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For Margarita
No amount of time would have been enough.
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Preface


Catastrophe is never convenient.


The dinosaurs never expected it. Nor did any of the other organisms, from the tiniest bacteria to the great flying reptiles of the air that were thriving on a perfectly normal Cretaceous day 66 million years ago. One moment life, death, and renewal proceeded just as they had the day before, and the day before that, and the day before that, stretching back through millions upon millions of years. The next, our planet suffered the worst single day in the entire history of life on Earth.


In an instant, life’s entangled bank was thrown into fiery disarray. There were no warning signs, no primordial klaxon that would blare and send Earth’s organisms rushing to whatever refuges they might find. There was no way for any species to prepare for the disaster that came crashing down from the sky with an explosive force 10 billion times greater than the atomic bombs detonated at the end of World War II. And that was just the beginning. Fires, earthquakes, tsunamis, and the choking hold of an impact-created winter that lasted for years all had their own deadly roles to play in what followed.


The disaster goes by different names. Sometimes it’s called the end-Cretaceous mass extinction. For years, it was called the Cretaceous-Tertiary, or K-T, mass extinction that marked the end of the Age of Reptiles and the beginning of the third, Tertiary age of life on Earth. That title was later revised according to the rules of geological arcana to the Cretaceous-Paleogene mass extinction, shortened to K-Pg. But no matter what we call it, the scars in the stone tell the same story. Suddenly, inescapably, life was thrown into a horrible conflagration that reshaped the course of evolution. A chunk of space debris that likely measured more than seven miles across slammed into the planet and kicked off the worst-case scenario for the dinosaurs and all other life on Earth. This was the closest the world has ever come to having its Restart button pressed, a threat so intense that—if not for some fortunate happenstances—it might have returned Earth to a home for single-celled blobs and not much else.


The effects of the impact were swift and dire. The heat, fire, soot, and death blanketed the planet in a matter of hours. What happened at the end of the Cretaceous wasn’t a prolonged pulse of die-offs from depleted atmospheric oxygen or acidified seas. This calamity was as immediate and horrific as a bullet wound. The fates of entire species, entire families of organisms, were irrevocably changed in a single moment.


Biologists still argue about what the definition of life truly is—reproduction, growth, movement—but the one amazing fact that we are confronted with every day is that life is incredibly, irrepressibly resilient. Every organism alive today is tied together, each life connected to the one before it. Even as we acknowledge that 99 percent of all species that once lived are now extinct, our world is still brimming with organisms that have survived, evolved, and thrived in their own ways.


In fact, much of our present era owes its existence to the destruction of the K-Pg disaster. The world as we know it today is the continued flowering after a disaster, life not only coming back but reshaped by the very nature of the cataclysm.


In the hours, days, weeks, months, and years following impact, almost every branch in the tree of life was lopped off, damaged, or struggled to grow. Even the organisms that we think of as survivors were not left unscathed. During the K-Pg catastrophe, there were mass extinctions of mammals, lizards, birds, and more, the ecological chaos touching the whole of life on Earth. From the foggy and sometimes dim windows of the fossil record, paleontologists have estimated that about 75 percent of known species that were alive at the end of the Cretaceous were not present in the next sliver of time. As if to drive the point home, a band of clay packed with the metal iridium marks the boundary between the Age of Dinosaurs and the opening chapters of the Age of Mammals. In some places, such as eastern Montana and the western Dakotas, you can follow the story layer by layer, watching the likes of Triceratops disappear as a world of diminutive fuzzballs begin to flourish in a new Age of Mammals.


We still feel the loss. As a child, I felt it patently unfair that I could not ride my very own Tyrannosaurus rex to school. Even though I’ve never seen them beyond distorted, permineralized bones, I feel like I miss the non-avian dinosaurs—nostalgia for a time I can never witness, when dinosaurs ruled the Earth. But if the non-avian dinosaurs had survived, our own story would have been altered. Or perhaps prevented altogether. Not only would mammals have remained small under an extended regime of non-avian dinosaurs, but the earliest, shrew- like primates might have stayed in tight competition with the dominant marsupials. Our ancestors would have been molded in different ways, and it’s likely, if not certain, that the world would never have been suitable for a mostly hairless, bipedal ape with a big brain and a penchant for remodeling the planet. The mass extinction at the end of the Cretaceous isn’t just the conclusion of the dinosaurs’ story, but a critical turning point in our own. We wouldn’t exist without the obliterating smack of cosmic rock that plowed itself into the ancient Yucatán. Both stories are present in that moment. The rise and the fall are inextricable.


And here, we often leave the epic tale. The dinosaurs were dominant, even cocky in our prehistoric visions. The largest, strangest, and most ferocious of all inhabited the Late Cretaceous world of soggy swamps and steaming forests. A wayward asteroid suddenly ended their reign, leaving the meek to inherit the Earth. Just as the dinosaurs once benefitted from a mass extinction that allowed them to step out of the shadow of ancient crocodile relatives 201 million years ago, so, too, were our warm-blooded, snuffly little forebears the recipients of good fortune they never earned nor have ever repaid.


We entirely gloss over the nature of recovery, or what made the difference between the survivors and the dead. We obsess over what we lost—blinded to how, even in the shocking cold that followed the initial heat of annihilation, life was already beginning to reseed and recover. It’s an extension of how we often cope in the wake of our own personal traumas, remembering the wounds as we struggle to see the growth stimulated by terrible events. Resilience has no meaning without disaster. And that’s what led me to this story, the tale of how life suddenly shifted but nevertheless continued to bring us to the here and now. What I’m going to tell you involves hurt and destruction, but that is only the setting for a turning point that’s often been taken as a given or somehow inevitable. This is the story of how life bounced back from the worst day in history. Life’s losses were sharp and deeply felt 66 million years ago, but each fiddlehead struggling for light, each shivering mammal in its burrow, each turtle that plopped off a log into weed-choked waters set the stage for the world as we know it now. This is not a monument to loss. This is an ode to resilience that can only be seen in the wake of catastrophe.




GEOLOGIC TIMELINE
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Introduction


Picture yourself in the Cretaceous period. It’s a day like most any other, a sunny afternoon in the Hell Creek of ancient Montana about 66 million years ago. The ground is a bit mushy, a fetid muck saturated from recent rains that caused a nearby floodplain stream to overrun its banks. If you didn’t know any better, you might think you were wading on the edge of a Gulf Coast swamp on a midsummer day. Magnolias and dogwoods shoulder their way into stands of conifers, ferns, and other low-lying plants gently waving in the light breeze drifting over the open ground you now stand upon. But a familiar face soon reminds you that this is a different time.


A Triceratops horridus ambles along the edge of the forest, three-foot-long brow horns slightly swaying to and fro as the pudgy dinosaur shuffles its scaly, ten-ton bulk over the damp earth. The dinosaur is a massive quadruped, seemingly a big, tough-skinned platform meant to support a massive head decorated with a shield-like frill jutting from the back of the skull, a long horn over each eye, a short nose horn, and a parrot-like beak great for snipping vegetation that is ground to messy pulp by the plant-eater’s cheek teeth. The massive herbivore snorts, making some unseen mammal chitter and scramble in alarm somewhere in the shaded depths of the woods. At this time of the day, with the sun still high and temperatures above 80 degrees, there’s barely another dinosaur in sight—the only other “terrible lizards” plainly in view are a couple of birds perched on a gnarled branch peeking out from just inside the shadow of the forest. The avians seem to grin, their tiny insect-snatching teeth jutting from their beaks.


This is where we’ll watch the Age of Dinosaurs come crashing to a fiery close.


In a matter of hours, everything before us will be wiped away. Lush verdure will be replaced with fire. Sunny skies will grow dark with soot. Carpets of vegetation will be reduced to ash. Contorted carcasses, dappled with cracked skin, will soon dot the razed landscape. Tyrannosaurus rex—the tyrant king—will be toppled from their throne, along with every other species of non-avian dinosaur no matter their size, diet, or disposition. After more than 150 million years of shaping the world’s ecosystems and diversifying into an unparalleled saurian menagerie, the terrible lizards will come within a feather’s breadth of total annihilation.


We know the birds survive, and even thrive, in the aftermath of what’s to come. A small flock of avian species will carry on their family’s banner, perched to begin a new chapter of the dinosaurian story that will unfold through tens of millions of years to our modern era. But our favorite dinosaurs in all their toothy, spiked, horned, and clawed glory will vanish in the blink of an eye, leaving behind scraps of skin, feather, and bone that we’ll unearth eons later as the only clues to let us know that such fantastic reptiles ever existed. Through such unlikely and delicate preservation our favorite dinosaurs will become creatures that defy tense—their remains still with us, but stripped of their vitality, simultaneously existing in the present and the past.


The non-avian dinosaurs won’t be the only creatures to be so harshly cut back. The great, batwinged pterosaurs, some with the same stature as a giraffe, will die. Fliers like Quetzalcoatlus, with a wingspan wider than a Cessna and capable of circumnavigating the globe, will disappear just as quickly as the non-avian dinosaurs. In the seas, the quad-paddled, long-necked plesiosaurs and the Komodo dragon cousins called mosasaurs will go extinct, as well as invertebrates like the coil-shelled squid cousins, the ammonites, and flat, reef-building clams bigger than a toilet seat. The diminutive and unprepossessing won’t get a pass either. Even among the surviving families of the Cretaceous world, there will be dramatic losses. Marsupial mammals will almost be wiped out in North America, with lizards, snakes, and birds all suffering their own decimation, too. Creatures of the freshwater rivers and ponds will be among the few to get any sort of reprieve. Crocodiles, strange reptilian crocodile mimics called champsosaurs, fish, turtles, and amphibians will be far more resilient in the face of the impending disaster, their lives spared by literal inches.


We know the ecological murder weapon behind this Cretaceous case study. An asteroid or similar body of space rock some seven miles across slammed into Earth, leaving a geologic wound over fifty miles in diameter. Most species from the Cretaceous disappeared in the aftermath. It’s difficult to stress the point strongly enough. The loss of the dinosaurs was just the tip of the ecological iceberg. Virtually no environment was left untouched by the extinction, an event so severe that the oceans themselves almost reverted to a soup of single-celled organisms.


We are fearfully enraptured with the idea of such terrible devastation. When the impact at the end of the Cretaceous was scientifically confirmed, news of the disaster inspired not one but two blockbuster films about planet-killing asteroids in the summer of 1998. That such a huge rock could kill more than half of Earth’s known species suddenly seemed as obvious as the lethality of a gunshot. Simply knowing the terrible consequences of this disaster has been enough for us to look at the night sky with continued suspicion. If it happened before, it may happen again. NASA keeps an eye on the sky through their Sentry program, hoping to identify threatening asteroids and comets before they get too near.


But we often forget the unusual nature of the K-Pg crisis. Experts have often spoken of the calamity as part of the Big Five—a quintet of mass extinctions that have radically altered life’s history. The first extinction crisis, between 455 and 430 million years ago, reshaped the oceans, erasing entire families of archaic invertebrate weirdos and allowing fish to thrive. Rapid global cooling and plummeting sea levels killed about 85 percent of known marine species, reshuffling the evolutionary deck. The second event, spanning 376 to 360 million years ago, shook life up once more. Precisely what caused the disaster is unknown—a drop in ocean oxygen levels is suspected—but the sudden change killed about half of known creatures, reducing the diversity among organisms like trilobites and corals that formed the basis of ancient reefs.


Worse still was the third, peaking about 252 million years ago. This was the Great Dying, fueled by incomprehensibly violent and sustained volcanic activity that wiped out about 70 percent of known species on both land and sea through climate and atmospheric changes. Our protomammal ancestors, who had held sway in terrestrial ecosystems, were almost entirely extinguished. Their downfall is what allowed reptiles, including dinosaurs, to stage their evolutionary coup. Following that, about 201 million years ago, another disaster killed off a great number of the crocodile relatives that ruled the land and gave dinosaurs their shot at dominance. Once again, intense eruptions were to blame. Greenhouse gases belched into the atmosphere, spurring a burst of global warming followed by intense global cooling. Atmospheric oxygen levels dropped, the seas became more acidic, and the drastic shifts between too hot and too cold were too much for many species to cope with.


But none of these catastrophes were quite like the extinction event that ended the Mesozoic. These previous apocalypses took place over hundreds of thousands or even millions of years, with phenomena like intense volcanic activity and climate change creating grinding, protracted transformations that shifted the makeup of life on Earth over long time spans. The causes of death were also highly variable—ocean acidification prevented shell-building creatures from constructing their calcium carbonate homes, for example, while decreased atmospheric oxygen might have slowly choked terrestrial organisms. What happened at the close of the Cretaceous, however, had global reach. And it happened fast.


The happenstances that triggered the Late Cretaceous extinction culminated in one terrible instant, a rare sliver of time that we can pinpoint as the very moment that life would never be the same. Before the strike, thousands of species flourished on every continent. There were so many varieties of dinosaurs and assorted other creatures that paleontologists are still clocking overtime to find them all, with new toothy, sharp-clawed wonders being named every year. Experts even expect that there were scores of species we’ll never know as they lived in places where the circumstances of deposition and sedimentation did not allow them to be preserved, such as dinosaurs that lived in the mountains or other environments that were eroded rather than laid down as layers in stone. Mesozoic life was at its peak. Then, almost overnight, the dinosaurs were all but extinct and the planet’s ecosystems were in disarray. This was the worst single day in the history of life on Earth, followed by tens of thousands of years of struggle for the survivors.


Our view of the K-Pg extinction has been hard-won. In fact, the task has involved overcoming our greatest weakness—human hubris. When the famously cantankerous British anatomist Richard Owen coined the name “Dinosauria” in 1842, the great reptiles weren’t all that much of a mystery. At the time, only three were known to scientists and the scaly trio seemed to mark part of life’s expected progression. Geologists had identified an Age of Fishes, an Age of Reptiles, and an Age of Mammals, moving from low, squishy, squiggling forms of life through scaly monstrosities who were little more than a paleontological sideshow before mammals took up their starring roles. Whether understood as part of a creator’s plan or evolution’s great march, dinosaurs fit into a world of progress and refinement. No one needed to ask why they went extinct. How could shambling, malformed monsters that looked like a herpetologist’s nightmare ever be the pinnacle of life’s story? Great catastrophes turned over the makeup of life on Earth, but there was always a sense that the extinct species deserved their fate. That in some way or another, they were simply practice for what was to come.


Experts in the early twentieth century carried on this fatalistic assumption. Dinosaurs were big, bizarre, and anatomically extravagant. The question wasn’t why they died out. The real mystery was how they could have persisted for so long, especially when the clearly superior mammals were waiting in the wings to take charge.


Our mammalian conceitedness held on for decades. Even when the disappearance of the dinosaurs became a more legitimate question, the explanations were most always delivered in such a way that the dinosaurs themselves were to blame. The great, trundling reptiles laid eggs and cared little for their young, so mammals feasted on dinosaur omelets. (At this point researchers had paid no attention to the admirable parental oversight of alligators or snakes.) Or dinosaurs clearly invested so much energy and growth into becoming huge, spiky, and strange that they simply ran out of nebulous vital juices. How could a ten-ton rhino look-alike, studded with three horns and a bony collar around its neck, compete with the up-and-coming mammals? The mental capacities of dinosaurs were famously small, to boot. A cold-blooded reptile like a Stegosaurus or Ceratosaurus was perfectly suited to a lush world of sweltering jungles and dim-witted prey, but the lazy dinosaurs simply did not care to innovate, or even be open to the possibility. And if this is all sounding a little corporate to you, it should come as no surprise that these ideas proliferated during America’s great industrialization; “going the way of the dinosaur” is still a phrase used to tar competitors in financial circles.


In time, scientists began to accept the fact that animals do not have internal timers that regulate when species are “born” or “die” according to some cosmic clock, and the ideas about the expenditure of evolutionary energies was misplaced. There had to be some natural explanation. Refining the geological timescale made the question all the more puzzling. Dinosaurs did not represent a primitive lull as the world waited for the rise of mammals. Non-avian dinosaurs persisted for over 150 million years before abruptly disappearing at what seemed to be their apex. There had to be a reason.


Almost everyone had an opinion. Maybe the climate got too hot. Or maybe the climate got too cold. Perhaps some terrible disease ripped through their populations, or sea level rise ruined their favored habitats. Specialists from other fields chimed in, too. An ophthalmologist proposed that dinosaurs had terrible cataracts, meaning that the impressive headgear of dinosaurs like the crested shovel-beak Parasaurolophus and the many-horned herbivore Styracosaurus had evolved as the world’s first sunshades. An entomologist spitballed that early caterpillars ate vegetation at such a voracious rate that there was no green food left, meaning that soon after there was no meat, either. Or maybe the time was simply right for mammals. Dinosaur diversity at the end of the Cretaceous seemed low compared with what it had been 10 million years prior. Maybe, after tens of millions of years, mammals started to flex their muscle a little bit and carve out more of the landscape for themselves.


The problem was that many experts focused on dinosaurs alone when the real devastation cut much deeper. Yes, an army of very hungry caterpillars could have denuded Cretaceous forests at a terrible rate, but that explanation did not explain why the flying pterosaurs of the air or the broad, flat rudist clams of the sea went extinct 66 million years ago, much less species of armored amoebas called forams that precisely track the extinction even though their witness testimony to the disaster will never be a cover story. Everyone was so tensely focused on the dinosaurs that the larger pattern was obscured even as experts continued to tabulate the Cretaceous body count.


It was only in the late twentieth century, when the signature of mass extinctions began to coalesce for paleontologists focused on the comings and goings of ancient mollusks and arthropods, that the fate of the dinosaurs started to take on a new gloss. The invertebrate record showed a sharp uptick in extinction at the end of the Cretaceous. The forams and armored balls of algae called coccoliths documented a sudden and horrible event. This is when dinosaurs disappeared, too. Something awful must have happened. Now the question was what.


Experts searched for a compelling cause to explain the devastation. At first, it seemed that some terrestrial trigger was to blame. At the end of the Cretaceous, right when the dinosaur record seems to evaporate in rock strata worldwide, the planet was changing. Sea levels dropped. The climate shifted. Volcanic rifts in the Earth’s crust emitted tons upon tons of greenhouse gases into the atmosphere.


It seemed as if dinosaurs simply couldn’t keep up with the Red Queen’s evolutionary race; they fell behind as mammals kept the adaptive beat. But this story didn’t quite fit either. Paleontologists working on the comings and goings of ocean mollusks and other invertebrates didn’t see a slow changing of the guard. Better fossil sampling and revised statistical techniques affirmed that life at the end of the Cretaceous was weathering the changes perfectly fine. Then suddenly life suffered a major shock. Something terrible had clearly befallen Earth’s biota. The answer didn’t come from fossils themselves but from the rock that entombed them.


Battered quartz crystals, vast amounts of prehistoric soot, and a rare metal called iridium, found just at the geological levels where the fossil record of non-avian dinosaurs disappears, suggested that some kind of extraterrestrial body had slammed into our planet. First proposed in 1980, at the fevered height of a new scientific interest in dinosaur biology, the idea set off an academic firestorm akin to the very impact it described. Paleontologists, geologists, and astrophysicists fought as fiercely as tyrannosaurs in conferences and journals over the proper interpretation of the results. But the discovery of an enormous impact crater in the Yucatán Peninsula in the 1990s settled the debate: a massive asteroid about seven miles across had struck Earth at just the moment the extinction becomes apparent in the strata. Nothing like this had ever been seen before. Physicists calculated that the initial impact that created the Chicxulub crater in Central America would have been powerful enough to blow many terrestrial dinosaurs in the vicinity off into space. But it wasn’t just the initial hit that sparked the extinction. The aftereffects of this dramatic event tipped the scales against the terrible lizards and many, many other forms of life.


Often, this is about as far as the discussion goes: an immense rock smacked into the planet and myriad species were summarily snuffed out. Simple as that. The asteroid becomes a cosmic bullet shot into the Earth’s gut. Yet there have been other impacts of similar or greater scale throughout our planet’s history—impacts that did not trigger biological disasters. About 35 million years ago, another large asteroid struck ancient Siberia and carved out the Popigai crater, sixty-two miles across. That’s more than ten miles wider in diameter than the impact crater in the Yucatán. But this more recent strike did not cause a mass extinction. There was local upheaval and damage, certainly, but life on the rest of the planet kept trotting along much as before. Not all impacts are equal.


The Cretaceous killer thus becomes a special case, standing out from other impacts through time. The size of the K-Pg asteroid, its speed, its angle, and the nature of the rock it struck all came together in the worst possible way for life on Earth—a set of complete happenstances that coalesced into nothing short of an apocalypse. It wasn’t just that Earth was hit by a massive asteroid. It’s that the aftermath of the impact played out in such a way that life was pushed to the breaking point, with many organisms unable to cope with the rapid changes. Earth swung between a world of fire and ash and one of withering, persistent cold and darkness. Dinosaurs didn’t just collapse when the asteroid struck. The real extinction played out over hours, days, months, and years in a constant state of flux as a new world emerged from the cosmic shake-up.


The K-Pg disaster was a global event, its story told through evidence gathered from many places across the planet. But the fossil record is uneven, yielding a collection of pinholes to look through to try to ascertain the whole. As the naturalist Charles Darwin famously observed, the world’s geological strata are like a book that lacks entire pages, paragraphs, sentences, and words from the story, leaving us to piece together the narrative from what might seem like isolated parts. By luck, good or bad, some chapters are richer than others. So far as the K-Pg transition goes, the best of these is in the western United States among the Hell Creek Formation beds of central Montana and the Dakotas. This relatively narrow expanse of our planet documents the last days of the dinosaurian reign up through the earliest days of the Paleogene period that followed. The impact boundary is clearly visible in the rock record itself. Sections of these strata displayed in museums look like the world’s most regrettable chunk of chocolate cake, dark brown and deadly. In this place we know the cast of characters who ambled across this ancient stage well and can track their fates across time and their changing environment. Their stories tell us how life suffered greatly, yet still survived.


But the reason we’ve gone back to this place and this one infamous moment is to understand not only why there are no Ankylosaurus descendants at the zoo but also how and why we came to exist. The Age of Mammals, a marker literally set down in stone, would never have dawned if this impact hadn’t allowed for evolutionary opportunities that were closed for the previous 100 million years. The history of life on Earth was irrevocably changed according to a simple phenomenon called contingency. If the asteroid’s arrival had been canceled or significantly delayed, or if it had landed on a different place on the planet, what transpired during the millions of years that followed the strike would have unfolded according to an altered script. Perhaps the non-avian dinosaurs would have continued to dominate the planet. Maybe marsupials would have held sway as the most common beasts. Perhaps some other disaster, like massive volcanic eruptions in ancient India that picked up around the same time, would have sparked a different sort of extinction. It’s likely that the Age of Reptiles would have marched on unimpeded, but without the origin of any species introspective enough to engage in such ruminations about time and its flow. This day was as critical for us as it was for the dinosaurs.


Now, after decades of fierce scientific debate, our picture of what transpired is starting to become clearer. Paleontologists, geologists, astronomers, physicists, ecologists, and others have assembled a more detailed tableau of what happened to the planet following the collision. It wasn’t the impact itself that caused such dramatic damage, but the long-lasting aftereffects that permanently reshaped the nature of life on Earth and allowed for the eventual and unintended emergence of humans. By imagining ourselves in the heyday of the dinosaurs at Hell Creek, on Extinction Eve and what follows, I’m going to walk you through what happened in the seconds, days, months, years, centuries, and millennia after the impact, tracking the sweeping disruptions that overtook this one spot and imagining what might have been happening elsewhere on the globe.


We’re about to watch the world change with unprecedented speed and violence. And we’ve carried plenty of cargo in with us to appreciate the dinosaurian drama. Not in terms of goods and gear, but in our ideas: over two centuries of scientific gleanings that describe everything from how the branching arms of the monkey puzzle tree grow to the taxonomic breakdown of the species that reside in this place. And for all that, the Hell Creek is perhaps the best known of any dinosaurian habitat. It’s often both our introduction to the dinosaurs’ world and the backdrop for their last great act—overture and finale all in one. This was the close of one era and the beginning of another. As much as we love dinosaurs—enshrining them like scientific relics in our museums, bringing them back to life in film—we know we exist only because they ceded the evolutionary stage to our ancestors. We owe them a debt.


Consider the dinosaur browsing along the forest’s edge, sun and shade sliding along its back as the quills growing from its hips and tail lilt with the creature’s amble. The name we’ve given this animal is Triceratops horridus, a label codified back in 1889 based upon an even older system of assigning every organism a genus and species name. In our own time, the petrified bones of the dinosaur are incredibly common—known from hundreds of skulls extracted from states huddled around the Rockies—which means we know a bit more about its variations, growth, and behavior than most other dinosaurs, informing our view of the reptilian grazer as its pillar-like legs pump back and forth.


And consider the very idea of the Mesozoic era itself. Geologists and paleontologists have divided this time into three parts—the Triassic, Jurassic, and Cretaceous periods—all delimited by the occurrence of particular rock layers, species, and absolute dating techniques. Dinosaurs appeared toward the middle of the Triassic, about 235 million years ago, flourished in the Jurassic, and kept their influential hold on terrestrial ecosystems through the Cretaceous, spanning over 160 million years as the most charismatic animals on the planet. But from our imaginary vantage point, all these concepts are far distant. The Triceratops doesn’t know its name, what day of the week it is, or how many millions of years separate us from the tri-horned grazer snuffling around for new growth to munch. Nor does it know of its impending doom.


The story I’m about to tell you, a tale spanning a million years, rests at the nexus of science and speculation. It’s a vision of the late Cretaceous and early Paleocene worlds that is informed by everything we’ve learned through decades of discovery, a tale that emerges from the science rather than a recounting of the scientific process itself. Some of the story is speculative, inferred from hypotheses and available evidence rather than directly referenced in the literature. But much of this tale, the deadly unfolding of devastating ecological change, is based on fact, the scientific skeleton that I’ve clothed in narrative flesh. This book’s appendix explains what’s fact and what’s hypothesis or invention, and I’ve divided it out so that we can follow the dramatic changes in the period from 66 million years ago to 65 million years ago without skipping a beat. My goal is to offer an ecological, fleshed-out view of these organisms and their biology during a time of terrible stress, and I’ve done my best to envision these species as living organisms rather than permineralized, distorted fossils. That’s the goal of paleontology, after all—to start with the offerings of death and work back toward life.


I have no doubt that some of my speculations will turn out to be wrong or need modification. Science will continue to make discoveries, refining and enriching what we understand, but I believe we’ve reached a point where we have a detailed explanation of what transpired at the end of the Cretaceous. I’ve largely constrained the story to the ancient environs of Hell Creek because we know that area best, but I’ve included codas about other places and ecosystems to drive home the depth of this catastrophe. My hope is that fossil discoveries made in the next several decades will give us a more detailed picture of the K-Pg disaster in other parts of the world, far from the haunts of Tyrannosaurus. But given the episodic and fragmentary nature of the fossil record, I’ve often been surprised by how much we’ve come to know about even just one pocket of the globe during the sweeping changes we’re about to witness together.


The change is coming soon. As we watch, listening to the sounds of ceratopsian breaths and the trill of insects, a seven-mile-wide chunk of alien stone gets closer and closer. Somewhere beyond the atmosphere, the end of the Cretaceous looms.
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Before Impact


66.043 million years ago


The Triceratops reeks. Even though only hours have passed since the immense herbivore fell, black clouds of flies buzz around its still nose and glazed eyes—swarms only disturbed by the fluttering and squabbling of the airborne creatures that have settled on the carcass. They are waiting. The food has been laid out, but the opening ceremonies have not yet commenced.


Shortly before his death—a frothing, burning death from the inside, the creep of malignant cancer—the old bull Triceratops weighed ten tons. He wasn’t the largest T. horridus, but he had survived season after season, pushing and shoving other males with his tremendous horns to prove his point when necessary. Every season the competing tri-horns would bellow, cover themselves in shit and mud, and test their strength against each other in great fern-covered clearings that were soon churned into a mess by powerful hoofed feet. But in the past year, the bull started to feel ill. He felt a growing discomfort deep inside. He could no longer compete in the annual territorial fight to mate, and he began to shun the cantankerous company of other Triceratops. He was a lone shadow on the landscape, a small, horned hill of muscle and bone who spent much of his time busting rotten logs at the edge of the Cretaceous forest and wallowing in stinking mudholes that helped provide another layer of protection between his scaly skin and the biting insects that had adapted to winnow and nip in the crevices. It was in one such ceratopsian puddle that he one day dozed off and did not rise again.


The pterosaurs had noticed the carcass first. They had it easy. Held aloft on the warm thermals during the day, each of the fuzzy flying reptiles could circle on their membranous wings and spot carrion ripe for the plucking. All they had to do was dip down to pick off a few dried tatters of tendon and putrid viscera. They look somewhat like storks with bat wings, impossible creatures that had nonetheless been the first vertebrates to evolve powered flight. From their insulating coats of primitive down to the hollowness of their bones, this is precisely what pterosaurs evolved to do. Then again, the graceful airborne skills of these soaring scavengers mean little on the ground; while standing, they fold their wings—supported by an incredibly elongated fourth finger—and waddle here and there as if on stilts, a shambling, squawking gaggle. Each trip to the ground has to count. Shuffling about the Cretaceous floodplain expends more energy than simply twirling aloft, making the urge to snag a snack all the more important. And the careless or overconfident do not always make it back into the air.


Nothing of the horned dinosaur’s saurian bulk will be wasted. There is no sense of mourning here. A body of this size is food for innumerable bellies, a buffet that will energize the large and small alike as each morsel is taken back up into the ecosystem. A Triceratops is no soft piece of meat, though. The pterosaurs and fluttering birds, some with tiny teeth poking from their mouths, have already taken what soft parts they can winnow away from the carcass. Beaks poke at eyes, plunge into nostrils, and tear at the cloaca, the dead dinosaur’s body seeming to break out in small sores. But the riches inside require jaw power, a carnivore capable of biting through scaly skin, fascia, and thick muscle to the feast encapsulated in the dinosaur’s body wall. For more than a day after the bull expired in his patch of ferns, the flying scavengers have waited. They chitter and squabble and squawk from above and from their perches on the recalcitrantly tough hide of the body, anxious for a meal that cannot begin without the guest of honor.


At last, just as blue and purple light begins to overtake the floodplain on the second evening of the saprophilic watch, an immense shadow steps out from the tree line of bald cypress and ginkgoes. The carnivore is in no rush. Measuring thirty-five feet long, weighing more than eight tons, the grim reptile is at the absolute apex of her ecosystem. Not that she is invulnerable. Fractures, insect bites, and disease affect this creature just as any other. But the only immediate threat to this reptile would be another of her own kind, and even then there are few who are larger than this towering biped—essentially a set of massive, bone-crushing jaws with a body almost entirely dedicated to that purpose. A Tyrannosaurus rex, the top predator of Hell Creek.


Her reddish brown hide now draped in orange and gold from the low-angled light of the evening sun, she is absolutely radiant as she approaches the recumbent body. From snout to tail, she is covered in small, pebbly scales with a thin coat of wispy fuzz running from her neck to the end of her tapering tail. A few whisker-like filaments jut from her chin and upper jaws as well, the sensitive flesh all but concealing the ranks of seven-inch fangs in her mouth—an endless supply of fresh, serrated cutting edges that replace themselves throughout her entire life.


Another of her species might take note of her ornaments, too. Her skull is not a smooth sculpture, but a rich topography of hills, valleys, and ridges. A series of bumps sit along the midline of her nose, keratin-covered bosses jutting conspicuously above her eyes to give her perpetual resting dinosaur face. Perhaps these protrusions could be called horns, but their function is not so much defensive as ornamental. Each is a sign of maturity and prowess, easily recognizable to others of her kind and alluring in their own peculiar way during the loud and raucous courtship of the tyrants.


The rex keeps her tiny arms close to her chest as she approaches the Triceratops carcass. There is nothing for her to grab or flail at here. Each forelimb is powerful, technically capable of holding a carcass in place with two hooked claws on each hand as the terrible jaws go about their work, but most of the time these appendages are a liability rather than a help. An extended arm can easily be broken during the hunt or snapped by a rival in a fight. The entire body plan of the tyrannosaur evolved to emphasize her head, catching and killing and chomping with an overwhelming maw, and so those little arms are largely irrelevant. Still, despite all the weight-saving pockets and air sacs inside her skull, the amount of muscle and bone at the front of her body requires formidable strength behind. Muscular legs suited for long-distance walking and a long, counterbalancing tail keep the rex in a near horizontal posture most of the time, although, as some unfortunate mammals and birds learned, she is perfectly capable of rearing back to pluck morsels from the branches of trees as easily as fodder at ground level.


She has gone years without facing a significant threat. She’s too big now, secure in her place as an overwhelming carnivore. Much of the mottled camouflage she had when she hatched is gone now, only faintly visible as darker circles along the comparatively light coloring of her throat, belly, and inner thighs. The rest of her body is shaded brownish red—not from dried gore, but because the pattern helps her blend into the shadows at the edge of the forest during her favored hunting hours near sunrise and sunset. After all, a wily Edmontosaurus can outrun a rex on open ground. Charging directly into a herd of honking duckbills is only a waste of energy and a sure way to send prey snorting and farting their way to the next basin, wary of letting their guard down again. Better to wait near cover, step step step lunge, putting all eight tons behind a devastating first bite that will crush and maim. Even if the quarry manages to survive that first bite, the rex can watch and wait until shock and blood loss take their toll. Caution and care are key for this carnivore. Even though the hadrosaurs have no defensive horns like the Triceratops and are not covered in tough, crunchy bone armor like the waddling Ankylosaurus, those thick, muscular tails can still break ribs. A bucking, kicking Edmontosaurus can’t kill an adult tyrannosaur outright, but even a fractured arm or shin might lead to infection and pain that could take down even the mightiest predator.


In fact, the worst adversaries of the rex are the smallest. The female opens her mouth wide to yawn as she steps closer to the body, a terrible stench rising from her jaws. It is not just the odor of rotten meat and dinosaur breath. Barely visible beneath the great flat tongue are small lesions, the residence of microscopic parasites that are slowly burrowing their way through her jaws. She had inadvertently picked them up from a hadrosaur she had been dining on, a carrier for an organism that relied on both predator and prey for its life cycle. In time, the parasites will proliferate through her throat and leave holes in her lower jaws large enough to stick a thumb into—a set of painful, oozing sores that will make it nearly impossible to eat, much less hunt. But that will not transpire for some time yet. Today, approaching the ripening flesh of the Triceratops, she is still the ruler of her patch of Hell Creek.


Her earliest ancestors were not quite so regal. Over 160 million years before, in the early days of the Triassic, the ancestors of dinosaurs were tiny, meek creatures. Covered in downy fuzz, the largest among them stood about four inches high at the hips. They did not rend prey with tooth and claw. They did not have backs plated with armor and spikes. They did not flutter and flap and fly. These small, slender protodinosaurs hopped. The earliest dinosaurs could think of no finer meal than a shiny, crunchy beetle, and they made the most of their hot-running metabolism by skittering and jumping through forests patrolled by much larger, more menacing reptiles.


Even as the protodinosaurs grew larger, about German shepherd size, they still munched on beetles and leaves. They were not terrible, nor did they rule. Ancient relatives of today’s crocodiles were the most prominent vertebrates on the landscape back in those Triassic days, in some ways playing out what dinosaurs would later reinvent. Against this background, the very first dinosaurs evolved, and it would take almost to the end of the Triassic for any of them to grow to large size or become prominent parts of the world’s ecology. Were it not for a mass extinction, perhaps the earliest dinosaurs would have remained in competition with a menagerie of equally strange reptiles that happened to stake their claim first.


The dinosaurs couldn’t have known it, but the humble beginnings of their ancestors made all the difference. The insulating fluff, the hot-running metabolism, the limbs carried directly below the body—all of these traits gave them an evolutionary edge when an intense and exceptional bout of volcanic activity began along what is now North America’s East Coast about 135 million years before the age of T. rex. This wasn’t like some kind of cartoon set to Stravinsky, with gouts of angry lava projected into the air by underground pressure. The Earth oozed and suppurated, lava spreading for miles and miles, releasing tons of carbon dioxide into the air. The seas began to acidify. The climate became erratic, swinging from hot to cold. The hot-blooded dinosaurs survived, as did the warm little protomammals they sometimes dined on, perhaps insulated by their unique physiology and ability to keep warm. But the ruling crocodile relatives were decimated. Some persisted—enough to establish their own varied legacies through the rest of the Mesozoic—but now the roles were reversed. The dinosaurs were supreme, while the surviving crocs scampered and slopped around in swamps; this marked the beginning of tens of millions of years of dinosaurian proliferation.


As for the storied T. rex, the tyrants could trace their particular lineage back to the depths of the Jurassic. Their ancestors were small, lithe, three-clawed, and shallow-jawed. They were little nippers, not towering fluff monsters with horrific jaws. Other varieties of carnivorous dinosaurs had beat the tyrannosaurs to the punch—the allosaurs, megalosaurs, and ceratosaurs—and would continue to consume flesh in great volumes for tens of millions of years. Tyrannosaurs were there, but, for the most part, they were small fry—that is, until about 14 million years before the present scene we’re witnessing. In the Northern Hemisphere, the terrible predators of previous ages had faltered. There was an opening for the tyrannosaurs. Suddenly, these dinosaurs became predatory giants. The tyrannosaurs became larger and larger, their arms only standing out as tiny evolutionary afterthoughts compared with their huge, muscle-packed skulls. The back of their crania flared to the sides to accommodate even more musculature for slamming jaws shut and controlling prey with powerful neck muscles, so much so that the eye sockets shifted from pointing sideways to staring straight ahead—an unexpected gift of depth perception. Not only that, but these new tyrannosaurs could smell lunch from the barest odors on the wind. The olfactory bulbs of their brains were larger than the portion devoted to processing tyrannosaur thought. From tooth to tail, the new tyrannosaurs were carnivores unlike any that came before.


In these last Cretaceous days, the tyrannosaurs live up to their title. These terrible dinosaurs control their environments so thoroughly that they suppress the evolution of possible competitors. Smaller carnivores like Atrociraptor chase rodents and pluck at carcasses in Hell Creek, and the rare human-sized carnivore like Dakotaraptor might frighten a hatchling T. rex, but the tyrant lizard king has no real equal in these forests and floodplains. Instead of carnivorous roles being divided between multiple meat-eaters—with one specializing, say, on duck-billed hadrosaurs, another on scavenging, still another on Triceratops—Tyrannosaurus has taken almost the entire swath for itself.
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