


EARTH1


Great God! This is an awful place.

—CAPTAIN ROBERT FALCON SCOTT, ON ARRIVING AT THE SOUTH POLE, JANUARY 17, 1912



Earth had a difficult start. Around four-and-a-half billion years ago, barely a few tens of millions of years into its early life, our planet collided with another, half its diameter. Enough energy was released from the impact that part of Earth as well as that of the smaller body, Theia, was vaporized. Debris from both planets, ejected into space, coalesced to give us our moon.

For hundreds of millions of years our home was continuously assaulted by extraterrestrial impacts, yet from the tempestuous fury of the unrelentingly bombarded early Earth emerged everything that has been and that will ever be. The gargantuan feat of self-organization that brought us to where we are now spans a time scale so unfathomably vast that the only surviving remnants of Earth’s fierce origins are ancient crystals entombed in rocks laid down a billion years later.

How did this infernal early world become the Earth we know today? Where did we come from? Evidence suggests that the same processes giving rise to plate tectonics on that early Earth also controlled the later emergence of life and the rhythm of the evolving climate. And that remarkably, right now, those very same processes also dictate the beating of our hearts and the vibrance of our societies. Why?

All of these things, and many more besides, are connected by common ways of working, unseen changes that bring about gradual improvements by refining, little by little, the way a system works. Adapting and evolving through an incalculable number of tiny adjustments, the enormous diversity of the processes taking place all around us, all of the time, have something in common. And those common behaviors are their feedbacks.

The feedbacks that underpin every aspect of our daily lives often lie hidden from view, running quietly in the background while we “get on with things.” But if we look carefully, we can see them and identify within them a beautiful simplicity and elegance. Embarking on a journey to explore these feedbacks, a new world opens up to us, a world in which the fundamental essence of our existence and the intimate connections that run through our lives is revealed.

To understand feedbacks is to understand ourselves, our place in the world, our relationships with one another, and the ways we conceive of—and shape—our futures. In the pages that follow, we paint a picture, one layer at a time, a portrait in which we are the subject, nature is our muse, and our planet the canvas. We draw together fragmentary filaments of seemingly disconnected data and weave them together in a tapestry whose shadows of uncertainty demand from us as much attention as our subjects more brilliantly illuminated. Let us now, then, first sketch the envelope for our work and begin at the beginning, when our Earth was young.


Hell on Earth

The almost identical chemical composition of Earth and Theia reflects the depth of impact achieved during that initial collision.* Later in this chapter we discover how the formation of the moon led to feedbacks that not only controlled the physical development of the Earth, but also underpinned the processes that gave rise to the first atmosphere and to the origins of biotic life. But from those first moments, the most enduring consequence of this giant impact was large-scale melting of Earth’s rocky mass and the formation of oceans of molten rock.

This eon of geological time, the Hadean, describes the first five hundred million years of our Earth’s existence and takes its name from the Greek god of the underworld and of that hidden realm itself. Hades was a cold and dark place, a shadowy and gloomy cavern from which few mortals could escape. The thirteenth-century religious philosopher and poet Dante Alighieri subsequently built his allegorical Comedia on similar foundations. Dante’s descent into Hell takes the Florentine poet ever downward through a funnel-shaped pit of twenty-four great circles to the very center of the Earth. There he encounters the fallen seraph, Lucifer—the “Emperor of the sorrowful realm”—frozen to his waist in a lake of ice. Immobile and tormented by his loss of power, Lucifer is forever condemned to impotently beat his corrupted angelic wings. To Dante and to earlier Greek scholars, the idea that the center of the Earth, hidden and distant from the sun, should be cold and devoid of God’s light was intuitive and logical. And in the beginning, the aggregating minerals that condensed from the swirling cloud of gas and dust that formed our primordial solar system brought forth a planetesimal that was perhaps relatively cool and inert compared to its present state. But the continual bombardment of our planet by meteorites quickly swelled the early Earth, increasing its gravitational field and pulling in more and more debris that solidified into an increasingly dense planet. Heat from those meteorite impacts warmed the planet, and as it grew larger, the sinking of heavier metallic elements released energy that raised the Earth’s temperature by a thousand degrees. A hot, dense iron and nickel core began to form, triggering thermal convection in the layer of molten rock above. The decay of radioactive elements increased and allowed for a constant supply of heat inside the new planet. Today the inner core exists as a solid* sphere of iron and nickel, five thousand kilometers beneath the surface of the Earth and heated by intense pressure to seven thousand degrees, hotter than the surface of the sun.†

During the first two hundred million years of this early era, the impact frequency of the asteroids bombarding Earth declined, but geological studies based on the scant surviving evidence, as well as computer modeling, indicate that this period of bombardment was instrumental in determining how the outer crust evolved. The crust is part of the lithosphere, the solid outer layer of the Earth through which heat flows mainly by conduction, a slow and inefficient process. The lithosphere therefore provides a strong insulating layer, a lid over the hotter asthenosphere and softer part of the mantle below. Since the middle of the twentieth century, we have accepted the idea that lithospheric plates on the surface of the Earth migrate over time, but as far as we know, our planet is the only one in our solar system to have such an active surface. The default, it seems, is for “stagnant” lids—an outer casing that is neither fractured nor mobile. Why is Earth so special? What was it that broke our shell, and what feedbacks did this produce? Some theorists propose that it was the period of intense asteroid bombardment, early in the Hadean, that triggered tectonic activity on the early Earth.1 As with the collision of Theia, other large impacts would have created thinner and hotter patches within the surface rocks that encouraged the hot and viscous rock below to slowly rise to the surface. Simulations show that these large-scale upwellings would have been initiated directly beneath impact sites and that as these newly formed “plumes” of ascending magma rose upward they entrained other smaller plumes, organizing the internal structure of the Earth in a way that localized the upwellings to specific regions. Above the zones of upwelling, these plumes spread outward in horizontal flows that dragged at the solid crust above them.

This inner turmoil marked the beginning of the long evolution of the Earth’s interior, but what of its atmosphere, the more visible realm above the Hadean underworld? This was a time of relative darkness with the young sun only 70 percent as bright as today, but it was also a time of intense heat. A heavy atmosphere rich in carbon dioxide produced a surface pressure twenty-seven times greater than that of today, allowing liquid water to form at the surface despite temperatures of more than 200 degrees Celsius. This carbon dioxide came from the slowly cooling magma oceans early in the Hadean; once released into the atmosphere, it produced an intense greenhouse warming of the primitive climate. More carbon dioxide in the atmosphere led to more intense and frequent lightning flashes than today, and remarkably, these fleeting events may have played a pivotal role in producing the elements needed to fuel early life. Lightning striking the ground heated clay minerals to 3,000 kelvin, a thousand degrees higher than their melting point, forming fulgurites—silica glasses that also incorporated traces of the elements nickel and phosphorus. Weathering of these fossilized storm rocks provided a continual supply of the building blocks needed for molecules such as DNA. And with the rain falling from the Hadean skies incorporating more of the abundant carbon dioxide than it does today, the resulting carbonic acid accelerated the processes that chemically alter and erode rock, allowing fertile sediments to accumulate. At first this acid rain also lowered the pH of the primordial oceans, but gradually the carbon that was first released into the atmosphere from the mantle, and then returned to the ocean by rain, was progressively sequestered once more in the mantle, lowering the atmospheric concentration of carbon dioxide and allowing this superheated world to cool.

Did this complex chain of feedbacks, this fortuitous consequence of an extraterrestrial collision that triggered mantle heating and convection, set the stage for the emergence of life on Earth? Or were there other hidden connections that helped organize, adapt, and optimize this cycle? To answer this and to understand the significance and consequence of these first feedbacks, we need to inquire more deeply into those mantle plumes, plate tectonics, and the birth of continents.




Controlling the Chaos

Cracks in molten rock heal quickly, so before the outer shell of the Earth could form rigid, breakable plates, it needed to cool. But solidification itself still wasn’t enough to allow a patchwork of capricious rock slabs to develop, migrate, and regenerate themselves in a self-sustaining and ever-cycling way. Five hundred million years into the life of the early Earth, the rocks deep below the surface were still two hundred degrees hotter than they are today. The rocky surface was also too hot, and that made it buoyant, unable to sink into the more fluid rock beneath. Plate tectonics, it seems, is a rather fussy phenomenon. That outer shell needed to cool just enough to become denser than the hotter mantle below and so allow it to sink. Upwelling mantle plumes pushed and pulled it sideways, and together these forces enabled the fractured outer skin to sink downward at its now cool-enough-to-crack margins. And that cooling was a slow process. In the course of the fifteen hundred million years of the Archean eon, from four to two-and-a-half billion years ago, the Earth went through a gradual evolution from a hot phase, in which the “stagnant lid” was too buoyant, to a cooler phase in which the now “squishy lid” was just about dense enough to allow episodic and localized sinking and the beginnings of the tectonic processes that later became widespread.2 But how, and why, did Earth’s almost unique plate tectonics get started?

Although there is still no consensus, there are, of course, several theories. One leading argument suggests that the force of upwelling relatively hot rock in the mantle eventually became strong enough to break the increasingly cool and brittle surface layers. That would allow these newly formed “plates” to move, but even if rising plumes of hot rock had thinned and weakened the crust, these plates would quickly collide with one another. What was to stop them recombining? The secret to successful plate tectonics lies in these junctions, the boundaries where plates meet or separate. For effective plate movement, a new process was needed—subduction. Where one colossal slab of Earth’s surface encountered another, subtle differences in their buoyancy could mean the difference between life and death; that is, a colder, denser, less buoyant slab would tend to sink beneath a lighter one. Pushed by gravitational forces acting on the dense plates, and helped along from afar by the outward-spreading hot rocks rising in the mantle plumes, the cooler margins of Earth’s plates sank slowly back into the interior from whence they had come. But these gigantic monoliths grating against one another would rapidly seize up as the friction of their communion increased. To maintain the plate tectonic process, therefore, a subduction zone needs to be lubricated, either by water within the rock or by soft sediments overlying the rock that are taken down with the subducting plate. And it isn’t just the surface whose friction could put an end to this slow-motion cascade. Beneath the dense lithosphere, a layer of water or more fluid melt helped ease the passage of its flow over the warmer aesthenosphere below.3 Overcoming friction in this way, the sinking rock slabs exerted a suction force that pulled still-buoyant parts of the plate, while the subducted rock itself eventually melted, to be recycled through the mantle to feed a distant rising plume. Dating the beginnings of plate tectonics is therefore largely a question of dating the onset of subduction. And although the task of dating melting rocks might seem impossible, geologists now think that the earliest evidence of subduction dates from the early Archean, between three-and-a-half and four billion years ago. But at that time, it was just a local phenomenon; for it to become the globally connected process we recognize today, more time and more feedbacks, were needed.

Today, the absence of oceanic crustal rocks older than about two hundred million years tells us something of the average recycling timescale for tectonic plates.4 And as it turns out, the very process of recycling can help pinpoint when large-scale plate tectonics became pervasive. This is because the early Earth would have been rich in specific isotopes of the chemical elements that were abundant during the first tens of millions of years after the solar system came into being. In a mantle without recycling, those isotopes would be preserved, locked into rocks at the surface of the Earth. Plate tectonics, however, mixes those old isotopes with others already present in the mantle, diluting their abundance. Rocks forming at the surface during the transition from a stagnant to mobile lid would, therefore, show a drop in these marker isotopes coincident with the onset of mantle mixing and plate movement above.5 And these markers point to a time around three billion years ago as the period when this transition took place, setting in motion a perpetual process of creation and destruction that even today continues to adapt and shape our world.

The petrified shadows we now study tell stories of the hidden reality of the underworld, whispering secrets of their past just loud enough that we might descend like Dante and bear witness to the machinations of the inferno beneath our feet. The vehicle of our descent, however, is no longer religious vision. Instead we are guided by the murmurs of the Earth, seismic events whose waves travel through the deepest circles of our planet and imprint telltale traces of their journey on geophysical equipment arrayed across Earth’s surface. But what clues do they provide to us, the assembled eavesdroppers on their silent communications? For mantle plumes to play any role in initiating plate tectonics, these rising conduits of magma would need to be monstrously proportioned, growing ever larger as they scavenge molten rock from one another. But their heat means that seismic waves avoid them, instead finding faster routes through colder rocks at their margins. So the eavesdroppers map the waves to reveal the negative space between, the shadows that expose themselves by trying to hide. And these shadows, these slow zones, show something tremendous, for they map out hidden structures so gigantic that they stretch from the very lowest layer of the mantle to the very surface of the Earth almost three thousand kilometers above. Titanic in stature, these magmatic “trees”6 feed on heat from Earth’s core, funneling magma vertically through a trunk a thousand kilometers across, toward branches that narrow as they reach for the lithosphere above, and into the terrestrial volcanoes they nourish. Geophysical exploration has unmasked a subterranean realm of heat and fury whose gateways are volcanic edifices like Réunion, one of the most active volcanoes in the world. “Down we must go, to that dark world,” wrote Dante, as he “stood on the steep brink whereunder runs down the dolorus chasm of the Pit, ringing with infinite groans like gathered thunder.” Dante had envisioned a “huge funnel-shaped pit,”7 narrowing to the center of the Earth; now, seven hundred years later, scientists might just have proved him right.

In the gravitational sinking of cooling and increasingly dense lithospheric plates and in the mantle plumes beneath them, we have identified a driving force for our plate tectonic system, for our machine of perpetual motion. But how could these processes, even if sufficiently forceful to tear apart solid rock and fracture the uniform shell of the young Earth, coordinate their actions in such a way as to give rise to the intricate pattern of plates we see today? The Greeks believed that the primordial parents Uranus (sky) and Gaia (Earth) spawned Titans, gods possessed of incredible strength who ruled the Earth until Zeus and the Olympians banished them to the underworld of Tartarus, a dark abyss deeper and more hellish than the gloomy caverns of Hades. Are these gods, these mantle forces, responsible for tearing and separating slabs of Earth’s shell, pitching them outward into zones of slow-motion collision where the loser is banished to Tartarus to be recycled and, hundreds of millions of years later, to be violently reborn?

Bits and bytes tell us something that perhaps the myths of the Greeks cannot. When computer simulations are used to hold a torch to this dark phenomenon, they reveal something magical emerging from the brutality of the Titanomachic struggles. Widespread cooling allowed Earth’s outer layer to harden and become brittle, but as “heat pipes” within this shell slowly closed, the solid skin trapped more and more of the heat emanating from the warmer mantle below. Heating the shell caused it to swell and to crack. At first, the cracks took tentative steps from one site of weakness to another, sometimes meeting another fracture opening in the same direction. Emboldened in this way, the splitting shell developed longer ruptures, new ones forking from their parents at right angles or creating triple junctions, each time extending the damage and connecting different generations of breakages. At first gradually but then increasingly rapidly, the warmed and expanding single plate disintegrated through an avalanche of fracture events into randomly distributed but almost equally sized polygonal plates.8 Once this fully connected global plate network was born, the rate of fracturing then dropped, and the process was complete. And the most beautiful thing about this process? Perhaps that this paroxysm of tec-tonic activity took place so quickly, in so orderly a fashion that it appeared somehow intentional? Or perhaps that it reveals an emergent process of self-organization taking place on a planetary scale? No, it is that the pattern produced from these titanic forces over millions of years is one in which there is no redundancy of effort, no wastage. The tessellating tiles of the gods are so perfectly designed, so optimally arranged, that the total length of the fractures produced is as short as it could possibly be.




The Birth of Nuna, the First Supercontinent

Episodic and localized shifting of Earth’s lithosphere throughout the Archean gave rise to continents through a process of orogenic thickening. Typically, magma upwelling to the Earth’s surface from the mantle produces “oceanic” rock composed of dense basalt, rich in magnesium and iron. At the margins of these oceanic plates, their sinking edges melt as they return to the mantle. Melting at relatively shallow depths allows the minerals in the rock to separate from one another due to differences in their density or saturation. Over time, this process of fractionation produces molten rock whose chemical composition is dominated by the elements silicon, aluminum, sodium, and potassium. These lighter elements make the molten rock relatively buoyant, allowing it to float above the descending basaltic melt, which is heavy with iron. At the same time, the compressive forces taking place at these margins thicken the new, light rocks, pushing them both upward to form mountains and downward to form “roots,” or “keels.”

The first continents rose above sea level in the early Archean, around two-and-a-half to three billion years ago, and because they were light and resistant to the subduction and recycling that condemned their oceanic counterparts to eternal punishment in the great circles of hell, some of these continental rocks still survive today. The longest-lived continental blocks are called cratons (from the Greek kratos, meaning “strong”), and these cratons comprise nearly two-thirds of the current continental land-mass. Cratons are economically important today, for they contain all of the world’s diamonds and more than 90 percent of its gold and platinum.9 But during the Archean, they were even more important, for as these new lands reached heavenward, they were subject to the same wearing down by the elements as that which dissolved the fulgurites. Today we know from simulations using state-of-the-art computer models that rainfall in “hothouse” worlds like the Archean was quite different from that which occurred under cooler conditions. As the surface of the Earth warms above a critical threshold of around 45 to 50 degrees Celsius, something strange happens. Instead of radiating heat out to space, the lower troposphere (the lowest level of the atmosphere) starts to retain more heat, and because there is no longer as much of a difference in temperature between the Earth’s surface and the air far above, the normal processes of convection break down. Instead, the air column becomes more strongly layered, and both heat and moisture are trapped in the layers closest to the surface. As the energy builds in the atmosphere, it slowly reaches a critical level where it can no longer stay put. All the pent-up frustration of the superheated, supersaturated air is suddenly released as it at last ascends to heights where it becomes cool enough to release its moisture10 in episodic but torrential storms. In this hothouse regime, it never just rains; it pours.

Intense downpours generate far more surface runoff and are far more effective at eroding the land surface than more gradual rainfall, even if the total amount of water released is the same. As a result, these superstorms chemically altered and physically transported sediments more efficiently than is typical under today’s climate, washing them back to the oceans in thundering rivers excitedly exploiting the new landscape. And these sediments appear to have played a critical role in the tectonic cycle by lubricating the downward subduction of sinking oceanic plates. At times when sedimentation into the deep oceanic trenches was greatest, subduction could proceed more easily.

Those rivers were effective at eroding and transporting sediments, but what if the falling rain were to freeze and settle to Earth as snow, causing great ice sheets to expand across the elevated continents? Soft sediment beneath sliding glaciers is eroded easily, particularly during times of ice advance and retreat, when subglacial sediment transport is most effective. Is it coincidence that the two largest subduction events followed global glaciations? One leading theory suggests not. According to Stephan Sobolev and Michael Brown,11 these ice worlds not only accelerated plate tectonics, but in facilitating the movement of a globally connected network of plate boundaries, sediments allowed the gradual migration and eventual collision of nearly all of Earth’s continental plates,12 including those that now comprise parts of Siberia, northern Europe, parts of North and South America, and Australia. Simply put, the seemingly trivial feedback of allowing water to freeze over a sufficiently large area led to the formation, two billion years ago, of Nuna, the world’s first true supercontinent.




The Life Cycle of the Earth System

In Nuna we are confronted with the tremendous amplifying power of the positive feedback cycle. At first slow and disparate, the movements of those first fragments of Earth’s lithosphere cautiously pioneered a process, proving a pathway for others to follow. And with more certainty and vigor, those other fragments did just that, subducting and colliding, melting and separating, until a global network of plates built upward to such extent that the surface of the Earth was transformed. Our Earth exists at a distance from its nearest star that results in solar luminosity being neither too high nor too low for liquid water to dampen its skin. We live in the “habitable zone” of the solar system where the solar parameters are just right for life. But fortuitous orbital placement does not presuppose the establishment of habitable conditions; for that, we need a favorable atmosphere. Earlier we saw how the Hadean atmosphere, dense with carbon dioxide, allowed water to form at the surface despite temperatures twice that which would rapidly boil away the oceans today. And this water, raining from the suffocating sky, transformed silicate rocks to carbonates that locked away carbon dioxide in oceanic trenches to be unhurriedly returned to the mantle. This cycling of carbon through the atmosphere, ocean, and solid Earth reveals the intimacy of connections between the realms of Zeus, Poseidon, and Hades, and it is this coupling that allowed our planet to make the most of its position in the zone of habitability. By sequestering carbon dioxide from the atmosphere, the solid Earth imposed control on its climate like a thermostat. Plate tectonics produced fresh and weatherable rock at the surface, which drew down carbon dioxide, cooling the climate. But cool the climate too much and liquid water would freeze, inhibiting life. Glacially enhanced subduction therefore provided the perfect escape mechanism for this standoff, promoting faster recycling and the return of carbon dioxide to the atmosphere through volcanic activity.

Where subducting slabs sink into the mantle, they carry with them water and other volatiles. These in turn control the production of magma, the formation of continental crust, locations of mineral abundance, and also the occurrence of earthquakes, because escaping water lowers the stresses on geological faults.13 Subducting margins are typically associated with volcanic arcs, chains of volcanoes hundreds of miles long bursting through Earth’s surface where rising magma can most easily find a path. Distinct from volcanoes overlying plumes, such as Réunion, volcanic arcs overlie oceanic trenches. These are the most dynamic zones on the surface of the Earth, and it is no surprise that where plates are pushed downward, scraping roughly against one another as they battle for buoyancy, they not only release melt to feed volcanic arcs, but also trigger swarms of earthquakes in precisely the same regions.

It makes sense therefore to see such events occurring together in regions where subduction takes place, but until recently it was believed that large earthquakes and volcanic eruptions were unconnected at the global scale. In the last few years, however, a brave new theory has been put forward that challenges this very basic tenet of geophysical assumption. Analyzing the records of large earthquakes and explosive volcanic activity over the last sixty years, a team of researchers in the United Kingdom found something quite unexpected.14 Rather than these two phenomena being independent of one another, they found the opposite—periods of high global seismic activity tended to coincide with periods of high global volcanic activity. Statistical tests showed that the odds of this correlation occurring by chance were extremely low. There are well-understood mechanisms to explain how the abrupt changes in stress that take place during an earthquake can either trigger nearby seismic or volcanic activity, but it is not clear how these connections could exist over thousands of kilometers, because such stresses decay rapidly with distance. Maybe, the authors suggested, these changes, if repeated over and over, might be sufficient to incrementally disturb magmatic systems deep inside the Earth. Just like the slow buildup and rapid release in the rainfall patterns on early Earth, these results hint at a feedback operating at a global scale that couples two distinct phenomena, synchronizing them in a planetary waltz whose rhythm we’re only just beginning to feel.

Through their coupling of tectonics, weathering, and volcanism, our brotherly Greek triumvirate, Zeus, Poseidon, and Hades, kept one another in check so that neither extreme greenhouse nor icehouse climates found permanence. But there is still one other actor whose face we’ve not yet seen—magnetism. Magnetic rocks, or lodestones, were known to the Greeks from at least the sixth century BC when Thales of Miletus, according to the later writings of Aristotle, asserted that these stones possessed a soul, for they exerted some motive power over nearby iron objects. A century or so later, Empedocles conceived that magnets had pores, like living things, and that these pores were somehow receptive to the “effluences” from iron. But what they can’t have known was that it is because of magnetism that the early Earth was able to retain its primordial atmosphere. The solar wind, a torrent of high-energy particles ejected from flares at the sun’s surface, can easily strip the atmosphere of a planet by sweeping away ionized gases. But a strong planetary magnetic field repels this wind, pushing it further from the upper parts of the atmosphere and so limiting the loss of atmospheric gas.

Without Earth’s magnetic field, not only would our atmosphere be quickly eroded, but the exposed planetary surface would then be subject to harmful radiation. Under such conditions, life would struggle to gain a foothold. As far as we know, Earth has maintained an internally generated magnetic field throughout much, if not all, of its history. This is unusual, for it seems that of all the other terrestrial bodies in our solar system only Earth, Mercury, and Ganymede, one of Jupiter’s seventy-nine moons, possess a magnetic field. Of these three, only Earth has a substantial atmosphere, which in turns means it is the only one of the three able to retain heat during periods of darkness and thereby stabilize daily temperature changes and allow liquid water to exist at the surface. Magnetism makes our world livable, but how does the Earth retain its magnetism? For that, we have to thank plate tectonics. For the continued overturning and cycling of the mantle brings cooler surface rocks downward and moves molten rock, heated by the core, upward to the surface. This cycle maintains a high flux of heat outward from the core, which in turns favors convection-driven overturning in the iron-rich molten outer core. And convection in this large, rotating body of electrically conductive liquid acts as a dynamo. The more effective the plate movements above, the more efficient the dynamo within. In short, it was plate tectonics that first allowed our atmosphere to evolve, and it was plate tectonics that then powered the magnetism that prevented its loss.

If Thales’s conjecture held true—that magnetic rocks embodied something beyond the physical—then our rocky planet itself must equally qualify for such an attribute. The Greek philosopher Plato (428–348 BCE) conceived of a human soul15 that transcended space and time and persisted without end, forever casting off one incarnation only to adopt another. Might the Earth itself also conspire in such cycles of death and rebirth? Geological evidence indicates that our magnetic soul has come and gone nearly two hundred times during the last eighty million or so years, each time weakening to only a few percent of its present-day strength and then regrowing in vigor but with its alignment, or polarity, reversed. Magnetic reversals and variations in the strength of the field reflect deep Earth processes taking place over hundreds of thousands to hundreds of millions of years, yet despite concerted analysis, it remains a mystery as to why or how these episodes are triggered.

Though the vascillations of our planetary soul are then apparently chaotic and unpredictable, our physical body undergoes more regular cycles of decay and rejuvenation. Ice ages during the Archean accelerated the erosion of sediment from continental areas and lubricated the subduction of oceanic plates, giving birth to Nuna, our first true super-continent. Since then, the fragments of our shattered shell have cavorted and whirled, swaggered and sashayed, strutted and flounced their way in imperceptibly slow motion to the counterpoint of mantle plume cadence and subduction zone slippage. From this stop-motion animation of tectonic reorganization emerges the beat of a hidden heart. Cyclic coalescence brought our cratons together into supercontinent formations every four to five hundred million years, each time juxtaposing old friends with new neighbors, adding, subtracting, and modifying pieces of a vast geologic jigsaw that most recently gave us Pangaea, the mother of our modern lands. Two hundred million years from now a new super-continent, Aurica, will form as the Atlantic and Pacific Oceans close and a new ocean splits Asia in two. These ocean basins thrum to the meter of their own cycles, shorter but superimposed upon that of the continents. Together these danseuses étoiles give rise to a supertidal cycle, rising and falling in strength as the interference of the continental outlines on the lunar pull of the oceans waxes and wanes.16

These formidable restructurings of the surface of the Earth lay a foundation over which operate processes whose pulse beats more quickly. Records are sparse as we go further back in time, so gathering sufficient data to confirm how quickly or frequently these changes occur is challenging. Not only that, but as we look more and more closely at shorter and shorter timescales, we might see more detail but the scale of its significance might be less clear. A detailed archive chronicling the demise of a certain species of marine plankton might be valuable for reconstructing ecological changes in the past, but what can it tell us of global mass extinctions? The landscape of discovery for such information is a mosaic of both fortuitous uncoverings as well as directed investigations, fragmentary in time, space, and disciplinary realm. Hidden connections often remain well hidden. But as with all jigsaws, we know that the pieces must fit together somehow, even if the image is far from finely depicted. To scrape value from this dark cave of imperfectly revealed shadows requires both the robust application of the best scientific methods and enough willingness to see what might be there, lurking furtively in the negative space, the spaces between the known. Because something deeper exists there, in the openness to connect the incomplete. It is the humility to accept imperfect knowledge and the optimism to ask the question, what if …?

Over the last four decades, data from nearly a hundred geological events spanning the last 260 million years have been published and analyzed in terms of the cyclicities they might reveal. Simply put, if you bring together all of the available evidence concerning phenomena such as the periodic comings and goings of species, the rise and fall of sea level over millions of years, or episodes of increased or decreased volcanic activity, do the data show a repeating pattern through time or are all these events completely random? Scientists are divided. Some researchers feel that the data are too sparse and too uncertain to determine any kind of regular cycles of change. But to others, ten peaks in activity can be teased out, perhaps suggesting a natural cycle length that averages around 27.5 million years.17 Much of the strength of this apparent cyclicity is linked to extinctions of various species or groups of species. But more than half of these episodes might also coincide with pulses of volcanic activity that would have released sufficient carbon dioxide into the atmosphere to trigger abrupt and severe atmospheric warming and loss of oxygen from the global oceans.

Beyond our planetary boundaries, fluctuations in solar energy over the same kind of timescale may also be responsible for controlling events on Earth, changing our climate from hothouse to ice-age worlds and triggering feedbacks through continental erosion or sediment deposition in oceanic trenches. At an even larger scale our solar system itself wobbles in and out of the immense flat plane formed by the spiral arms of our galaxy, and this oscillation occurs with a thirty-million-year frequency. Ages of impact craters on Earth show that we were periodically bombarded by galactic debris in a way that varied over this thirty-million-year timeframe as our star navigated through denser regions of space. To some researchers, these data are clear, but others are not so sure because the mechanisms that could produce such cyclicities are not always obvious, or at least, not yet. Whatever the explanations, we are nonetheless faced with the intriguing and at the same time terrifying prospect that these cyclic episodes represent something, “periodic, coordinated, and intermittently catastrophic.”18




Setting the Stage for the Emergence of Life

Because repeated environmental changes taking place over millions of years are poorly recorded in the geological record, they are hard to predict with any certainty. But those occurring over thousands rather than millions of years should, in theory, be easier to anticipate. In the Aegean Sea of the eastern Mediterranean region sits the island of Thera, or Santorini, an explosive volcano whose last eruption in around 1600 BCE was one of the largest volcanic eruptions on Earth in historic times. This late Bronze Age eruption destroyed the island itself and the Minoan settlement it hosted and triggered earthquakes and tsunamis that wiped out communities on neighboring islands and along the Cretan coastline. The volcanic plume and associated lightning are thought to have been witnessed as far away as Egypt, and the global cooling that resulted from the volcanic ash cloud thrown into the atmosphere coincides with a cold wave recorded by Chinese chroniclers. But this far-reaching volcanic explosion was not simply a one-off, random event that impacted unlucky bystanders. The eruption in 1600 BCE was the most recent event from the Santorini volcano in the second of two eruptive cycles stretching back two hundred thousand years. Over the most recent 224,000 years, 208 eruptions identified in geological sequences all correspond to times when sea level fell by forty to eighty meters below present levels.19 As sea levels subsequently rose higher than minus-forty meters, volcanic eruptions stopped. Santorini now lies quiet, just beyond the ten-thousand-year window of activity following sea level rise above that critical threshold, and most likely on the cusp of beginning a third eruptive cycle. Unfortunately for the Minoans, however, the seas rose slightly too slowly to prevent catastrophe.

The feedbacks that controlled the rise and fall of the global ocean that regulated the eruptions of Santorini and the decimation of a Mediterranean civilization are these days relatively well understood: over hundreds of thousands of years, variations in the amount of sunlight reaching the Earth as our planet wobbles on its axis and as our orbit around the sun slowly stretches and contracts led to the growth of great ice sheets at high latitudes. The additional weight of ice pushed down on the land and added pressure to magma chambers beneath the crust. The additional pressure helped keep the magma in place. The ice sheets were growing in only some parts of the world, but by removing vast amounts of water from the ocean, these ice sheets allowed sea level to drop by more than a hundred meters all around the globe. In areas without ice sheets, the lowered sea levels reduced the pressure that previously pushed down on magma chambers far below. Slowly but surely the hot and buoyant rock migrated upward more easily than it could have done before. Rock that was once held hostage in solid form by the great weight above now melted as it rose and decompressed, fueling a resurgence in volcanic activity. And so it was that a seemingly minor change in the balance of sunlight at the surface of the Earth due to imperceptible orbital changes grew, through cascading positive feedbacks, into a global climate and sea level perturbation of such magnitude that it disrupted the inner workings of the Earth and triggered disastrous geophysical events that devastated, for one civilization at least, life at the surface.

Throughout Earth’s history, our complex planetary system has undergone changes such as these in repeated and predictable ways, tracing out the same familiar paths each time. But despite the repetition, each new cycle differs from the last. Unpredictable or chance events taking place in different parts of the world, affecting different pieces of the system, lead to different outcomes each time a cycle of change takes place. And this allows the Earth system to explore alternative scenarios, to toy with the idea of “what if …?” When we look back at these oscillations, the large-scale features of each new cycle may look similar to those that went before, but the details are altered. The coupled Earth system absorbs a flow of energy from the sun, disperses it through its component parts, and responds to the stimulus by altering its structures in ways that modify how it will absorb the same stimulus next time. Adapting through change, our Earth system optimizes itself as part of a cognitive cycle, a process of adaptation or learning. Without change as a key part of this cycle, we would stagnate in a stationary world, locked in a pattern from which no new behaviors, no novel opportunities, would arise. But by combining regular, cyclical variations with unpredictable, one-off events, our Earth system allows chance events to have meaning, to incrementally nudge our evolution one way or another, to explore a new path without throwing us completely off course.

The emergence of intelligent life and sophisticated cultures is proof that something meaningful did indeed take place in the four-and-a-half-billion-year-long cognitive process of Earth’s evolution. And that something moved Earth’s state further and further from its previous equilibrium and toward a trajectory in which myriad microscopic jitters disrupted and corrupted the previous way of things just enough that in each orbit of each cycle of change, our Gaia of the ancient Greeks has grown and matured, has become more and more clearly a portrait of the hidden beauty that binds and connects all things across space and time.

How then to construct this picture, to arrange our composition in the way that it most benefits from the direction of our illumination and to choose the pigments that will bring vibrance where warranted, solidity where needed, and clarity where detail is required? Through the words above we have readied our palette, outlined our envelope, and populated that shape with forms, lines, and shadows. Our canvas is the physical Earth, the ocean and atmosphere our oils. Now we must paint and see how our world arranged itself so that eventually life might emerge.




Making a House a Home

We are lucky. Perhaps uniquely so. Not only does our host planet exist within the habitable limits of our solar system, but the immeasurable and unpredictable sequence of feedbacks that has taken place since the formation of our primordial Earth has been conducive not just to the emergence of life, but to the proliferation and development of complex multicellular organisms and to sentient, introspective, and cultural beings. As far as we know, this process of biotic creation and evolution is unique in the universe. And yet the self-aware species of today’s world are built from the same elemental building blocks—hydrogen, carbon, nitrogen, oxygen, phosphorus, and sulfur—that exist throughout space, so how did just the right combination of elements end up in just the right place, under just the right conditions?

Hydrogen and oxygen are both essential elements individually, but combined into water, they underpin all life. As a solvent, water is more able than almost any other liquid to dissolve substances into forms that allow chemical reactions to take place in living cells. Water conducts heat and is stable across the wide range of temperatures experienced at the surface of our planet. It allows light to penetrate and, in doing so, can support life within it. And this life, like all life on Earth and perhaps elsewhere if it exists, is carbon based. Carbon molecules are strong and stable, and their structure allows long chains to form. Because carbon atoms bond easily with hydrogen and oxygen, complex organic compounds such as carbohydrates, proteins, and fats can be assembled from relatively simple initial components. But for life we need complex proteins, built from amino acids; for organisms to replicate and evolve, they also need deoxyribonucleic acid (DNA), a molecule that can encode genetic information and pass it from one generation to another. Nitrogen is needed for both amino acids and DNA, but nitrogen in the atmosphere cannot be readily absorbed by plants, so first we need bacteria in soil or water to convert the nitrogen into a form that can be more easily assimilated into living cells. And these cells need a fifth element, phosphorus, to maintain their membranes and allow selective transfer of substances into and out of the cells. Phosphorus is also a key component of DNA and another organic substance, adenosine triphosphate (ATP), the power supply for nearly all energy-dependent cellular processes. Without phosphorus, organisms simply would not be able to live and grow. Finally, sulfur. In some extreme environments, such as deep ocean hydrothermal vents where light is absent and oxygen concentrations are low, bacteria flourish through a process of chemosynthesis, drawing energy from hydrogen and sulfur rather than using light to convert carbon dioxide into carbohydrates (photo synthesis) the way that plants do.

With these six elements, forged in stars at temperatures of hundreds of millions of degrees and jettisoned into the cosmos through supernovas, life could begin. But for continued growth and evolution, these elements need to be recycled, transformed, combined, and recombined into ever more complex compounds that adapt and change according to external driving forces and internal feedbacks. Deep in the early Archean oceans, four billion years ago, microorganisms such as bacteria were the first simple forms of life on Earth. Colonizing hydrothermal vents, feeding on elemental sulfur, and reducing it to hydrogen sulfide, these single-celled organisms would later become a source of food as more complex life became established.

Above this dark submarine world, the early Earth was bombarded by meteorites that delivered phosphorus along with other elements. But as these destructive bombardments waned in their frequency, it was lightning that created phosphorus directly at the Earth’s surface, in the horizons of weathered rock slowly accumulating as plate tectonics thrust lighter, silicarich, rocky continents further above sea level. Reactive phosphorus from fulgurites leached slowly into the first soils but in a way that did not disrupt the delicate processes that enabled these elements to support life.20 The continual supply of storm-generated phosphorus, so critical for the DNA and ATP required by energy-dependent self-replicating organic life, was most abundant in tropical regions, where the warmer and wetter conditions allow life today to flourish most readily. As plate tectonics became globally established, driven by heat from the Earth’s core and the titanic mantle plumes it fed, subducting plates dragged sediments downward into deep trenches. Heat from the mantle released water that was trapped in the rock, transforming its physical properties and liberating methane and other compounds that would nourish the increasingly populated waters above. The faster and more connected the processes of plate tectonics became, the more combinations, configurations, environmental niches, and opportunities were explored and exploited. The constant flow of energy from convective upwelling and gravitational sinking was dispersed through the plate tectonic system, and this system adapted and optimized itself into a pattern of organization that was the most efficient it could possibly be.

Evolution of life accelerated as the optimized solid Earth produced feedbacks that refined the atmosphere above. In forming continents—chemically distinct from the oceanic plates—tectonic processes reduced the flow of oxygen-absorbing minerals from the mantle to Earth’s surface and allowed free oxygen from photosynthesizing blue-green algae to accumulate in the atmosphere. Planetary-scale changes to the dynamics of the Earth’s interior thus led to a burst of atmospheric oxygenation 2.4 billion years ago, the Great Oxidation Event.

By continually colliding lithospheric plates, raising continents, and forming continental shelf areas with shallow seas, plate tectonics changed the ocean tides and the forces they exerted on the early Earth. Today, as it did then, our moon exerts a gravitational pull on our planet, stretching, deforming, then relaxing it as our daily rotation changes the angle of its pull. Our oceans lurch from one side of their basins to the other, and as they do so they drag imperceptibly on the seabed beneath, microscopically countering the rotational force of the Earth itself. By slowing our spin, our days get longer. A hundred years from now, a day on Earth will be 2.3 milliseconds longer than it is now.* But four billion years ago, when the incremental effects of this lunar forcing had yet to accumulate, the Earth’s spin sped us through a typical day in only six hours.21

By creating continents, plate tectonics allowed the slowing effect of this lunar tidal drag to be greatly enhanced, because until the continents grew, there were no shallow seas, and it is these continental shelf seas where most of the frictional drag takes place. Plate motions slowed the spin of the Earth and in doing so increased the number of daylight hours of each rotation. For the blue-green algae dependent on photosynthesis for life, this was a critical catalyst in driving a rapid increase in their productivity. And the product of this productivity? Oxygen. It is because of the evolution of the solid Earth and the ensuing feedbacks between the continents, oceans, and lunar tidal forces that our atmosphere became oxygenated and allowed the evolution of early life.

With a rising abundance of the necessary elements and a planetary environment increasingly favorable for its proliferation, life transitioned from its early single-celled forms into complex multicellular organisms between one and two billion years ago. But the Earth/ocean/atmosphere feedbacks were still far from stable. Processes of mantle overturning, the titans of the Earthly underworld, continued to drive slow and steady change at the surface. More than a billion years ago, plate fragments torn from Nuna once more collided to give rise to a new supercontinent, Rodinia. For three hundred million years, this still poorly defined landmass remained barren, devoid of life. Around eight hundred million years ago, this vast jigsaw puzzle of cratonic fragments felt the inexorable tug of a superplume that heated its base. Thinning and weakening parts of Rodinia, the superplume tore rifts in the continent and allowed new oceans to form. The spreading, newly erupted rock was hot and buoyant, lifting the ocean floor to produce higher sea levels and extensive shallow seas around continental margins. A boon for marine bacterial photosynthesis that accelerated the production of oxygen, the more extensive oceans evaporated more water that in turn rained down on continental land and washed both sediments and the trace elements produced through their chemical weathering back to the seas.

But as the migration of plates continued, slowly reconfiguring the continents into another new pattern of arrangement that by five hundred million years ago would be the supercontinent Gondwana, volcanic arcs at subducting plate margins erupted ash and gas into the evolving atmosphere. Volcanic ash settles quickly from the air, but sulfur dioxide from eruptions forms aerosols—droplets of sulfuric acid suspended in other gases—that block incoming solar radiation. With less sunlight reaching Earth’s surface, global cooling quickly ensued. Chemical weathering of new rocks exposed at the surface of the young continents drew carbon dioxide from the atmosphere and exacerbated the cooling. Eventually, the Neoproterozoic climate cooled just enough to trigger widespread snowfall that persisted long enough to form ice sheets across continents mostly distributed around equatorial latitudes. From snow’s ability to reflect light arose a positive feedback so effective that the small initial cooling led to ever more cooling until the whole globe was glaciated. Snowball Earth was born.*

Life in the freezer was dramatically curtailed. With ice too thick to allow penetration of sunlight, photosynthesis was no longer viable for much of Earth’s early organisms. And with half of the oceans’ water locked up in ice, salinity in the remaining ocean doubled, making survival challenging for any but the toughest species. Yet evidence of a mass extinction coincident with the Neoproterozoic snowball Earth remains sparse and ambiguous, suggesting that, somehow, life survived. Warmed by heat from the interior of the Earth, ocean floor hydrothermal vents near oceanic plate spreading centers would have provided safe havens, refugia, for slimy “mats” of bacteria adapted to living in extreme environments. Beneath the monstrous ice sheets, pockets of still-liquid water may have hosted communities of simple life-forms. And above the ice, life perhaps clung to nunataks, mountain peaks protruding above the expansive ice.

Exposed rock was rare, however, and so the capacity for the weathering processes that drew carbon dioxide from the atmosphere was significantly reduced. With less carbon dioxide locked up in surface sediments, atmospheric concentrations of the gas rose, triggering a warming that started to thaw the frigid landscape. The low reflectivity of dark rock and soil, newly exposed by retreating glacier margins, meant more solar energy was absorbed. Dark ocean surfaces, released from their icy restraints, also absorbed heat, and as water from the surface of the Earth evaporated, it formed clouds that trapped longwave radiation—heat energy radiated from the warming world. Collectively this multifaceted positive feedback transformed the global landscape once more and set the stage for the most important and dramatic period of biological evolution in the geological record—the Cambrian explosion.

Around 540 million years ago, during the final stages of the assembly of Gondwana, fossil sequences from around the world suddenly changed. Whereas older strata preserved evidence of primarily simple life-forms—single-celled or small multicellular organisms—within ten or twenty million years, a vast diversity of complex, multicellular life appeared. And most significantly, this was the time that unambiguous evidence of animal life is first found.* As plants and animals diversified and spread, colonizing new lands and new ecological niches, they exerted feedbacks on the environments they inhabited that imposed new controls on the evolving atmosphere. Clay minerals, produced by chemical weathering of continental rocks, became trapped on land by the plants newly spreading across the terrestrial realm. In trapping the clay, those plants helped lock away the carbon dioxide removed from the atmosphere during the clay’s formation. At the same time, the proliferation of marine fauna that used silica from the seawater to build their skeletons and shells meant that less of that element was available to form marine clays—a process that releases, rather than stores, carbon dioxide. Combined, the rapid biological changes taking place across marine and terrestrial environments four hundred to five hundred million years ago led to a dramatic change in the global carbon cycle and a drop in atmospheric carbon dioxide concentrations that pulled the Earth’s climate out of its former greenhouse state into one much more sensitive to change and, eventually, one that was ideally optimized for the emergence and spread of our own species.

In the hundreds of millions of years between the Cambrian explosion and the rise of Homo sapiens, cyclic changes in volcanic eruptions, climate, sea level, and biodiversity took place, renewing and refreshing the global landscape. Long-term changes in the carbon cycle produced a slow cooling, but one that was repeatedly interrupted by abrupt warming events. Snowball Earth and frozen seas traded places with hot periods whose oceans were warm enough to precipitate limestone from their waters and to accommodate crocodiles at the North Pole. Ocean temperatures reconstructed from carbonate fossils show repeated cycles of abrupt warming followed by slower cooling,22 echoing a pattern that emerges repeatedly in driven systems operating far from equilibrium. With abundant life on the planet, biodiversity crises also started to appear in the fossil record, each time partially resetting the ecological landscape and promoting the subsequent emergence of new, more complex species.

Plate tectonics enabled the first emergence of life, and through its slow shifting of the continents, the opening and closing of oceans, exposure and flooding of land bridges, and the irrepressible growth of mountain ranges, it provided the ongoing stimulus necessary for adaptation and evolutionary change. Positive feedbacks cascaded from one system to another, and some of these responded by storing up energy until a critical threshold was reached. Releasing the stored energy far more rapidly than it had accumulated gave these Earth systems sufficient driving force for accelerated change. Cyclic repetition combined with chance events produced small but significant changes that brought about gradual but purposeful evolution. Through the combination of an oscillating supply of energy from the sun, episodic catastrophes, positive feedbacks, and directed adaptation, the Earth’s physical systems slowly but surely entrained and modified the naive and impressionable biological realm that it hosted.

But how did those first experiments in
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