vine, the episode had been a perfect realization of what he had envisioned nearly a decade earlier at the D.C. conference: human ingenuity, enacted and amplified by technical prowess.

         But Alvin soon became a victim of its own success. Before the H-bomb debacle, reports of precious cargo fallen to the depths were met with a resigned shrug: it was lost, not much to be done. After the daring recovery, however, the seafloor was no longer beyond reach … and if the U.S. Navy could find and loft mysterious heavy objects, then the Soviet Union probably could as well. As Oreskes puts it, “the possibility of recovery had been transformed into the necessity of it.”10 Dexterous, deep-diving submersibles were all the rage, and, in order to avoid sharing one with scientists, the navy built several more of their own. Other countries and domestic contractors followed suit. Between 1963 and 1966, the global fleet of submersibles grew from one (Trieste, in which Don Walsh and Jacques Piccard became the first people to visit the Challenger Deep) to fifty-seven, ten of which could reach a depth of at least three thousand meters.11 The 31quest for underwater supremacy grew into a sort of aqueous reflection of the space program. Just as NASA raced the Soviets to the moon, the navy pushed the boundaries in the deep sea, an environment every bit as perilous as outer space. Roger Revelle, a renowned oceanographer at the Scripps Institution of Oceanography, called the postwar decades “one of the greatest periods of exploration of the earth … that compares in many ways with the exploration of the fifteenth and sixteenth centuries.”12

         
            *

         

         Revelle’s bullish assessment certainly applied to the engineering advancements that spawned the growing flotilla of submersibles, but from the perspective of scientific exploration, the scorecard was a bit more mixed. Deep-sea biology was largely on hold between the late nineteenth and mid-twentieth centuries, given the shift toward applied work and the continuing challenges associated with really seeing the seafloor. But geology was ascendant. Several research groups were building the case for plate tectonics, a literally ground-breaking theory that reframed the earth’s surface—seemingly as stolid and unflinching as anything could be—as foldable, breakable blocks constructed and consumed over millions of years.

         The German geologist Alfred Wegener had started the discussion in earnest by suggesting, in 1912, that continental landmasses could actually move: it was the simplest,13 yet also the most shocking, explanation for the similarities in coastline shapes, rock formation compositions, and fossil assemblages between North America and Europe, or between South America and Africa. It also helped explain a number of unusual seafloor observations—things like uneven gravity values in the Indian Ocean south of Indonesia,14 which suggested that some of the underlying oceanic crust was missing. Or the magnetic properties of seafloor rocks,15 which recorded the oscillation of Earth’s magnetic poles—north, south, north, south—and showed that different segments of the seafloor had very different ages.

         It was becoming clear that new seafloor was being made and old seafloor consumed. But how? And where? To get a better view, searchers 32 built high-fidelity maps using shipboard sonar. They found varied and dramatic terrain: jagged faults, twisty canyons, precipitous trenches, and gargantuan volcanoes. As Columbia University geologists Marie Tharp and Bruce Heezen painstakingly compiled each expedition’s data in the 1950s, one remarkable feature stood out—a mountain chain extending the entire length of the Atlantic Ocean, dubbed the Mid-Atlantic Ridge. (Challenger’s Scientifics had plumbed part of this range early in their voyage,16 but the significance of the feature eluded them.)

         The ridge corresponded with surprising data from a few decades earlier showing heat radiating out of the seafloor. With a growing sense that the Mid-Atlantic Ridge played a role in the production of new oceanic crust, expeditions were dispatched to learn more. One cruise found rocks with metal-rich outer rinds near a part of the ridge that had slightly elevated water temperatures—evidence of water circulation between the ocean and superheated magma chambers beneath the seafloor.17 The more ambitious French-American Mid-Ocean Undersea Study—prophetically acronymized FAMOUS—showed that the ridge was bisected by a deep valley,18 like the pages of an open book, flexed upward on either side of the spine’s crevasse. The proportions were immense: the valley was as wide and deep as the Grand Canyon, and scientists returned from their Alvin dives with the awe-stricken humility of being small, vulnerable, and exposed in the presence of such grandiosity. They had floated by huge bulbous rocks, towering cliffs nearly as tall as the Empire State Building, and, most wondrously of all, recently erupted lava. The black basalt was smooth and sinuous, like toothpaste pushed out of a tube; it reminded the geologists of what they had seen during recent field work in Hawaii, where the rocks were so fresh they could melt the soles of your shoes.19

         After FAMOUS, the Mid-Atlantic Ridge was widely seen as a rumbling dynamo where new oceanic crust was birthed. Soon, subduction zones like the seafloor south of Indonesia were clocked as the other end of the oceanic crust conveyor belt, where old, dense rock sinks beneath the continental landmasses, melting to magma. Remarkably, all the work needed to develop the framework of plate tectonics was done 33using circumstantial evidence. No one had actually observed the process in action—seen a mid-ocean ridge ooze lava, for example, or watched one plate crumble beneath another. The search for the smoking gun was on.

         
            *

         

         The Mid-Atlantic Ridge wasn’t the only seafloor mountain range—soundings and sonar measurements over the decades had revealed them to be pervasive, strung together like Christmas lights, circling the planet. In fact, based on age measurements of seafloor rocks, ridges in the Pacific appeared to be spooling out new oceanic crust faster than in the Atlantic. If finding actively erupting vents was the goal—and it very much was—then FAMOUS had been looking in the wrong spot.

         A 1973 cruise focused on the Galapagos Rift, a spreading center three hundred kilometers northeast of the eponymous islands. The ship steamed back and forth above the underwater mountain range, and the scientific team lowered thermometers on a line to sniff out hints of superheated water. Among their hundred-thousand-plus measurements were several anomalies several hundredths of a degree above normal.20 It didn’t seem like much, but considering the dilutive capacity of the ocean, it implied a source of fluid tens or perhaps even hundreds of degrees hotter than the frigid bottom water of the deep sea. Three years later, a different expedition homed in on even larger thermal anomalies—a full two-tenths of a degree. “The scientists measured helium isotopes to prove that the warmer water was indeed sourced from the subsurface and not warm ocean currents,21 and scooped up mud with “orange to brown lumps and streaks” that screamed “hydrothermal alteration” to their practiced eyes. Several photos from a towed camera showed unexpected clusters of life—bivalves,22 sea anemones, and sea pens. Now things were getting really exciting, and an expanded team returned to the site in early 1977. This time, they had Alvin.

         The first dive of the expedition targeted an area that, based on the towed camera’s photographs from the night before, was littered with oblong white clamshells. The site was thereafter named the Clambake. As Alvin pilot Jack Donnelly oriented toward the coordinates, chief 34scientist Jack Corliss kept a close eye on the temperature readings, willing the number—a steady 2ºC—to go up, even just a thousandth of a degree—anything that would indicate a heat source was nearby. Meanwhile, Stanford geologist Jerry van Andel peered out the window, reporting nothing but lumpy black lava rocks. Suddenly, an alarm went off inside the sphere, signaling a rise in the outside water temperature. Almost simultaneously, van Andel reported a stunning proliferation of life. Later that night, writing his daily diary entry in a creaky cabin, he described what he had seen:

         
            And in the middle of this stark and barren vastness, hard, prickly, new and untamed, a small oasis, perhaps an acre, sharply defined, with coral gardens, pink and gold anemones, white crabs in great variety and profusion, yellow, brown, liver-colored fish, medusoid large clumps of some kind of mussel ten inches long, crevices filled with their huge bleached shells looking from afar like rims of snow in a boulder field. It was like an aquarium, huge but carefully arranged with elegance and taste and grace.23

         

         In the moment, however, the reigning emotion was confusion. “Isn’t the deep ocean supposed to be a desert?” Corliss radioed up to the support ship Lulu. “There’s all these animals down here.”24 No one appeared to connect the dots between the oasis Alvin had just stumbled across and the hydrothermal influence the expedition was pursuing.

         Subsequent dives found colorful rock pinnacles, more dramatic temperature changes, and shimmering water.25  And throughout, increasingly bizarre life-forms. Alvin high-fived a long white worm, and the creature recoiled; elsewhere, some crabs parried with the sub’s robotic arm, seemingly unintimidated, while others raided the collection baskets. It was only when the team cracked open Alvin’s water samples on the ship and gagged from the overwhelming stench of rotten eggs—hydrogen sulfide—that it clicked. Sulfide is formed when seawater becomes anoxic, meaning the hot water was emerging from a subterranean, oxygen-free environment. “A whole lot of things sort of fell into place,” 35recalled MIT geochemist John Edmond. “About halfway into the cruise, we realized that regular seawater was mixing with something. It was a unique solution I had never seen before. We all started jumping up and down, we were dancing off the walls. It was chaos.” The hot fluids emerging from the seafloor were sustaining the lavish ecosystem. It wasn’t exactly clear how it all worked, but the team sensed they had stumbled across something new, something important.

         They couldn’t be sure of the significance of their biological findings, because, well, there weren’t any biologists on the ship. This was a geological expedition, but with hundreds of mysterious animals scattered around the labs, putrefying before their eyes (and noses), the scientists on board set aside their rock hammers and hand lenses to try and salvage the samples. A member of the Alvin team quickly volunteered a jar of formaldehyde he kept on hand in case anything interesting ever presented itself for his personal collection. The kitchen staff brought over rolls of plastic wrap, which was as good as it was going to get for packaging the long, sausage-like tube worms. Corliss took calls from biologists on shore, who talked him through the best ways to preserve the specimens: toss a subsample in the freezer ASAP, try to avoid straight alcohol preservative, and don’t throw anything away, no matter how gross it looks.

         Two years later, in the first half of 1979, the team returned to the Galapagos. Alvin pilots followed increasing numbers of crabs like a trail of breadcrumbs, tracking down several additional vent fields with more prolific oases of life. They observed gelatinous bulbs called siphonophores perched like flowers on the seafloor, stringy worms spilling over the rocks, and encrusted worms taller than the submersible itself. At each new vent, the shimmering water topped out around 23ºC. For the geologists leading the expedition, it was a hollow victory. Sure, it was direct evidence of ocean water interacting with the earth’s mantle—the subterranean engine of plate tectonics—but it should have been hotter. Much hotter. Calculations based on heat flow measurements had indicated the fluids should be up to 300ºC.26

         Alvin’s next destination was the East Pacific Rise: head west along the Galapagos Rift until it ends, take a right, and follow the crest all 36the way up toward Cabo. The first several dives took detailed gravity measurements of the area, revealing shallow magma chambers lurking beneath the black basalt crust. On the ninth dive, pilot Dudley Foster steered the sub into a field of dead clamshells. Peering downward through the front window, craning his neck to track the seafloor, he nearly ran straight into a roiling black curtain shooting upward out of a craggy pinnacle.

         It must have been a paralyzing, disorienting moment. As foreign as the deep sea is, there are rules—patterns and rhythms you get used to. For one thing, gravity prevails. Decaying particles of organic goo fall from the surface water, drawing the eye downward, creating a dreamy weightiness. For another, the pace is slow. Fish swim with languid non-chalance, on cruise control, while crabs high-step sideways with care, as if trying to avoid a tripwire. Attuned to these patterns, having spent more time in the deep sea than nearly anyone else in history, Foster was astonished by the dramatic hydrothermal vent in front of him. He managed to hit the brakes just in time, and the three men in the sphere had a moment to take it all in. The jet of dark-gray fluid was shooting upward from a two-meter-tall chimney of mottled rock, billowing like a smokestack on overdrive. They drove through the cloud—why not?—only to later learn it was up to 350ºC, hot enough to shatter the windows if they had dallied.

         During the cruise’s remaining dives, Alvin’s pilots found several additional vents, each distinct in its own way. Some were “black smokers” like the first one, spewing iron sulfide or zinc sulfide, like confetti, up into the water; others were “white smokers” whose emissions were less furious—a milky stream of barium sulfate and silica.

         At last, the geologists had found their smoking gun,27 validating decades of theory, inference, and piecemeal data. It was here, at active spreading centers on the seafloor, that new earth was being built, appended to tectonic plates that crept slowly outward. During its journey beneath the sea and into a final subductive embrace—a journey that would take hundreds of millions of years—this crustal rock would trigger earthquakes, sculpt mountain ranges, and serve as a home for 37all manner of organisms. The planet was geologically active on a scale few had dared to imagine.

         
            *

         

         A couple of weeks into my WHOI internship, Brandy took me to the “freezer farm”—a room in the basement with several hulking –80°C freezers. It was here that rocks and sediments, fresh off the pier or shipped from ports around the world, would be plunged into frigid stasis. At such cold temperatures, the decomposition of DNA and other informative biomolecules is held at bay; the state of the biological community is arrested in medias res until researchers are ready to take a closer look.

         The room rumbled as the compressors strained against the humid New England summer to maintain their deep freeze. Brandy donned thick insulated gloves and yanked down on the long door latch like she was activating a slot machine. The door swung open, and smoky vapor billowed out, tickling my toes. “I love this about Katrina’s lab,” Brandy said as she waved the fog out of the way. “She’s got samples from all kinds of hydrothermal vents, dozens of them. Think of it this way: we have a free ticket to just explore the deep sea—all over the world—through these freezers. It’s all here.”

         It was a ticket on a time machine, and on this occasion, we visited the seafloor about halfway between the Galapagos and Acapulco. Two years earlier, in 2004, Alvin had sampled a segment of the East Pacific Rise—farther south than where the first black smokers were discovered, but in the same tectonic neighborhood. It was a spot where the Pacific and Cocos plates were pulling away from each other and fresh rock was emerging,28 cooling, and solidifying into new seafloor.

         Brandy snatched a few samples from the freezer. This one, she explained, was from a bulging rock mass that looked like an overturned chandelier; it glinted dully with pyrite and marcasite, minerals made of iron and sulfur. This one was chipped off a jumble of craggy rock composed of iron sulfides speckled with copper minerals. And this one was from a towering, crenellated chimney striated with reds, purples, and 38grays—a blend of pyrite and a zinc sulfide known as sphalerite. Our charge was to figure out just how strongly the microbes inside these metal-rich rocks, this incipient seafloor, depended on particular minerals. Were certain organisms more prominent near the iron crystals compared with the zinc ones? Or was it more random, an even sprinkling across the rock? The latter would imply that the microbes were just happy to attach to anything solid, putting down an anchor to avoid being swept away, but the former was the more alluring possibility, suggesting there was something more specific, perhaps even intentional, going on between microbes and their rocky real estate.

         We took the bags back upstairs and geared up for an afternoon of meticulous lab work to coax DNA from rock. As the samples thawed, we scrubbed down the lab bench and readied the mortar and pestle. With each sample, Brandy delicately snapped off a piece of rock and less delicately ground it to a pulp, allowing us to access the microbes that had been nestled inside the crevices and conduits. We scooped the muddy material into a small plastic container and spent the next few hours shuttling droplets of colorless liquid between pill-sized tubes, spinning and shaking them to burst open the microbial cells and sieve out the DNA. The whole undertaking was, in many ways, a faith-based exercise. Yes, there are rigorously tested chemical principles at play, but they’re invisible: the breaking and forming of bonds, the folding and relaxing of biomolecules, is a microscopic fracas we aren’t equipped to appreciate on a visceral level. It’s only several hours later that you find out if it worked.

         On this day, it did. We had found enough DNA to sequence and were well on our way to learning the identities of the microbes that made a living inside hydrothermal vents along the East Pacific Rise. Brandy tossed the tubes into a freezer—we’d continue the protocol tomorrow—and I scooped up my backpack for the bike ride home.

         Beyond the lab, my Woods Hole summer was invigorating; I had never felt science so thoroughly permeate a community, or seen people pursue their curiosity so unselfconsciously. It was a place where discoveries were not only made but also whispered about at the coffee shop, where lab breakthroughs were as exciting as salacious gossip. 39

         All was going smoothly until Brandy and I hit a roadblock in the lab that would test my newfound resolve. After isolating the DNA from the vent samples, we needed to boost the signal of the specific gene we hoped to sequence, the 16S rRNA “fingerprint” gene that would tell us who was inhabiting each rock. To do so, we assembled a new brew of several colorless liquids and divided it into even smaller plastic tubes—cleanly, deliberately, swiftly, wary of any potential contamination—and popped them into a toaster-sized machine that would whir and shudder for the next few hours. The machine was changing the tubes’ temperature quickly and precisely, allowing an enzyme in the tubes to make new chains of DNA. One copy of the 16S rRNA gene would turn into two, then four, eight, sixteen, and, eventually, several hundred million.

         It wasn’t working. Something in this carefully tuned symphony was sounding a discordant note, and we needed to find it. But it was impossible to know where to start. We could change the concentrations of one or more ingredients, alter the number of thermal cycles, increase or decrease the time spent at each temperature … the permutations were dizzying.

         The days wore on, and I felt buried in repetitive minutiae. We were meant to be revealing grand new truths about the living world, but here I was, pipetting late into the night, hoping that before the summer was over we’d see a faint signal.

         
            *

         

         Brandy and I were focusing on the microbes because they were the primary producers of the vent ecosystems, the critical link between the hot, metal-laden fluids and the stunning abundance of animals that so befuddled early vent explorers.

         In the years following the tectonics revolution, a picture of what exactly is happening at hydrothermal vents began to cohere. It starts with the heat. Fiery magma chambers unfurl upward through weak zones of the oceanic crust, reaching, in some places, within a kilometer of the seafloor.29 This subsurface inferno heats the porewater in the overlying rocks, which then gushes into the ocean as a vent. 40

         Look a little closer, and there’s more to it. To replace the fluid pushed out of the crust, cold seawater percolates downward, initiating a series of chemical reactions that profoundly modifies both water and rock.30 The water is stripped of oxygen and calcium, and some basaltic minerals in the rock turn to iron oxide or clay. As the water gets deeper and hotter, closer and closer to the magma chamber, it loses magnesium and sulfate, and pilfers the rocks’ metals—iron, lead, copper, zinc—as well as their sulfide and silica. But like a paper airplane thrown at a fan, the warming fluid is ultimately turned back, too hot and buoyant to continue its descent, and it rockets upward through the rocks, back into the ocean.

         And there, waiting, are legions of microbes. On the water’s harrowing journey, it picks up electron-rich (or “reduced”) molecules such as dissolved metal ions, molecular hydrogen, and hydrogen sulfide. Microbes gain energy by tapping into the flow of electrons between such reduced molecules,31 which are ready to give them away, and “oxidized” molecules eager to collect them. This, really, is the secret of biology as we know it, a truth succinctly encapsulated by Nobel Prize winner Albert Szent-Györgyi, who noted that “life is nothing but an electron looking for a place to rest.”32 Like a falling bucket of water spinning a wheel to power a mill, there’s energy to be harvested when electrons “fall” from reduced to oxidized molecules.

         So when a firehose of reduced molecules looking to offload electrons discharges into an ocean ready to accept them, the opportunity for an enterprising microbe to reap the energetic windfall is immense. It’s a specialized way of life, and over billions of years, microbes have developed ingenious ways to use this geologically sourced energy to crack open and reconfigure molecules. Understanding how they do it—and what the limits of their biochemical ingenuity really are—is what gets many microbiologists out of bed in the morning.

         The first hint of what the microbes bathing in vent fluid were doing was “milky bluish water” that WHOI biologist Holger Jannasch saw emerging from a vent opening on the Galapagos Rift in 1979.33 It reminded him of the minuscule sulfur particles he had observed in the lab, formed when bacteria stripped electrons from sulfide. He was later 41able to grow three different types of sulfur-oxidizing bacteria from fluids taken directly from the Galapagos vents.34 But using sulfur compounds as a source of energy wasn’t the only game in town; additional calculations and experiments soon revealed a stunning array of microbial lineages that could feast on the geochemical smorgasbord. Some could take electrons from ammonium and give them to oxygen; others used iron and oxygen, or hydrogen and sulfate.35

         The Galapagos Rift and the East Pacific Rise were the first hydrothermal vents to be discovered, but hundreds have since been identified around the world.36 What they all have in common is water that is heated and chemically altered by shallow subseafloor magma, and biological communities that have sprouted to capitalize on the sharp gradients that result from their emergence into the ocean. But no two vents are identical, and the differences—sometimes subtle, sometimes dramatic—make clean categorization difficult.37 Julie Huber is a senior scientist at WHOI who studies vent microbes. “To organize my thinking around all of the different things hydrothermal vents can be for the microbes,” she tells me, “the first thing I think about are the rocks. What is the geological setting—where exactly is the heat coming from?”

         For the most part, your options are restricted to zones along plate boundaries, where new rafts of oceanic crust are produced or old ones are subsumed. Places like mid-ocean ridges spitting black “smoke,”38 ridge flanks venting less scalding water slightly off the main drag of the plate spreading center,39 and “back-arcs,”40 where compounds that are cooked off subducting plates rise back to the seafloor. In very rare cases—only five are currently known—vents occur in the middle of a plate,41 piercing the tectonic armor. Given how much more of the ocean there is to see—especially across the vast intraplate abyss—there are no doubt other flavors of vents that await discovery.

         Once the geological context is established, “the next thing to think about is the water moving through the rock,” explains Huber. “So things like what the rock is made of, how long that water is in contact with the rock, and what the chemistry is going to be as water moves through there.” Despite these contextual clues, there’s still plenty of 42room for surprise and local color. At the Axial Seamount off the coast of Oregon,42 scientists watched expectantly as the seafloor rose over several years, its magma chamber inching closer to the seafloor. The pace of inflation accelerated, reaching up to ten centimeters an hour just before a vast lava flow broke out, strangling existing vents and sprouting new ones. At the Mid-Cayman Rise,43 site of the deepest (about five thousand meters), hottest (about 500ºC) vents we know of, the very nature of water’s chemical bonds shifts as it goes supercritical, so hot and heavy that the boundary between gas and liquid vanishes. Loihi,44 a seamount that will become the newest Hawaiian island in a few tens of thousands of years, is one of those rare intraplate vent sites. Its fluids are packed with iron, but with relatively little sulfide to soak it up, “the place is just covered in iron oxides,” says Huber. “It’s a totally crazy place.”

         Each of these geochemically curious sites supports its own micro-menagerie. The microbes are carefully attuned to their surroundings, and while there’s plenty of chemical energy for the taking, it’s a knife’s-edge existence. Too far from the vent fluid and others may grab the electrons first; too close and it’s a hot, fast death. The minerals that constitute the colorful towering chimneys offer a more stable existence, but are they refuges or prisons? Do the rocks play a part in shaping microbial communities, allowing them to grow and evolve, to weave food webs that enmesh the entire ocean?

         The chance to answer such fundamental questions was a humbling opportunity, and one that I didn’t want to squander. So when I activated the fluorescent gel reader in Katrina’s lab one day late in the summer and saw a slightly rounded rectangular band glowing back at me like a beacon, indicating the presence—at last—of DNA, I was relieved and excited in equal measure. We had made enough DNA to sequence, and we were getting closer to determining which microbes were living in the East Pacific Rise vents. In the end, a solution to our procedural conundrum didn’t come from some grand revelation, but rather via a methodical march through dozens of possibilities, with hundreds of disposable pipette tips among the casualties. It seemed that the very iron oxide minerals we were studying were causing complications, 43 binding to the DNA we had isolated and keeping the DNA-replicating enzymes from doing their job. By adding a couple of additional purification steps and sprinkling in some magnesium ions to help the enzyme keep its catalytic shape, Brandy and I had cracked the code.

         And now it was off to the races. We cloned the successfully amplified 16S rRNA genes from each sample into colonies of E. coli—a hopelessly outdated, “uphill both ways” kind of protocol by contemporary standards—and transferred distinct colonies to separate tubes with sterile toothpicks. Brandy offered me the chance to deliver our samples to the sequencing facility, where bulky machines would read out each gene’s composition like a roll call, identifying the microbes we’d been chasing. I crunched our plastic tubes into a Styrofoam cooler full of ice and boarded the WHOI shuttle to the center of town.

         A couple of days later, Brandy called me into her office to show me the results she’d received by email. Striking patterns were emerging from the data. Many of the sequences belonged to the Chromatiales group of bacteria,45 which gain energy by seizing electrons from sulfide compounds … like the pyrite minerals sparkling in the overturned chandelier, perhaps? Other microbial lineages were more prevalent in specific samples, like the Flavobacteriales most often found in the tall, variegated chimney. This crew is known for breaking down larger organic molecules and feeding on the scraps; perhaps we were seeing hints of predation?46

         The next step was to look beyond specific types of microbes and focus on the community as a whole—the mix of different lineages that gives a microbial neighborhood its character. As Brandy crunched the numbers, we talked through our predictions. “Everything here is from the same vent area at the East Pacific Rise,” I said, “so in that sense, all these rocks are seeing the same water, the same things coming and going across the seafloor. I’m not sure we’re going to see much of a difference in the communities.”

         “Yeah, it’s true that vent fluid chemistry really dictates which microbes can grow at active hydrothermal vents,”47 Brandy responded, 44cushioning my errant hypothesis with the grace of a practiced teacher. “But all our samples are from spots where the vents have turned off. And at these inactive systems, without the energy from the vent fluid, all you’re left with are the minerals.”

         On the screen in front of us, the eight samples we had wrestled with all summer showed up as three clusters of dots, each point representing a specific blend of microbes, based on the DNA sequences. Brandy’s fingers whirred on the keyboard, and one by one, each dot changed color according to the mineralogy of the sample it came from. Sure enough, it matched up perfectly: the presence of iron, copper, or zinc played a key role in determining which microbes could inhabit these dormant vent chimneys.

         Now we wanted to compare our findings from the East Pacific Rise with DNA sequences collected from similar types of vents around the world, to see if the pattern held up. If Katrina’s freezer farm was a ticket to the seafloor, the online repository of sequences Brandy was tracking down was a backstage pass—unfettered access to the microbial community compositions in the Indian Ocean,48 at Loihi,49 or off the coasts of Panama50 and Japan.51 After incorporating these new sites into the chart of colored dots, Brandy grew even more convinced that mineralogy—not geography—was running the show. The microbes at metal sulfide chimneys halfway around the world were more similar to our East Pacific Rise samples than those within non-sulfide rocks just a meter away.52 It was like finding your long-lost twin among nomadic sheep herders on the Mongolian steppe. “Isn’t that just the coolest thing?” Brandy enthused. “The minerals aren’t just something to stick to—they’re a source of energy, but only certain types of microbes have found a way to use it.”

         It struck me that we were looking at the narrowest point of an hourglass: a global story of plate tectonics, magma chambers, and heat exchange, collapsed onto a few microscopic mineral grains. These are the microbes’ entire world, yet it took vast, planet-shaping forces to forge them. The sequences, meanwhile, told stories that brought these otherwise inert samples to life. The names that tumbled through my mouth like gravel imbued the microscopic life-forms with personality. 45I imagined internecine dramas, microbial dynasties rising and falling through the years, times of feast and famine as vent fluids came and went. Enterprising lineages found a way to mine the metal minerals for electrons, spawning a new energy economy. And it was all built on jagged rocks looking out over a dark expanse, birthed as new seafloor and then cast outward, the start of a quarter-billion-year journey across the ocean.

         
            *

         

         In the decades since the discovery of hydrothermal eruptions on the seafloor, the full significance of the biological communities found flourishing around the vents has slowly resolved, and it’s difficult to overstate their importance. The worms, clams, and microbial mats began as a sideshow to a geological saga, but they’ve now taken center stage in a story that’s even larger, in some ways, than the one told by plate tectonics. “To me, hydrothermal vents are one of the best places on our planet to really think about the fundamentals of how life exists and how it evolves,” says Huber. “They hold the clues to so many different things.”

         Things like how life on Earth began. It’s a fascinating question that will almost certainly never have a definitive answer, but deep-sea hydrothermal systems are the betting favorite.53 Black smoker vents offer energy and elements with catalytic potential—the same elements that now form the active core of many enzymes. But in 2000, a fundamentally different type of vent was discovered along a segment of the Mid-Atlantic Ridge previously deemed too cold,54 too ossified for active fluid flow. The area was named Lost City, and as geologists pieced together the unexpected forces that built it and the chemistry they enabled, origin-of-life researchers seized on the implications. Seawater percolates through the seafloor, reacting with olivine minerals to generate an alkaline solution packed with carbon dioxide,55 hydrogen, and methane. Once heated and ejected back into the ocean, calcium carbonate precipitates as ornate spires, forming a sharp boundary between alkaline and neutral waters. The hydrogen provides an electron-rich energy source,56 and the methane serves as an organic building block. All the 46key ingredients seem to be accounted for, but were they around for long enough for proto-metabolisms to develop? Was the spark of life kindled in the kind of vent found at Lost City? And could it still be happening now? The notion that life may be forming around vents today—only to be immediately gobbled up by a critter with a 3.5-billion-year evolutionary head start—is an intriguing, Sisyphean possibility.

         Hydrothermal vents invite introspection—on the inner workings of our planet, on the origins of our biology—but they also demand a more expansive consideration of life-filled worlds beyond our own, strewn throughout the universe. The ecosystems that proliferate around vents prove that life on Earth has an extensive third dimension. The default assumption that biology was ultimately dependent on the sun, and that it faded to nothingness with distance from the optimal conditions of the bright surface-world—that was no longer true. There was a second flame burning from within: smaller, perhaps, than the first, but focused and steadfast. By transforming magmatic heat into chemical energy, chemical energy into teeming microbes, and teeming microbes into a globally connected seafloor ecosystem, hydrothermal vents offered a new vision of life’s possibilities.
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