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More Praise for The Ends of the World


“History repeats itself, the first time as a tragedy, the second as farce. Human history, that is. But the history of life on planet Earth only ever repeats as tragedy, as Peter Brannen explains in this powerful and unsettling book. The Ends of the World recounts the breathtaking stories of the five mass extinctions that have punctuated and diverted the course of evolution. Its vertiginous sense of the awful fragility of living things will never leave you, not least because humanity may now be writing the ultimate end of Brannen’s riveting tale.”


Stephen Curry, professor of structural biology, Imperial College


“A vivid, fascinating story about all the past and future lives of our planet. Peter Brannen has the knack of opening up new worlds under our feet.”


Michael Pye, author of The Edge of the World


“Want to know the future? Look to the past, the deep past. That’s one of the many insights you’ll glean from reading Brannen’s entertaining, engaging, elegant book.”


David Biello, author of The Unnatural World


“Robert Frost only gave us two options to end the world: fire or ice. Peter Brannen informs us in this fun rollick through deep history that there are so many more interesting ways to go.”


Paul Greenberg, author of Four Fish


“If readers have time for only one book on the subject, this wonderfully written, well-balanced, and intricately researched (though not too dense) selection is the one to choose.” Library Journal, starred review


“Much-needed as a cautionary lesson and a hopeful demonstration of how life on Earth keeps rebounding from destruction.”


Booklist


“A simultaneously enlightening and cautionary tale of the deep history of our planet and the possible future, when conscious life may become extinct… Entertaining and informative on the geological record and the researchers who study it. [Brannen] provides a useful addition to the popular literature on climate change.”


Kirkus
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To Mom




Something more than death has happened. . . . We are looking upon the uttermost finality which can be written, glimpsing the darkness which will not know another ray of light. We are in touch with the reality of extinction.


—HENRY BEETLE HOUGH


As often as I have seen beds of mud, sand, and shingle, accumulated to the thickness of many thousand feet, I have felt inclined to exclaim that causes, such as the present rivers and the present beaches, could never have ground down and produced such masses. But, on the other hand, when listening to the rattling noise of these torrents, and calling to mind that whole races of animals have passed away from the face of the earth, and that during this whole period, night and day, these stones have gone rattling onwards in their course, I have thought to myself, can any mountains, any continent, withstand such waste?


—CHARLES DARWIN




THE
ENDS
OF THE
WORLD




INTRODUCTION


It is the dawn of a new geological age. A teeming swarm of Homo sapiens gathers on the banks of an estuary at the edge of the North American continent. The glaciers have retreated; the seas have risen more than 400 feet since the last ice age; and the gleaming new steel-and-glass hives of Manhattan rise up from the marshes. Looming over the confident city, just across the Hudson River, is the sheer cliff face of the Palisades. The gigantic columns of basalt sit in unimpressed, stony silence, as they have for 200 million years. These cliffs, covered in highway weeds and graffiti, are monuments to an ancient apocalypse. They’re made of magma that once fed burbling fountains of lava at the surface—lava that once smothered the planet from Nova Scotia to Brazil. The eruptions flooded the atmosphere with carbon dioxide at the end of the Triassic period, roasting the planet and acidifying the oceans for thousands of years. Brief blasts of volcanic smog punctuated this super-greenhouse with cold. The runaway volcanism covered more than 4 million square miles of the planet and killed off more than three-quarters of animal life on earth in a geological instant.


I struggled to keep up with Columbia University paleontologist Paul Olsen as he bounded up the scraggly path leading from the banks of the Hudson to the base of the Palisades. In front of us, smothered under this enormous wall of now-solid magma, were the remains of a quarter-billion-year-old lake bottom, complete with exquisitely preserved fish and reptile fossils. Behind us, faintly droning, was the skyline of New York City.


I asked Olsen whether the city across the river would be preserved for future geologists to discover, like this peaceful Triassic diorama at the bottom of the rocks. He turned to consider the scenery.


“You might have a layer of stuff,” he said dismissively, “but it’s not a sedimentary basin, so eventually it would erode away to nothing. You’d have bits that would make it out into the ocean and would be buried and might show up—some bottle caps, maybe. There would be some pretty heavy-duty isotopic signals. But the subway system wouldn’t fossilize or anything. It all would erode away fairly quickly.”


It is from this disorienting perspective that geologists operate: to them, millions of years run together, seas divide continents, then drain away, and great mountain ranges erode to sand in moments. It’s an outlook that’s necessary to cultivate if one wants to get a handle on the staggering depths of geological time, which recedes behind us hundreds of millions of years and stretches out before us to infinity. If Olsen’s attitude seems dispassionate in the extreme, it’s a symptom of a lifetime’s immersion in Earth’s history, which is both vast beyond comprehension and, in some exceedingly rare moments, tragic beyond words.
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Animal life has been all but destroyed in sudden, planetwide exterminations five times in Earth’s history. These are the so-called Big Five mass extinctions, commonly defined as any event in which more than half of the earth’s species go extinct in fewer than a million years or so. We now know that many of these mass extinctions seem to have happened much more quickly. Thanks to fine-scale geochronology, we know that some of the most extreme die-offs in earth history lasted only a few thousand years, at the very most, and may have been much quicker. A more qualitative way to describe something like this is Armageddon.


The most famous member of this gloomy fraternity is the End-Cretaceous mass extinction, which notably took out the (nonbird) dinosaurs 66 million years ago. But the End-Cretaceous is only the most recent mass extinction in the history of life. The volcanic doomsday whose stony embers I saw exposed in the cliffs next to Manhattan—a disaster that brought down an alternate universe of distant crocodile relatives and global coral reef systems—struck 135 million years before the death of the dinosaurs. This disaster and the three other major mass extinctions that preceded it are invisible, for the most part, in the public imagination, long overshadowed by the downfall of T. rex. This isn’t entirely without reason. For one thing, dinosaurs are the most charismatic characters in the fossil record, celebrities of earth history that paleontologists who work on earlier, more neglected periods scoff at as preening oversized monsters. As such, dinosaurs hog most of the popular press spared for paleontology. In addition, the dinosaurs were wiped out in spectacular fashion, with their final moments punctuated by the impact of a 6-mile-long asteroid in Mexico.


But if it was a space rock that did in the dinosaurs, it seems to have been a unique disaster. Some astronomers outside the field push the idea that periodic asteroid strikes caused each of the planet’s other four mass extinctions, but this hypothesis has virtually no support in the fossil record. In the past three decades, geologists have scoured the fossil record looking for evidence of devastating asteroid impacts at those mass extinctions, and have come up empty. The most dependable and frequent administrators of global catastrophe, it turns out, are dramatic changes to the climate and the ocean, driven by the forces of geology itself. The three biggest mass extinctions in the past 300 million years are all associated with giant floods of lava on a continental scale—the sorts of eruptions that beggar the imagination. Life on earth is resilient, but not infinitely so: the same volcanoes that are capable of turning whole continents inside out can also produce climatic and oceanic chaos worthy of the apocalypse. In these rare eruptive cataclysms the atmosphere becomes supercharged with volcanic carbon dioxide, and during the worst mass extinction of all time, the planet was rendered a hellish, rotting sepulcher, with hot, acidifying oceans starved of oxygen.


But in other earlier mass extinctions, it might have been neither volcanoes nor asteroids at fault. Instead, some geologists say that plate tectonics, and perhaps even biology itself, conspired to suck up CO2 and poison the oceans. While continental-scale volcanism sends CO2 soaring, in these earlier, somewhat more mysterious extinctions, carbon dioxide might have instead plummeted, imprisoning the earth in an icy crypt. Rather than spectacular collisions with other heavenly bodies, it has been these internal shocks to the earth system that have most frequently knocked the planet off course. Much of the planet’s misfortune, it seems, is homegrown.


Luckily, these uber-catastrophes are comfortingly rare, having struck only five times in the more than half a billion years since complex life emerged (occurring, roughly, 445, 374, 252, 201, and 66 million years ago). But it’s a history that has frightening echoes in our own world—which is undergoing changes not seen for tens of millions, or even hundreds of millions, of years. “[It’s] pretty clear that times of high carbon dioxide—and especially times when carbon dioxide levels rapidly rose—coincided with the mass extinctions,” writes University of Washington paleontologist and End-Permian mass extinction expert Peter Ward. “Here is the driver of extinction.”


As civilization is busy demonstrating, supervolcanoes aren’t the only way to get lots of carbon buried in the rocks out into the atmosphere in a hurry. Today humanity busies itself by digging up hundreds of millions of years of carbon buried by ancient life and ignites it all at once at the surface, in pistons and power plants—the vast, diffuse metabolism of modern civilization. If we see this task to completion and burn it all—supercharging the atmosphere with carbon like an artificial supervolcano—it will indeed get very hot, as it has before. The hottest heat waves experienced today will become the average, while future heat waves will push many parts of the world into uncharted territory, taking on a new menace that will surpass the hard limits of human physiology.


If this comes to pass, the planet will return to a condition that, though utterly alien to us, has made many appearances in the fossil record. But warm times aren’t necessarily a bad thing. The dinosaur-haunted Cretaceous was significantly richer in atmospheric CO2, and that period was consequently much warmer than today. But when climate change or ocean chemistry changes have been sudden, the result has been devastating for life. In the worst of times, the earth has been all but ruined by these climate paroxysms as lethally hot continental interiors, acidifying, anoxic oceans, and mass death swept over the planet.


This is the revelation of geology in recent years that presents the most worrying prospect for modern society. The five worst episodes in earth history have all been associated with violent changes to the planet’s carbon cycle. Over time, this fundamental element moves back and forth between the reservoirs of biology and geology: volcanic carbon dioxide in the air is captured by carbon-based life in the sea, which dies and becomes carbonate limestone on the seafloor. When that limestone is thrust down into the earth, it’s cooked and the carbon dioxide is spit out by volcanoes into the air once more. And on and on. This is why it’s a cycle. But events like sudden, extraordinarily huge injections of carbon dioxide into the atmosphere and oceans can short-circuit this chemistry of life. This prospect is one reason why past mass extinctions have become such a vogue topic of late in the research community. Most of the scientists I spoke with over the course of reporting this book were interested in the planet’s history of near-death experiences, not just to answer an academic question, but also to learn, by studying the past, how the planet responds to exactly the sorts of shocks we’re currently inflicting on it.


This ongoing conversation in the research community is strikingly at odds with the one taking place in the broader culture. Today much of the discussion about carbon dioxide’s role in driving climate change makes it seem as though the link exists only in theory, or in computer models. But our current experiment—quickly injecting huge amounts of carbon dioxide into the atmosphere—has in fact been run many times before in the geological past, and it never ends well. In addition to the unanimous and terrifying projections of climate models, we also have a case history of carbon dioxide–driven climate change in the planet’s geologic past that we would be well advised to consult. These events can be instructive, even diagnostic, for our modern crises, like the patient who presents to his doctor with chest pains after a history of heart attacks.


But there’s a risk of stretching the analogy too far: Earth has been many different planets over its lifetime, and though in some salient and worrying ways our modern planet and its future prospects echo some of the most frightening chapters in its history, in many other ways our modern biocrises represent a one-off—a unique disruption in the history of life. And thankfully, we still have time. Though we’ve proven to be a destructive species, we have not produced anything even close to the levels of wanton destruction and carnage seen in previous planetary cataclysms. These are absolute worst-case scenarios. The epitaph for humanity does not yet have to include the tragic indictment of having engineered the sixth major mass extinction in earth history. In a world sometimes short on it, this is good news.
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Like many kids, I came to the topic of mass extinctions early. As the son of a children’s librarian, I grew up in a house that was often brimming with cardboard boxes of books—the surplus of the most recent book fair. Perhaps to my mom’s frustration, I would pass over copies of Where the Red Fern Grows and The Giver and go straight for the pop-ups. Tyrannosaurs and cycads leapt from the page as I obsessed over the strange Latinate names and the even stranger creatures they described. Here an artist had decided to spangle a bizarre-looking animal called parasaurolophus in neon, while another illustrator had oviraptors draped in zebra stripes. It was irresistible: a world of sci-fi monsters that had actually existed. But Disney’s Fantasia illuminated for me as a child an even stranger fact about this world: that it had all occurred in the past—to the music of Stravinsky’s orchestra, the dinosaurs lurched to their deaths over a cauterized landscape, and the world ended in tragedy. It was no more. Later obsessions—like the movie and book versions of Jurassic Park—only reinforced for me the melancholy of living in a world that had lost its dragons.


In the past few decades, geologists have started filling in the rough sketches of the Big Five mass extinctions with gruesome detail, but the story has largely eluded the public imagination. Our conception of history tends to stretch back only a few thousand years at most, and typically only a few hundred. This is a scandalously shortsighted appreciation of what came before—like reading only the last sentence of a book and claiming to understand what’s in the rest of the library. That the planet has nearly died five times over the past 500 million years is a remarkable fact, and as we, as a civilization, push the chemistry and temperature of the climate-ocean system into territory not seen for tens of millions of years, we should be curious about where the hard limits are.


Just how bad could it get? The history of mass extinctions provides the answer to this question. Visiting Earth’s turbulent and unfamiliar past provides a possible window into our future.


Forgotten worlds spill from the sides of highways, from beach cliffs, and from the edges of baseball fields, hiding in plain sight. This was perhaps the central revelation to me as I began to accompany paleontologists in the field to learn more about the five major mass extinctions. I didn’t have to talk my way onto expeditions to the Arctic or the Gobi Desert to find the strange stratigraphy of long-past worlds. We live on a palimpsest of earth history. The lesson of geology is that we inherit this world—this “antique planet with a brand new civilization,” as Carl Sagan put it—from countless vanished ages. To see the world through the lens of geology is to see the world for the first time.


In North America, fossils are found not only in the mythic Southwest and in exposed Arctic mountainsides but hidden under Walmart parking lots, in quarries, and in road cuts on the interstate. Underneath Cincinnati is an endless fossil bas-relief of tropical sea life in the early oceans of the Ordovician period, which ended half a billion years ago in the second worst extinction in Earth’s history. There are plesiosaurs in riverbanks in downtown Austin, saber-toothed cats in Los Angeles, and killer crocs from the Triassic under Dulles Airport outside of Washington, DC. In Cleveland’s riverbanks are the armor-plated remains of a guillotine-mouthed, titanic fish from the Devonian period, 360 million years old.


The wreckage from the Big Five mass extinctions lies on remote, verdant islands in the Canadian Maritimes, on icier patches in Antarctica and Greenland, under Mayan temples in Mexico, strewn across the desolation of South Africa’s Karoo Desert, and on the edges of farmland in China. But this legacy of disaster is also visible next to skyscrapers in New York City and in the shales of the Midwest (so profitable for frackers and environmental fundraisers alike) that were forged in the chaos of the Late Devonian mass extinctions. Rising out of the deserts of West Texas are the Guadalupe Mountains, a haunted monument built almost entirely from ancient sea animals in the full bloom of life before the single worst chapter in the planet’s history: a period of crises capped by a carbon dioxide–driven global warming catastrophe that killed off 90 percent of life on Earth.


Life on earth constitutes a remarkably thin glaze of interesting chemistry on an otherwise unremarkable, cooling ball of stone, hovering like a sand grain in an endless ocean of empty space. This sheet of life that coats the planet—a feature of our world that has been almost miraculously durable over Earth’s history—is perhaps unique in the galaxy. But viewed through the lens of mass extinctions, it’s also remarkably fragile: when crises push the planet outside a narrow set of surface conditions, it has been nearly sterilized. Much has been made of the search beyond our planet for spectacular external threats like asteroids, but we should be equally vigilant about the subtler threats from within. As the roster of lifeless planets in our solar system attests, the agreeable chemistry and conditions on the surface of the earth are incredibly unusual. And as the history of mass extinctions demonstrates, they’re not a given.


In researching these ancient disasters, I expected to find a story as neat and tidy as the one about the asteroid that killed the dinosaurs. What I found instead was a frontier of discovery with much left to be unearthed, and a story still largely obscured by the fog of deep time. In my travels I became acquainted with whole worlds—still called “Earth”—that I had scarcely known existed, brought low by a suite of world-ending forces far subtler, but just as ominous, as asteroids.


This book is a woefully incomplete testament to the ingenuity of those who have labored to piece this fractured—and still unfinished—puzzle together, as well as a survey of the unfamiliar geography of deep time that surrounds us. It’s also an exploration of the turbulent centuries to come and the long-term prospects for life on this strangely hospitable but vulnerable planet that hurtles through a perilous universe.
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After hiking the Palisades, Olsen and I hit up one of the dozens of Vietnamese pho restaurants in the nearby Fort Lee neighborhood, where a snarl of highways branch out of the George Washington Bridge. Contemplating the history of the region and the ancient hellscape created by the rocks underneath us, I found it difficult not to wonder about the future. Currently the carbon dioxide concentration in the atmosphere hovers at around 400 parts per million (ppm)—probably the highest it’s been since the middle of the Pliocene epoch 3 million years ago. What will life be like on the planet at 1,000 parts per million, which some climate scientists and policymakers project for the coming decades if we continue to take a business-as-usual approach to emissions?


“The last time anything like that occurred, we had no polar ice at all and sea levels were hundreds of feet higher,” Olsen said, noting that crocodiles and lemur-relatives inhabited the tropical northern shores of Canada. “Ocean temperatures in the tropics were possibly 40 degrees Celsius on average, which would be completely alien to us now.


“The interior of continents,” he continued, “endured persistently lethal conditions.”


I put the question a little more bluntly, asking him whether we might be at the beginning of another mass extinction.


“Yeah,” he said, resting his chopsticks for a moment. “Yeah. Although the one that would be obvious in the fossil record happened over a 50,000-year interval from the time that humans spread out of Africa and wiped out all the megafauna. That’s the one that will show up like gangbusters in the fossil record. Someday they might say that the industrial spread of humans was just the coup de grâce.”




1


BEGINNINGS


We have a sense that the beginning of animal life on our planet was like a dawning spring. But the reality is that the age of animals was like a baby born to almost impossibly old parents.


—Peter Ward


I’m from Boston. Conveniently, this means it’s only a short commuter ferry ride across the harbor to see what might be some of the earliest fossils of large, complex life in the history of the planet. Below a marina ringed with condos and the trappings of strip mall modernity is a beach studded with the rusty spikes of some bygone wharf. At the far end of the neglected beach, low tide reveals slabs of ancient seafloor draped in seaweed, sloping into the sea. The rocks, from the bottom of the ocean off the coast of a supercontinent near the South Pole, poke out not far from the Bed Bath & Beyond parking lot. They are more than half a billion years old. No plaque or marker indicates that there’s anything particularly interesting about them, but brushing back the wrack reveals concentric ovals, no larger than a quarter, that pock the surface of the stone. The unassuming rings in the rock might mark the imprint where a fern-shaped creature anchored itself to the slimy silt at the bottom of the ocean at the dawn of complex life.


This is where the story starts. On a planet that shares our name, but that’s about it.


It’s impossible to grasp how long ago these creatures led their strange lives on the Antarctic Boston seafloor. It’s doubly impossible to grasp how old the planet is—or how insignificant the role humanity has played on it. With his paean to “the Pale Blue Dot,” Carl Sagan helped illustrate how utterly marooned we are in our tiny, far-flung corner of space. But we are similarly marooned in time, between incomprehensible eternities. Luckily, geologists have come up with some mental tricks to help us grok our place among the eons. One of them involves a footstep analogy* that goes something like the following: imagine each step you take represents 100 years of history. The simple conceit has stupefying implications.


Let’s begin our walk; we’ll start in the present and head back. As you lift up your heel there’s no Internet, one-third of the earth’s coral reefs reappear, atomic bombs violently reassemble, two world wars are fought (in reverse), the electric glow on the night side of the planet is extinguished, and—when your foot lands—the Ottoman Empire exists. One step. After twenty steps, you stroll by Jesus. A few paces later the other great religions begin to wink out of existence: first Buddhism, then Zoroastrianism, then Judaism, then Hinduism. With each footfall, the cultural milestones get more staggering. The first legal systems and writing disappear, and then, tragically, so does beer. After only a few dozen steps—before you can even reach the end of the block—all of recorded history peters out, all of human civilization is behind you, and woolly mammoths exist. That was easy. You stretch your legs and prepare for what couldn’t be much longer of a walk. Perhaps it’s a short stroll to the dinosaurs, and a little farther still to the trilobites. No doubt you’ll be at the formation of the earth by sundown. Not so.


In fact, you would have to keep walking for 20 miles a day, every day, for four years to cover the rest of the planet’s history.* Clearly the story of planet Earth is not the story of Homo sapiens. Almost all of that walk would be through a forbidding landscape with no complex life on it whatsoever. Not in the deep sea, not atop the mountains, not in the tropics, nor on the endless barren granite interiors of the continents. Save for the wind and the waves, ours was a silent planet for the most part during this nearly eternal preamble to animal life. Those first creatures, stamped in the rocks of Boston Harbor and elsewhere, came after 4 billion years on Earth without anything on the entire face of the planet more exciting than pond scum. In fact, the years between 1.85 billion and 850 million years ago were so uneventful that even geologists have taken to referring to them as the “boring billion.” When a geologist calls something boring, reel in horror.


As we search for life around other planets this is something to keep in mind: even the earth was a desolate wasteland for 90 percent of its history. In fact, one of the only signs of life in the rock record for billions of years is the presence of uninspiring mounds of fossilized microbial slime. Then, around 635 million years ago, a tiny whisper of complex life: rocks found in Oman bear 24-isopropylcholestane, a mouthful of a chemical that today is produced only by certain sponges. Sponges got busy filtering the sea and burying carbon and thus may have ventilated the oceans, making more complex life possible. As the Smithsonian’s Doug Erwin writes, “Humanity owes a special debt to sponges.” Something to keep in mind the next time you’re using one to wipe bacon grease off a pan.*


Then, around 579 million years ago, during the Ediacaran period, after a spell of near-sterilizing global ice ages (aptly called Snowball Earth),† the champagne bottle of life was uncorked and large, complex creatures finally, and rather suddenly, appear as fossils on the ancient ocean floor.


Although this is still recent history in the 4,500-million-year life span of the planet, it’s still unspeakably old—more than 200 million years before the supercontinent Pangaea assembled, and more than 500 million years before T. rex. And at 579 million years ago, it’s about 579 million years before modern humans, whose years on this planet are measured in hundreds of thousands rather than millions. Even for geologists, these abysses of deep time far surpass all understanding.


The first simple creatures that suddenly appear in the fossil record were probably not animals at all. And their reign would be a short one. In fact, they might have endured the first mass extinction ever, leaving only their cryptic shapes in the rocks, their lives discernible only through the poetry of paleontologists.


Across the windswept “hyperoceanic barrens” of southeast Newfoundland, and not far from the lonely telegraph station that picked up the last distress signals of the HMS Titanic, is still more fossil graffiti left on old ocean rocks by these pseudo-creatures—hieroglyphic echoes of life in the perpetual midnight of the ancient deep. Some of the Newfoundland fossils recall fern fronds, feather dusters, and slender cones, while others appear as large, Seuss-like segmented slugs or bloated centipedes. They seem to have invented a way of life—a mostly immobile one—unlike anything alive today: sluggishly sucking up organic gunk in the disgusting seas of the primordial earth across their membranes. But this way of life was a failed attempt at life on earth. By the next age all these creatures would be gone.


Around 540 million years ago, the Ediacaran world was destroyed—dramatically swept aside in the most important moment in the history of evolution: the Cambrian Explosion. When this spectacular supernova of biology detonated, the world of animal life—creatures that move around and eat other organisms for a living—was truly born. Though there are fossil whispers of an emergent animal lineage in the staid age that came before, the turbid seas had been dominated until then by the almost inert, fractal pseudo-creatures of the Ediacaran period. That all changed at the dawn of the Cambrian. Animals rapidly diversified and overthrew this weird life with a menagerie of even weirder life. Though it hasn’t been inducted into the ranks of the canonical Big Five mass extinctions, the Cambrian Explosion, counterintuitively, might have also marked the first such mass death in the history of complex life.


If the forgotten creatures of the Ediacaran period in Newfoundland and elsewhere look like graffiti left by aliens, then the flamboyant animals of the Cambrian Explosion that replaced them look like the aliens themselves. The seas were suddenly stocked with creatures that would be difficult to invent during the most frenzied acid trip—indeed, one Cambrian animal is even named Hallucigenia. Another, Opabinia, with five eyes and a bizarre armlike appendage where one would expect a mouth, drew peals of laughter when it was first described at a scientific meeting. Still others, like the iconically weird Anomalocaris—looking something like an undulating, satanic lobster—invite us to squint when imagining its place on our common tree of life. Their unrecognizable forms, now entombed in museum displays and tantalizingly rendered in artists’ depictions, stand as reminders that, though it was still technically “Earth,” this planet has been many altogether different worlds over its lifetime.


Some of these animal experiments were just that—experiments. And some experiments fail, never to be reproduced again. Others were more successful: on the bizarre roster of creatures from the Cambrian Explosion is an ancestor of ours, perhaps the unimpressive 2-inch, lancelet-like Metaspriggina.


The widespread appearance of animals starting in the Cambrian period is so startlingly abrupt in the fossil record that its seeming spontaneity worried Darwin. The more than a century of investigation since has shown that the explosion wasn’t quite so instantaneous, but from a geological perspective it was still shockingly swift. The causes of the explosion are still hotly debated. They range from an increase in oxygen in the oceans (possibly a product of life itself), which would have underwritten the more energetic lifestyles of animals, to more speculative causes, like the invention of vision, which would have suddenly illuminated the zero-sum playing field for predators and prey, lighting the fuse of a predatory arms race. But lost amid the hubbub of the Cambrian Explosion is the sad story of the brief world that came before and whose mysterious, forgotten forms vanished forever. When animal life exploded, those strange fleshy fronds at the bottom of the ocean and bloated sluglike creatures would never be seen again.


“It was a mass extinction that was ultimately caused by the evolution of new behaviors,” said Vanderbilt paleontologist and Ediacaran expert Simon Darroch. I caught up with Darroch at a geology conference in Baltimore. A fresh-faced and affable scientist who speaks the Queen’s English, Darroch sticks out among the crowd of goateed, mildly autistic, middle-aged, midwestern American males that haunt stateside geology conferences.


The disappearance of the strange world that preceded the Cambrian Explosion—a zen garden world of unfamiliar fractal creatures rising from the seafloor and strange quilted blobs hugging the microbial mats—has long been a mystery to paleontologists. But in 2015, Darroch and his colleagues declared the cold case to be a mass extinction.


“We think of mass extinctions as requiring an abiotic driver: an asteroid impact or a period of volcanism. But here there’s strong evidence that biological organisms that changed their environment drove the extinction of vast swaths of complex, eukaryotic life. I think it’s a powerful analogy for what we’re doing today.”


One new behavior in particular seems to have been responsible for much of the disruption: burrowing. The strange geometric creatures in Newfoundland and elsewhere depended on revolting, organic-rich murky seas, along with seafloors paved with undisturbed microbial muck, to survive. But when the Cambrian Explosion went off and animals inherited the earth, they began churning up the seafloor. For the strange quilted blobs of the former Ediacaran period that sat on the bottom and absorbed the nutrition from the placid sheets of slime, this was catastrophic. In fact, burrows in the rocks officially define the start of the Cambrian period for geologists. They might have been left there by so-called penis worms (no kidding), which churned through the primeval seafloor and ruined the Ediacaran habitat. For geologists, the burrows mark a qualitative change in the strata, separating it from the billions of years of unburrowed rocks that come before. And it’s a change perhaps unmatched in the rock record for the next half-billion years, until humans began leaving miles-deep holes in the rocks, in search of minerals and fossil fuels.


The animal arrivistes of the Cambrian Explosion also began filtering the seas and delivering ever more organic carbon that had been suspended in the water column to the seafloor. In other words, they started pooping. As a result, the strange fractal fronds of the preceding Ediacaran period were suddenly left suspended in a frightfully clear sea with nothing to eat.


The flip side of this new Cambrian animal menagerie taking all this carbon gunk out of the water and burying it in the seafloor might have been an even greater boost of oxygen in the ocean. This boost might have further fueled the arms race of innovation then escalating in the seas, leaving the poor sluggish pseudo-creatures behind. By ventilating the oceans, animal life was making the planet ever more habitable for more animal life and prodding ever crazier experiments in biology. What hope did a quilted blob or a motionless fractal frond have in a world that was weaponizing with tentacles and exoskeletons and claws?


A sentiment exists—particularly among nonscientists—that the idea of humans seriously disrupting the planet on a geological scale is mere anthropocentric hubris. But this sentiment misunderstands the history of life. In the geological past, seemingly small innovations have reorganized the planet’s chemistry, hurling it into drastic phase changes. Surely humans might be as significant as the filter-feeding animals of the Cambrian Explosion.


“It’s not mind-blowing stuff, but I think it’s hard for people to accept because we don’t see ourselves as that important in the grand scheme of things,” Darroch said. “But here’s an example where, 500 million years ago, something very similar happened. There’s plenty of talk today about comparing rates of extinction in the mass extinctions of the past with the rate at which we’re driving species extinct today, and it’s all through the evolution of new behaviors and ecosystem engineering.”


Like the Cambrian burrowers that reshaped the microbial mat world to their own ends, humans have converted half the planet’s land surface to farmland. We’re even beginning to change the chemistry of the ocean, acidifying it with carbon dioxide and turning whole swaths of the continental shelves anoxic with the deluge of nitrogen and phosphorus fertilizers pouring out of our agricultural heartlands. And the dizzying arsenal of our modern technology is a leap in innovation perhaps matched in the entire history of life only by the eruption of biological invention at the Cambrian Explosion. At the very least, it’s not a stretch to think we might be as important as penis worms.


“So I just think, here’s an example from the past when an ecological crisis happened because of ecosystem engineering,” said Darroch. “And we shouldn’t be too surprised or too staggered or too blown away by the fact that maybe it’s happening again. Biological organisms are an incredibly powerful geological force.”


The Cambrian Explosion—though it might have been devastating for the strange Ediacaran creatures that came before—was an unambiguously good thing for life on earth. It marked the official beginning of animals’ stewardship over a planet long immersed in “the boring billions.” Perhaps today the new technological world we have built for ourselves marks the beginning of a similarly epochal transition, and a new eon awaits that will appear as alien to us in 10 million years as the dizzying animal world of the Cambrian would have appeared to the pitiable creatures that came before. Or perhaps our shocks will prove less auspicious with humanity instead, leaving behind a ruined world—our legacy consisting only of a long environmental convalescence from civilizational excess.


As for the Cambrian period, its legacy was the tapestry of all animal life, which had unspooled from some forgotten ancestor. The planet was now an active one. Life crept and swam and spied on itself with eyes and chemoreceptors. Creatures killed one another and ate one another and hid in terror. Though we wouldn’t recognize it whatsoever, this was now our world—red in tooth and claw. After a 4-billion-year prologue that started in fire and ended in Snowball Earth, the pageant of animal life had begun, and the next half-billion years would be the most interesting by far.


The Cambrian Explosion might get all the credit for launching animal life on earth, but the ocean of the Cambrian period remained impoverished for millions of years as pulses of anoxic water intruded into the shallows, wiping out species after species in wave after wave of extinctions. This strange retardation of life that followed the Cambrian Explosion has been ominously referred to as the “Cambrian Dead Interval.” But the dark ages ended when the ensuing Ordovician period began. Almost until it ended, the next age would oversee an unprecedented roll of evolutionary good times.


The Ordovician period would be a riotous time for life on earth, with an incredible boom, unlike any in earth history, followed by an even more incredible bust. The age of mass extinctions had begun.


* Courtesy of the Carnegie Institution’s Robert Hazen.


* To reach the big bang you’d have to keep trudging at the same pace for almost another decade.


* Fortunately, this sort of ancestral disrespect is rare: most kitchen sponges are synthetic.


† The planet was probably rescued from Snowball Earth by carbon dioxide from volcanoes, which warmed it up.
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THE END-ORDOVICIAN MASS EXTINCTION


445 Million Years Ago


Snow had fallen, snow on snow,


Snow on snow,


In the bleak midwinter


Long ago.


—Christina Rossetti, 1904


It was Friday night at the University of Cincinnati, and the football stadium was rocking. A pack of undergrads boozily wandered through the darkened campus, led toward the beacon of Jumbo-trons and floodlights spilling over the stadium walls. They ambled past the physics building in the shadows, unaware that, inside it, a somewhat less rowdy Friday-night ritual was also in progress. At the end of a dimly lit hallway, the lights were on, which could mean only one thing: the monthly meeting of the Dry Dredgers.


Though they might sound like some kind of off-brand Freemasons, the Dry Dredgers—one of the most respected amateur fossil-collecting groups in the country—are open to all comers. The only membership requirement is an obsession with deep time. They have been meticulously “dredging” the Cincinnati area for ancient sea life since 1942 in weekend fossil-hunting jaunts, with countless citations in paleontology papers to show for it. Because their home base is in southwest Ohio, the group sits atop bedrock made of an old ocean seafloor, and they specialize in fossils from the Ordovician period, an alien world that lasted from 488 million to 443 million years ago, and that ended in catastrophe.


The mild Ordovician world was suddenly destroyed at the end by a surprising ice age—and then punished again by a tide of noxious seas. The resulting mass extinction inflicted by these wrenching climate swings would be the second worst in the history of life.


Seeing as my enthusiasm for paleontology began where most people’s did—namely, the time when the big, scaly things started to lumber around—I knew hardly anything about this much older planet, one that was still almost completely barren of life on land and would remain so for almost 100 million years. But ours has always been an ocean planet foremost, and there was no shortage of action below the waves in the Ordovician. So I came to the seas of Cincinnati for an introduction.


[image: Images]


“Boy, everyone’s doing show-and-tell tonight,” said Dry Dredgers president Jack Kallmeyer before the meeting was called to order. His members milled about, showing off their spoils from the field and peering into one another’s shoeboxes, filled with petrified creatures salvaged along roadsides or in old quarries since last month’s meeting. The hard-core hobbyists—in town from all over the Midwest—traded war stories of collecting since their last get-together. They commiserated about lost fossil sites, shuttered by phosphate mining companies or plowed over by suburban subdivisions.


It’s a common lament among rockhounds. Few real estate developers know or care about the fossils standing in the way of their next cul-de-sac, and most Americans have no idea that the thin veneer of civilization, with its strip malls, pavements, and dutifully irrigated patches of sod, mostly sits above a fathomless underworld of fossils. This reality might be more difficult to avoid in the Cincinnati area, which is propped up on top of a gigantic hash of ancient tropical sea life that literally spills out of the sides of the roads. The area, including neighboring northern Kentucky and southeastern Indiana, has been called one of “the most fossil-rich regions in North America, if not the entire world,” and has been a magnet for paleontologists for almost 200 years. The city is so rich in fossils that it even has a chunk of earth history named after it: the Cincinnatian.*


After show-and-tell, the members took their seats. It was a decidedly older crowd, many of whom seemed to have more than an academic interest in the details of fossilization. The lecture that night came courtesy of an Illinois high school science teacher and fellow Paleozoic fossil nut who held court on an obscure line of stalked filter-feeders that arose during the Ordovician.


“When you talk about blastoids, you gotta talk about pentremites,” he said. I looked around as the group nodded along, endorsing the collaboration of these unfamiliar nouns. “But, by far, my favorite are the diploblastus.”


To audible “oohs” from the audience, he pulled up a slide on the overhead projector of an ambiguous fossilized bauble.


“Here’s Tricoelocrinus woodmani,” he said. “The Rolls-Royce of blastoids.”*


The man sitting in front of me was wearing a T-shirt solemnly inscribed not with an inspirational quote, but with the text of the mayoral proclamation that Cincinnati’s official fossil would be Isorophus cincinnatiensis, an extremely distant relative of starfish that lived over 400 million years ago. These guys were amateurs in name only.


At the end of the night, Kallmeyer handed out the itinerary for the weekend: we would be joining the Kentucky Paleontological Society the next morning and then set out to sea.


Bleary-eyed, I joined a convoy of cars just outside the city the next day. The first stop—tucked away at the end of a service road—was an exposed hillside of layered gray rock, of the same sort that rises from the sides of the local highways. After we scampered up the bluffs, closer inspection of the rocks revealed that the slabs broken off the outcrop were hardly rocks at all, but a cemented amalgam of seashells and the branching skeletons of ancient ocean critters. It looked as though someone had taken a pickax to a coral reef. Here, there literally were no rocks that weren’t fossils. We were 50 feet deep on the bottom of the sea, south of the equator, 450 million years ago. The rocks told the story of an alien planet that had unsettlingly little to do with the world above. Mouth agape, I suddenly understood the peculiar obsessions of the Dry Dredgers.


[image: Images]


The Ordovician world is also known as the “Sea Without Fish.” (As an indication of how much can change, the next major mass extinction would strike during the so-called age of fishes.) But there were fish, even in the Ordovician. These were our ancestors: unimportant, small, and strange-looking—a group of largely jawless wallflowers next to the oceans’ top predators. These rulers of the Ordovician were monsters without backbones, “creeping things that creepeth”—a swarm of shells, antennas, and tentacles.


To get to a mass extinction, you first need victims. Walking along the side of the highway outside Cincinnati (just past the Subway, Sprint, and Advance Auto Parts stores) is as good a place to start as any to meet this world eventually whisked away by the planet’s first global slaughter of animal life. Spying an unusual rock, I brushed aside some plastic liquor bottles and pulled it from the rubble. The fossilized creature was curled into a ball, frozen with fear, and frozen for all time in stone.


“Flexicalymene meeki,” Dry Dredger board member Bill Heimbrock told me as I held it up to the sun.


“There’s no flaws with it,” he said. “It’s perfect.”


Aping the words I’d heard the veteran rockhounds using around me that day, I thoughtfully nodded and proclaimed, “Amazing preservation.”


A few Dry Dredgers grumbled about my beginner’s luck.


It was a trilobite, that staple of the natural history diorama, and part of a group of creatures that would endure a life-threatening blow here at the end of the Ordovician. Vaguely resembling the love child of an accordion and a horseshoe crab (the living animal to which they’re most closely related), trilobites all but serve as the mascot of the Paleozoic era,* much as dinosaurs do for the Mesozoic, and mammals do for the Cenozoic. The trilobite is a misunderstood creature. The stereotype is that of a benthic Roomba mindlessly scouring the seafloor for hundreds of millions of years. And there were plenty of such unexciting, bottom-dwelling trilobites that shuffled between the horn corals and sponges of the ocean floor. But in the Ordovician there were also free-swimming trilobites, gliding through the open seas. Some sported the ultimate bug-eyes, dwarfing the rest of their bodies, while others were shaped like hourglasses, and still others like torpedoes. Some defy easy description: ampyx, for instance, had head shields decorated by long spikes, pointing forward and aft.* There were even large, free-swimming carnivorous trilobites in the Ordovician with streamlined heads that have been described as bearing a resemblance to “some modern, small sharks.” Other mass extinctions might have had more charismatic victims, but just as the End-Cretaceous had Tyrannosaurus rex, the most fearsome dinosaur ever, watch an asteroid crash to earth, the Ordovician had Isotelus rex, the largest trilobite ever, as a witness to doomsday. At just under 3 feet long, this “giant” admittedly inspires less than mortal terror, but it was gigantic by trilobite standards.† The formidable Isotelus rex didn’t survive the End-Ordovician mass extinction. Not much did.


“What was it afraid of?” I asked about my panicked fossil.


“Cephalopods,” Heimbrock said, ominously. “Eurypterids.”


It’s a shame these animals don’t have better names. Eurypterids are also known as “sea scorpions,” and some were enormous, with streamlined exoskeletons and carapaces housing a bouquet of dangling sci-fi appendages. In 2015, scientists working the Ordovician seas of Iowa found one such buglike beast the size of a human.


As for the cephalopods, a few feet away from my trilobite was the chambered cone shell of one of these animals—one that might have sent my fossil into its eternal death pose. Today cephalopods broadly include octopuses, squid, cuttlefish, and nautiluses (which can trace their lineage back to the Ordovician). Before the Ordovician, they grew to only a couple of inches at most, but by now they included astonishing animals like Cameroceras, which was housed in a cone shell that stretched almost 20 feet long. Museum reconstructions of the animal look something like an octopus jammed into a bus-sized ice cream cone. But to the trilobites, there was nothing ridiculous about the presence of these dreadnoughts hovering inches above the seafloor, tentacles ever searching the muck. At their Ordovician peak, these top-dog nautiloids numbered nearly 300 species. But when the ax of extinction fell, they were more than decimated: the cataclysm wiped out 80 percent of their ranks.


We know modern cephalopods, like octopus and cuttlefish, to be frighteningly intelligent, albeit with an alien intellect that developed along a completely different trajectory than our own; their brains bear almost no resemblance to anything found on our side of the family tree. Despite being mollusks, in the same group as insentient creatures like oysters and clams (which require no ethical consideration before swallowing whole), today octopuses are observed using tools, acting passive-aggressively toward their aquarium handlers, and, most dubiously, predicting World Cup soccer games. Perhaps these first large cephalopods among the reefs of the Paleozoic mark the first sparks of subjective awareness—the beginnings of consciousness. Perhaps all of physical reality had unfolded in the billions of years since creation with no one there to notice it—until life emerged in those strange shallow seas over Cincinnati and elsewhere. Of course, this is all wild speculation, but it’s fun.


The trilobite and cephalopod fossils along the roadside were embedded in heaps of still more fossil seashells. The shells, I quickly discovered, were so common and ubiquitous that they were considered too mundane to collect. These were the brachiopods—marine worms totally unrelated to the scallops and clams they resemble, having gone to the trouble of evolving their shells all on their own. The creatures were in such remarkable shape that they appeared to have washed ashore only days earlier … except that we were in the middle of the continent in a breakdown lane next to a strip mall, the shells were made of stone, and they were more than 200 million years older than dinosaurs. They also looked more Gothic than any seashells I’d ever seen: their two halves jaggedly interlocking, like bear traps: others had a more pleasingly sleek, Art Nouveau aspect, like the awning of a Paris Métro station, and still others resembled a geisha’s fan. Though there are more exciting animals in the Ordovician than brachiopods, there are none easier to find by the handful. They absolutely paved the seafloors of the old earth, but would be savagely culled by the mass extinction.


I pulled up another peculiar rock from the midwestern seafloor and showed it to a Dry Dredger. The man—sporting a thick grizzled beard and a bandanna and looking as if he’d have been more at home in a motorcycle gang—took the fossil from me and pulled out a hand lens.


“Oh, that’s a leaverite,” he said gruffly.


“Is that good?” I asked.


“Leave ’er right there,” he said, chucking it on the ground. He was more excited by a slab I found plastered with the imprints of what looked like little hacksaw blades.


“Graptolites,” he said, eyes widening. The sawtooth doodads had been built by bizarre little animals that lived tethered together in a sort of pelagic group home. They might have moved through the ocean by rowing in unison. And they spanned the earth before being all but obliterated by the mass extinction.


This was the world of the Ordovician: an odd sea world filled with invertebrates that for the most part make up in alien charm for what they lack in T. rex’s supersized ostentation. The world these animals inhabited was in some ways a version of our own, but it was also one so transformed by the intervening eons as to be scarcely recognizable.


During the Ordovician, a vast tropical sea covered most of present-day North America, in most places perhaps not much more than ankle-or knee-deep. Wading into the water on a sandy tropical beach in Wisconsin, you could keep trudging across most of the continent with your head above water before the seafloor dropped into the deep somewhere around Texas. This vast shallow province has been grandly dubbed the Great American Carbonate Bank—a nationwide Bahamas. Sea levels were possibly the highest in the history of complex life, and the shallow seas that drowned the continents were jammed with life. Flooded North America was rotated clockwise almost 90 degrees, California and the entire West Coast simply didn’t exist, and chunks of New England, the Canadian Maritimes, England, and Wales—recently divorced from Africa near the South Pole—were an island chain called Avalonia not unlike modern Japan. Avalonia was then far away from the rest of North America, across the doomed Iapetus Ocean, the ancestor of the Atlantic.


Cincinnati provides just one window into the sea world of the Ordovician. Similar outcrops exist on almost every continent; some trilobites have even been found atop Mount Everest. The entire death zone of the world’s highest peak is littered not only with skeletons clothed in the gaudy fluorescent parkas of climbing seasons past but with much older fossils as well—those of Ordovician trilobites and sea lilies. The ancient sea life was thrust up to the highest spot on Earth by the geologically recent collision of India and Asia.


Closer to Cincinnati during the Ordovician, 300 miles to the south, a shotgun blast of volcanic islands was colliding with what would eventually become the eastern edge of North America. This pileup was giving birth to the Appalachians, which once towered as high as the Alps above the drowned continent. Meanwhile, Kazakhstan, Siberia, and North China drifted far out at sea as solitary, island rafts, much of them covered with shallow oceans of their own. Microcontinents and archipelagoes like these littered the seas. It should be clear by now that making out the contours of our own world by squinting at this primeval geography is nearly impossible.


If you’re not yet fully disoriented, across the sea South America was upside down and contiguous with Africa, as well as with Australia, India, Arabia, and Antarctica. Together they made up a supercontinent called Gondwana that was drifting over the South Pole. In artists’ reconstructions, the continents are often shown as jigsaw pieces fitting together. This isn’t quite right. Gondwana was one solid continent that was only later blown to pieces by processes deep within the earth. But—as one geologist told me—like gun violence, STDs, and world wars, tectonic boundaries tend to break out at the same places.


While the continents were flooded by high seas, what dry land did exist—like that in tropical Canada, Greenland, and the Antarctic wastes of the southern supercontinent—was a vista of barren rock about as inviting as the feed from NASA’s Mars Curiosity rover. Here on the rugged and bare continents there were no droning insects, no footprints, no trees, no shrubs—nothing. Life on land was relegated to a few damp patches of liverwort hugging the shore. Farther inland was an endlessly bleak and dusty wasteland. This was so long ago that rivers didn’t even meander yet—the rooting plants that would have held back their banks would not exist for tens of millions of years. The day was 20 hours long and the night sky was filled with unfamiliar constellations. Carbon dioxide was far more plentiful in the atmosphere than today, trapping heat and offsetting the slightly dimmer sun that hung palely in the sky—keeping much of the world balmy and mostly ice-free.


Today much of the planet’s landmass is in the Northern Hemisphere, but in the Ordovician almost the entire top of the globe was a vast ocean. At the bottom of these endless open seas, oxygen was in short supply. Much of the living world was instead jammed onto the shallow seas of the continents and dominated by submarine creepy-crawlies. But as indicated, this world was doomed. In the closing moments of the Ordovician, 85 percent of life on Earth would be wiped out.
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If the mass extinction at the end of the Ordovician was extreme, it capped what had been an almost equally extreme flourishing of good times—a 40-million-year florescence of life, unlike any before or since. This was the Great Ordovician Biodiversification Event, the biggest expansion of biodiversity in the planet’s history. Within one span of only 10 million years, the number of species on the planet tripled. Reefs began to grow in tiers and complexity, larvae took to the surface waters to avoid the gauntlet of tentacles on the seafloor, and animals began to burrow deeper in the muck to avoid the menace of squidlike monsters and giant sea scorpions. When geologists want you to know that an unappreciated event in earth history is really important, they telegraph it with an appropriately grandiose title, capitalize it, and tack on a “Great” for good measure. But perhaps aware that the words “Ordovician Biodiversification” don’t exactly inspire awe in the general public, some have even tried rebranding the Great Ordovician Biodiversification Event as “Diversity’s Big Bang.”


What fueled Diversity’s Big Bang is the sort of cutting-edge question that churns out PhDs. Once again, oxygen might have had something to do with it. Though the seas were still stifling by modern standards, there are hints of a growing oxygenation throughout the period. This might have been a product of life itself, which increasingly buried carbon in the seafloor, perhaps in huge algae blooms. The flip side of burying organic carbon is boosting oxygen; throughout the history of life, increasing oxygen levels have repeatedly spurred epochal innovations and experiments, like animal life—or, as we’ll see later, nightmarishly large bugs. In the Ordovician, however, life might have been making the world increasingly more accommodating for more life to blossom.


Then there were the many islands strewn across the globe in the Ordovician, whose isolated shallow seas served as incubators for diversity. There’s a reason why evolution was first discovered on islands—in the Galápagos by Charles Darwin, and independently in the Malay archipelago by Alfred Russel Wallace: islands drive biodiversity by separating populations, allowing them to pursue their own evolutionary stories and ultimately create new species. Indeed, the configuration of the planet in the Ordovician—with island-continents strewn across the tropics and subtropics—might have served as a sort of global Galápagos.
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