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Praise for White Light


‘An eerie exploration of a strange and surprising element, and a plangent warning of a looming environmental crisis that needs our attention. Science writing of the highest order.’


Cal Flyn, author of Islands of Abandonment


‘White Light tells the history of life through an element’s history. It is at once lyrical and exacting, clear-sighted and deeply informed – a beautiful book.’


Elizabeth Kolbert, author of Under a White Sky


‘An effervescent – or I should say phosphorescent – debut from a talented young science writer. Jack Lohmann travels across time and space, from eroding English seasides to lonely Pacific outposts, and from 50-million-year-old fossil beds to modern factory farms, to explore how the humble element phosphorus underpins our world. By the end of the journey, you too will see this often-ignored element in a new light – the white light that underlies life itself.’


Steve Brusatte, author of The Rise and Fall of the Dinosaurs


‘In this deft and radiant book, Jack Lohmann has achieved something quite rare: a work that is scientifically precise yet ethically expansive. Lohmann writes with assured wisdom, whether reflecting on Earth’s biogeochemical history or on environmental justice. Who knew that a book about phosphorus could generate such profound material and spiritual insights into life, death, human suffering, and planetary flourishing?’


Rob Nixon, author of Slow Violence


‘A beautiful piece of genuinely literary science writing... You can feel the love of nature, and the wonder before nature, pouring out from nearly every page.’


Justin E. H. Smith, author of The Internet Is Not What You Think It Is
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PROLOGUE



WHALE FALL


In the moments that follow the death of a whale, when the light disappears and is swallowed by dark, the body’s weight draws to the base of the sea and compresses. It settles in mud. It forms an environment known as a whale fall, a world that will last for decades.


The whale fall grows in stages. The larger species come, the eels, the sharks. They rip apart the dead whale’s flesh. The tail, the head, the organs are consumed. The size of predator lessens as the length of time extends. Tiny mouths clean the bones dry. A skeleton remains; bacteria descend upon it. They turn bones into nutrition, consuming the whale in a process that is almost imperceptibly slow. Worms arrive and burrow through the skeleton. Other organisms come and eat the worms. Larger predators reinhabit the space. Within a barren, lightless plain, on the basis of decaying bones, a world is born.


Whalebone contains an element that is rare: phosphorus, a limiting ingredient in life on earth. Of all the elements of the periodic table, phosphorus is one of six that are absolutely necessary for the existence of life. Of those six, phosphorus is the most limited. Because of its rarity, it controls life—it determines who grows and shrinks, who lives and dies, what areas become biologically wealthy and which ones will be biologically poor. “The maximum mass of protoplasm which the land can support, like the maximum that the sea can support, is dictated by the phosphorus content,” Isaac Asimov, the biochemist, wrote in 1959. Phosphorus, he wrote, “is life’s bottleneck.”


Each of the six essential elements performs a vital role. Carbon forms long chains, connecting compounds together to create large, complicated structures. Hydrogen and oxygen combine to form water. Nitrogen and sulfur create proteins, providing organisms with food. Phosphorus converts energy, carries information, constructs cell membranes, and performs a host of other actions that underpin life’s complexity. Phosphorus allows seeds to grow and fruit to ripen. It is the main ingredient in matches. It both enables life and destroys it. Sarin gas, created from white phosphorus, is a potent agent of chemical warfare favored in Syria today and in Saddam Hussein’s Iraq. A drop of sarin can lead to death. White phosphorus itself is a chemical weapon, a notorious substance sometimes used in contravention of the law—notably by the governments of Syria, Israel, and the United States, and by the Taliban. On those rare occasions when white phosphorus has been deployed, it has fallen through the air in a deluge of dissipated fire.


When it is isolated, phosphorus emits a steady, menacing glow. Phosphorescence is the name that is applied to this phenomenon: it describes materials that glow without ignition. The glow of the upper ocean is phosphorescent. Some paint glows. One consistent feature of the near-death experience, reported by people whose hearts stopped beating and bodies began to fade, has been the presence of a peculiar brightness all around. Images flash, the soul floats, and the body is left behind. The mind feels calm. (It is, in fact, surging with electricity: its final moments are seemingly near.) This is where I’m going, people remember thinking. They see white light.


When phosphorus burns, it bonds with oxygen, creating phosphate, a molecule described by the formula PO4: one atom phosphorus, four atoms oxygen. Phosphate is remarkably prevalent in all life-forms, although it is otherwise comparatively rare throughout the world. It is crucial to our existence. Outside of life, phosphate exists in geological form, made up of condensed, crystalline structures that are hidden in the crevices of our planet. Inside of life, it exists in every cell. It forms the membranes that hold the parts of cells together. It provides energy, in the form of adenosine triphosphate, ATP, which powers the actions of all life-forms. Even before birth, each of us gained identities by way of the cumulative influences of small phosphate groups, which held together the strands of our DNA. As we grew from zygote to cellular zillionaire, those groups enabled the replication of DNA and the formation of more complex beings—us.


The phosphorus in our bodies came, at first, from molten lava, hardened into rock. That rock eroded out of mountains, flowed down rivers, and fertilized the land below. The land supported the growth of plants, which allowed the spread of animals. The human body is, roughly speaking, 1 percent phosphorus. Phosphorus is spread throughout our cells, but it is concentrated mainly in our bones. We are extensions of the planet—we forage for phosphorus by eating plants and animals, and we fertilize the soil through waste and death. Plants thrive on this natural fertilizer. Phosphorus moves through the bodies of plants and animals, fungi and bacteria, and ultimately, usually, makes its way to the water. It is deposited as sediment: it forms new rock on the seafloor. The rock is made of compressed bodies, phosphorus squeezed from lives that are no more. It is littered with phosphatic bones, with phosphate-encrusted bivalves, with fossilized phosphate scraps. These things are hidden, set to be released in geologic time. As this time passes, the earth’s plates move. The underwater rock becomes land. The land erodes. The cycle continues.


The phosphorus cycle has long connected mountains, land, and sea—but phosphate rock, pressed into geology, was mined beginning in 1847. It was used as a fertilizer, life sucked out of so much death below the ground. The growth of plants requires the creation of new cells, and each new cell needs phosphate. Phosphorus fulfills the cell’s core functions; it cannot be replaced by any other element. Mined and processed, phosphate rock was applied to farm fields the world over. Crops grew like never before, injected, suddenly, with a substance that functioned like a miracle. The industry began along a sandy English cliff and grew to encompass a vast global operation. These rocks, made of ancient lives, entered the loop in which we all once lived. Death fed life, to overabundance. Our diets changed, our lifestyles changed, and we changed. We cheated the natural process that had once governed all of our lives. Millions of tons of phosphate were uplifted every year, each ton holding bits of bodies cemented over time. The phosphorus cycle was broken in a century.


The story of phosphorus runs through every strand of DNA in every organism in the world. It runs through every piece of food and waste and every living thing. But the story of how humans changed the phosphorus cycle is rooted in a few specific spots. We first found phosphate rock in England, and the fertilizer industry began. The industry changed when rock of greater scale was found in Florida—but today, the Florida rock is almost gone. Our global agricultural system rests upon the dictates of Morocco’s monarch.


Already, in some places around the world, the end of phosphate rock has occurred. It happened on the island of Nauru, far out in the Pacific, and there we see a world that passed its limits. It peaked, declined, and fell to ruin. Amid those ruins, the story of our broken phosphorus cycle comes to a close.


But it does not need to end there. There is mass resistance to the modern expansion of corporate farming methods. The world’s small farmers, who produce half our food, work their land with the nuanced understanding that agriculture has always been an ecological effort. They safeguard phosphate and replenish it.


The sewage that we leave in rivers, the food scraps that we throw away, and the animal manures that run off into streams collectively contain enough phosphate to replace the amount that humans mine each year. It is possible to recycle nutrients, as small farmers still do, but the world’s wealthiest nations, supported by their richest citizens—predominantly male—are leading the effort to protect the kind of agriculture that relies on phosphate mining (a kind of agriculture that, incidentally, tends to preference men who lack knowledge over women who possess it). The U.S. Farm Bill, which makes mechanical agriculture economical, is bipartisan. U.S. presidents tout corporate agricultural growth. The Rockefeller Foundation helped create the current farming system, and the Gates Foundation is working to expand it. Today, the breakage of the phosphorus cycle is worsening.


But small farmers are organizing for their rights—for land reform, gender equity, and widespread social change. Scientists, economists, and engineers are working to make phosphorus recycling compatible with modern life. Food, we now know, feeds our bodies better when it comes from healthy soils, and healthy soils come from nature, not from machines. Supported by this understanding, people are working to create a better agriculture. Cities are composting food scraps. Disenfranchised farmers are fighting for their land. If we listen to those with knowledge—rather than those with money—it is possible to restore the cycles of the earth.


There was once, long ago, a different kind of phosphate problem. When life first started, 4.5 billion years ago, the problem was that phosphorus existed only in rocks—and then, of course, no one was available to mine them. Life needed concentrated pockets of phosphorus in order to form. In a century of study, scientists have not come to an agreement about how nature solved its problem. Something happened in a pond, around a vent, near a meteor strike—something. We do not know exactly. We do know something happened, though, because we are here.


Today, phosphorus remains a part of the mix of chemical elements present in the earth’s magma, and volcanic eruptions create sprawling beds of igneous rock that hold within them trace amounts of the mineral. Now, however, humanity has transferred large amounts of phosphorus onto farmland, into streams and ponds, into rivers, and, ultimately, into the ocean. The result of this is somewhat murky, but it appears that humans are changing the geology of the world. We are leaving a legacy in stone, and we are doing it by creating anew a world that once existed—one overrun with algae in the waters, with dying fish, with widespread oxygen loss in the sea. This new world is not, for us, ideal. (For algae lovers, it may be paradise.) But it is conducive to the formation of phosphate rock. This new rock will be formed and buried over intervals of millions of years. It will be hidden beneath the ground, prepared to be discovered in the future. Just as phosphate enables life in humans, so too does it feed the life of the whale fall. The destruction of the bones of the whale provides enough fat to support a community of bacteria, and it releases enough phosphate to support the expansion of the ecosystem. The whale fall lasts because of the barrenness that surrounds it: the cold temperatures and darkness of the deep ocean preserve the whale carcass for the creatures that can access it, allowing the ecosystem to exist without floating away or being quickly eaten. Instead, whale falls remain as they begin—remote, shadowed, and teeming with life.


The nutrients provided by a whale fall represent, in a single day, two thousand years of sustenance. Their effect, ecologically, is strong enough that biologists have identified dozens of species of oceandwelling organisms that evolved to specialize only in whale falls, those thousands of little worlds beneath the sea. There are four-foot worms and hairy crabs, clinging shrimp and curious sharks, bacteria that float, fish that feast—a mess of life, growing and thriving, a community unto itself, separated from all other beings by a dark emptiness that extends in all directions.


This blip of abundance seems bound to recede, and eventually it will. Over a period of half a century, the whale fall’s nutrients begin to dwindle, and the organisms that feasted on them go away in turn. The ecosystem fades into the landscape that surrounds it. Barrenness overtakes the ground. Just decades after a new world of opportunity opened up, life disappears; this little spot of seafloor is unlikely to be visited by such prosperity ever again.
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1
___


SEA OF FIRES


There would be no life without constant death. The bodies of our forebears came to form the base of our lives today. All of us are made of accumulated parts worn down and enlivened by billions of years of excess and limitation. Our bodies are living remnants of the past. We are all recycled—our food is dead; it was grown in soil made rich by decay. When we die, gorged and wealthy, our purpose is to fertilize the ground. The waste we create, and the waste we someday will become, exists in balance with the earth.


The world warms, and life surges. Profusions of species occupy the earth; they drink its water. They arrive in heat-driven bursts, and they flourish most in places where residues of past life can collect. Along some coastlines, upwelling waters pull nutrients from the cold seafloor. Sunlight reaches those substances on the surface, and life blooms. Elsewhere, inland seas, called into existence by warmer weather and melted glaciers, create closed circuits of growth and accumulation. Deltas, where rivers enter open water, collect the sediments that the rivers carried all along their paths. Some islands, situated far out to sea, serve as collection points for life and its excrements. In these ecosystems, life builds upon itself, and exceptional productivity ensues.


Something changes on the earth. The temperature cools, the continents shift, the oceans drop their nutrients somewhere else. The closed circuit opens, and bodies are covered in sediment. They settle and condense, growing firmer under pressure from above. Chemicals dance—crystals form. Metals dissolved in seawater are absorbed by what remains, and the crystals fit more cleanly with one another. They are stable, and then they change again. Storms and tides churn the seafloor, washing away some materials and bringing others near. Years pass, and the continents move again, pushing compact crystals out of the water. Settled and churned, scarce and hidden, buried beneath layers of geology, this collection of reworked matter is a literal crystallization of life. It exists in a thousand different places and a thousand different forms, holding contents of silent value. This is phosphate rock.


Phosphate, underneath the surface, holds the power of life itself. That power is exerted through the forces that shape the physical world. All of life is controlled by geology. Through the steady, cyclical accumulation and release of phosphate, unseen forces determine the biological productivity of the earth. When the rate of erosion increases—when more phosphate is added to the system—the world is overrun by life. When erosion decreases, or a large expanse of phosphate is deposited as rock, the system loses phosphate, and life’s sum total drops. Phosphate exists within the confines of a natural order, a deliberate cycle of destruction and creation. It travels slowly between life and rock, and its journey defines the contours of the life that can exist on earth. It is an adherence to the plodding of geologic time, but with a twist: some hidden crystals, in recent years, have begun to travel at a different pace, in a different direction, along a different path. This new path began along the coast of England, at a time when the countryside—the sloping plain of Suffolk in particular—was on fire.


The arsonists were everywhere. They were living in the villages and working in the fields. They came out in the dark of night and crept onto the lands of wealthy farmers and lit up their barns and sheds, their threshers and carts, their haystacks. They killed their animals. They were rageful—and they were poor.


Britain’s wealth was growing as the dignity of the poor declined. Land was privatized, child labor thrived, and the poorhouse system punished society’s weakest members. In East Anglia, the region that includes Norfolk and Suffolk, the situation was particularly dire. The textile economy had declined in response to London’s growing industry, and the workers were left reliant on agriculture. But farmwork was seasonal and unsteady, and it was controlled by landowners and by farmers, the powerful occupiers of the land. Population grew, wages declined, the poor grew poorer, and the land became weaker. Then came 1843. A dramatic hailstorm destroyed the crops in August, and a terrible drought arrived the following year. Little grew, and the laborers could not work. People could not pay for food; there were hunger riots. And as they starved, they watched shipments of food going elsewhere, although the landowners continued to make a profit from their crops.


In 1843 and 1844, more than six hundred fires were set across England. Arson attacks were carried out against unjust magistrates and landowners who evicted tenants. Fires were set at workhouses, at jails, at taverns, and at shops. By far the most common targets were the farmers whose decisions had consigned the laboring classes to desperation and shortage. Entire properties were destroyed. “The year 1844 was one of intense alarm to the owners and occupiers of farms,” the historian John Glyde wrote in 1856. “Fires were of almost nightly occurrence during the long evenings. The occupiers of land lived in a state of nervous excitement, looking about their premises every night before retiring to rest, apprehensive of their crops being destroyed by the match of the prowling incendiary.” “Even among some of the poor the fear took on almost apocalyptic proportions. Two preachers, Winter and Burgis, tramped the countryside warning the people the world was about to end in one great catastrophic fire,” the historian John Archer wrote. “The end of the world was fixed for 21 March 1844.”


At the center of the fires was the village of Hitcham, and at the height of the flames Hitcham was led by a famous man. The naturalist John Stevens Henslow, appointed rector seven years before the world’s forecasted end, was an academic of national renown who worked as a professor at the University of Cambridge. He was first a botanist and then a mineralogist, a researcher whose focus was on the natural world. When Charles Darwin came to Cambridge in 1828, Henslow had taught him botany. At the time, Darwin was struggling. He felt disconnected from his studies and had trouble keeping up at Cambridge. During those years, Henslow and Darwin embarked upon a series of adventures that inspired Darwin with a sense of the boundlessness of the natural world. The two went searching for flowers in the countryside and traversed the swampy fenland north of the city. They made aborted plans to visit the Canary Islands. Henslow saw in Darwin early traces of the mind that would revolutionize scientific thought. When the HMS Beagle was launched in 1820, it was Henslow who ensured that Darwin was aboard—although Henslow himself had received the initial invitation to go. While the Beagle was away, Darwin and Henslow communicated extensively, and Darwin had his trove of specimens, collected from around the world, delivered to Henslow in England for safekeeping. Henslow, Darwin said, had changed his life.


The same year Darwin published The Voyage of the Beagle, Henslow moved to Hitcham for good. It may have seemed a surprising change, but the 1830s were a difficult time for the university, and a government-funded rectorship at Hitcham paid far more than a Cambridge professorship did. Henslow scaled back his academic duties, and by 1839 he was living in the countryside and running the parish. The conditions he found there shocked him. Hitcham had long been a place of discontent and disruption. In 1820, the parsonage had been set aflame in response to a denial of poor assistance for a sizable number of residents. Seven years into his rectorship, the harvest had failed, and the violence had worsened. “We have almost nightly fires about the neighborhood,” Henslow wrote in 1844, “and as I was lecturing at Hadleigh on Wednesday, a cry of fire interrupted and spoilt all.” In April 1844, a correspondent from The Times of London reported an epidemic of nightly crime in Hitcham, a scourge that included frequent fires and a number of break-ins at the church, the corn mill, and many shops. “Scarce a night passed during the winter months, at one period, but the sky was lit up with incendiary fires,” Leonard Jenyns, Henslow’s brother-in-law, would write. “No farmer felt himself secure.”


The crux of the problem in the countryside lay in the uneven production and distribution of food. In a decade of want, during a century of growth and unrest, the prospect of food shortage loomed large in the minds of Henslow’s parishioners. Some of this had to do with what was happening across the Irish Sea. A potato blight first appeared in 1845, brought over from America, and quickly spread through Ireland, where widespread famine took hold. Even though the Irish grew a wide array of crops, the potato was the staple of the diets of the poor. The rich maintained a profitable export trade of other crops, and the government declined to intervene. A million people died of hunger. The threat of famine in England presented similar concerns. Facing down the landed interests of Hitcham—the landowners and the farmers—Henslow used his role as rector to press for social change, sermonizing about Christian charity and making overt appeals for financial assistance for his schemes for the poor. He advocated for higher-quality education and for more recreational opportunities for the working class, and he founded a school, funded through his own salary, for the children of laborers. He spoke openly of the need for farmers to respect the rights of workers—a kindness but also a necessity as those abused workers burned the countryside in despair.


Henslow felt that science and social well-being were inextricably intertwined; curiosity and scientific investigation, he believed, could improve the lives of common people. An influx of agricultural science would solve food shortages, quelling unrest. He fashioned a series of experiments that involved dozens of farmers from around the parish working to raise yields through the use of natural fertilizers. He lectured on farming methods and soil fertility and published fifteen Letters to the Farmers of Suffolk in a local newspaper. He gave lessons on manuring, taught botany to children, and disseminated scientific information among his parishioners, many of whom were illiterate. For those who could read or were learning to do so, he founded a lending library, instituting adult literacy classes shortly after. “The art of husbandry should be converted into the science of agriculture,” Henslow was known to say.


A scientist walking through his parish, Henslow was often seen investigating the rocks that made the roadways or the soil that made the fields. Rector and also magistrate, he remained, over time, a naturalist. Like many scientists of his day, he had received broad but scattered training in various natural fields. He had been drawn to science from a young age, exploding gunpowder, modeling caterpillars, and collecting fungus and flowers at home. At school in London, he was entranced by the idea of travel. At Cambridge, as an undergraduate, he studied mathematics. He participated in a geological survey of the Welsh island of Anglesey, cataloged a vast collection of British plants, and studied the formation of mineral crystals. Among his most lasting contributions was the Cambridge University Botanic Garden, which he managed and moved to a new location, nearly eight times larger, devotedly collecting specimens that made the garden a botanical masterpiece.


In 1842, during a holiday in Felixstowe, Henslow took a walk along the North Sea coast of Suffolk, and he saw stones and fossils within layers of clay, all of it buffeted by waves. Among those pieces, he found a rock that would launch the modern phosphate industry.


One hundred and seventy-nine years after Henslow’s walk, Neil Davies, a sedimentary geologist at the University of Cambridge, is standing at the base of a cliff layered with red sand, the North Sea at his back, holding up a pound’s worth of bulbous, dark material that might be phosphate. “It could have been some kind of nodule at the time—it’s got that kind of cracking inside it. Unlike the stuff in the Greensand and the Gault, you don’t often get to see what these things are, just because, after they were deposited, once they were fossilized, they were dragged out and rolled back and forth repeatedly by waves.” Davies and I are searching for phosphate in the cliff—the Bawdsey Cliff—where the modern phosphate industry began, where the wastes of life and the promises of death lost their balance with each other, where humanity upended the limits of nature and launched itself into a period of interminable growth.


We are here to see the Red Crag, a layer of sandy strata that formed 2 million years ago. The Red Crag sits directly upon the London Clay. The Clay—thick, blue gray—formed between 56 and 49 million years ago, when eastern England was submerged in a vast, warm, life-enriching sea. We are standing on the London Clay, looking at the Red Crag; the border between the two layers lies roughly at our knees. “If you were to take out that block of clay there and wash it down, you would find a handful of pieces of phosphate, a handful of nice fossils inside there. But because they’re so randomly scattered throughout it, and because the clay is so resistant, it’s not like you see them sticking out very often,” Davies says, as I reach to break off a chunk of damp material. “Clay is a cohesive sediment. The particles are so small that they all are chemically attracted to one another—plus, of course, getting wet, they basically become one agglomeration of particles, whereas the sand is sand: it just falls apart in your hands as you touch it.”


What is known is this: the London Clay Sea was an expansive body of water that once, long ago, extended from the middle of England to the plains of Poland and north to Scandinavia. Covering much of northern Europe, the sea was isolated, sharing characteristics with the Mediterranean Sea of today. In a series of successive waves of sedimentation that occurred over a period of 7 million years, the London Clay Sea deposited a layer of material that is, in some places, five hundred feet thick. Because of the features of the sea—the warmth, the productivity, the occasionally oxygenated bottom—fossils were preserved, and phosphate formed. The clay preserved the life that had inhabited the surface for millions of years.


There is a gap in the sedimentary record that spans the distance between the end of the London Clay and the beginning of the Crag, an interval of time equal to about 45 million years. The lack of sediments suggests that, during this time, the sea receded, and the top of the London Clay became dry land. It stayed that way until a little over 5 million years ago. At that time, the earth warmed, and the sea came back over the land. The resulting series of resurgences of water created a sedimentary layer collectively known as the Crag Group. Four sedimentary deposits were made over a 4 million year period: Coralline, Red, Wroxham, and Norwich. As they stand today, each deposit represents, at most, a couple hundred feets’ thickness of collected sediments. Torn away by glaciers and weathering, the deposits are not continuous layers across the surface. They are an occasionally overlapping checkerboard of geological history, spread across the North Sea, that slides up out of the water to blanket more than two thousand square miles of eastern England. The quality they have that interests us is that, in growing, they reworked the London Clay. As the Crag seas expanded and receded, they churned up strata below. They released the fossils and phosphate from within the London Clay. Like so many little incipient whale falls, those materials floated through the Crag seas, they moved with the tides, and they joined new geological layers. Generally, they settled in lags along the bottom layer of the Crag, resting just on top of the London Clay, along the boundary visible at Bawdsey, before us, at our knees. They sat there for eternity.


The drive from Cambridge to the coast takes an hour and a half. To get to the Bawdsey Cliff, Davies and I—along with William McMahon, a postdoctoral research geologist at Cambridge—had walked around a spit of land that pierces the river Deben across from Felixstowe, a town whose port is the largest in Britain. We climbed along a narrowed bit of silty beach, crossed a field of sea cabbage, and moved along an embankment made of iron. It was a walk Davies has made many times, and he narrated landmarks along the way. There was Bawdsey Manor (“an early radar experimental station”), Sealand (“this little rogue microstate”), and Pulhamite (“a good material for tricking non-geologists”). Bawdsey is the clearest place anywhere to see the border between the London Clay and the Red Crag. The difference there is as clear as day. Several feet up the cliff—if the sea hasn’t shifted the beach, or trees haven’t washed up sideways, or erosion hasn’t hidden the unconformity—the blue stops and the red begins. The distance between the layers, a space traversed by phosphate nodules during reworking, is nearly 50 million years. The Red Crag, in this location, rises about ten meters into the air. Below the ground, the depth of the London Clay is likely many times that.


The research that Davies and McMahon conduct is generally focused on the relationship between life-forms and sedimentary rock. The geologists are curious about the ways in which organisms affect the rock record. One of the key field locations for their research is the Torridonian Group, a formation in northwest Scotland that is 1.6 billion years old. Contained within the Torridonian are rivers that existed before plant life proliferated—rivers, with paths unaffected by grasses or trees, that widened and moved in patterns different from those of the present day. Without plants or animals, samples of stratigraphy become much harder to date. Time turns into a more ambiguous construct. There are fewer telltale fossils left behind, fewer time-stamped burrows or peculiarly aged organisms to use to narrow down a range of dates. Their age can be a mystery—or, at least, a basis for prolonged attempts at understanding. Davies, who earned his PhD in 2003, has carried out research in twenty-one countries. His interest in phosphate stems from questions about the relationship between life and the creation of rocks, and between rocks and the creation of life. If life gathered phosphate, geologists ask, from whence did phosphate come?


The layers of the earth are shaped by the waves of life that cover it. Limestone, for example, is predominantly created by the compaction of the shells of water-dwelling organisms, including corals, oysters, and clams. Calcium carbonate, the main ingredient in the shells of those creatures, is, by extension, the main ingredient in limestone. These organisms filter calcium out of seawater, using it for self-construction. When they die, their shells are left behind and slowly broken down, pressed together, and regenerated into rock. The presence of limestone today is an indicator that an ecosystem thrived long ago.


Chalk, like limestone, is a kind of rock that suggests past life. White and crumbly, chalk is formed of algae collected and crushed over an interval of millions of years. The algae, in order to exist, required warm temperatures and an adequate supply of nutrients and sunlight. The white cliffs of Dover descend from algae that grew in the Cretaceous. The algae solidified on the seafloor and came to the surface as the African and Eurasian Plates collided. Of those dramatic histories, only chalk outcrops remain. “Phosphate is one other clue about what’s happening in the earth system. It’s telling us one thing about what organisms are using to build their skeletons, what kind of nutrient cycling is going on in the ocean,” Neil Davies said. The formation of phosphate rock suggests a time, long past, when phosphorus was in excess—when life surged and was extinguished. During times of phosphate rock formation, organisms grew so much that oxygen periodically disappeared, a necessary shift for the stability of the new mineral. At Bawdsey, the environment was warmer than it is today, but it experienced periods of deprivation. “The phosphate was produced back in the Mesozoic and the early Cenozoic. And it became phosphatic rock. And then, sometime later on, two million years ago, there were waves beating against that rock that liberated it, brought it out, deposited it into these Crag seas, and for a moment, from those outcrops at the present day, you can see that snippet of that little aspect of history.”


The Red Crag crumbles, and the London Clay cracks. The Crag is dry and dusty and tumbles groundward at the slightest touch, the fossils, rocks, and shells it holds flowing freely down an embankment of sand. The cliff is a wall of loose particles occasionally organized into discrete layers like a stairstepped chain of cantilevered shelves. When touched, the layers fall apart, disintegrate, and reveal, sometimes, a new fossil—perhaps a piece of phosphate. When the sand dribbles down the side of the cliff, it passes out of the Crag and over the Clay, covering that blue-gray compacted mush with a smattering of burnt-orange dryness. The roots that burrowed downward from above are left dangling in the air. The red sand reaches the sea.


From a distance, the London Clay below the Crag appears somewhat like a hard igneous rock—a rough mountain outcrop, set by heat and worn down slowly by erosion. Up close that image dissipates, and the dark clay squashes at the touch of even a gentle, curious hand. If a large chunk is pulled off—a piece, say, the size of a fist—and squeezed, it breaks in half. If those halves are squeezed, they split, too. The particles stick to one another until the tiniest constituent part of the block is pressed between a finger and a thumb. Even then, it hangs together, forming more a sheet than a dust. There are objects in the clay—fossils, shells, phosphate—but they remain stubbornly locked in a material that does not set them free. In contrast to the Crag, which is often only about ten feet thick or washed away completely, the Clay extends hundreds of feet underground.


In the Red Crag Sea, deposits came in bursts. Tidal currents set down inches—often feet—of sediment over spans of days or weeks. The churning seafloor built up randomly. The sedimentary record consists of an exploding network of pockets of rapid deposition. A geologist, observing a seam of phosphate in the Red Crag, can reasonably infer that it was laid down over an interval of about a month. The deposit as a whole took 2 million years to complete, and it happened by way of bits of seams settling haphazardly throughout the ancient North Sea, out of which over 2,500 square miles of seafloor are now perched onshore in Britain. A single seam of reworked phosphate fragments may have taken a month to collect and settle into place, but a nearby seam, some number of feet away, may have formed many thousands of years later. At a higher level, the process was gradual—but, close-up, it was imbued with violence. There was a suddenness to its creation. When these nodules were deposited—50 million years ago, then 3—they took phosphate from the bodies of fish and other organisms, and they left it in the record of the rock.


The rocks that Henslow found at Bawdsey were nodules that had formed in such a way. They were smooth, dark, fist-sized. Some of them were round, others curved or straight. They were packed with fossils. They were mysterious, and Henslow returned to Bawdsey in 1843, bringing along his son George, to investigate again. In 1844, he brought samples to a meeting of the Geological Society of London, opining on their origin before the august members of the group. He wondered whether they were coprolites: spiraling, phosphatic bits of dinosaur dung.


A year later, writing for the British Association for the Advancement of Science, Henslow put his discovery into perspective. “The supply of phosphate of lime used in agriculture, and hitherto obtained from bones, having of late years become insufficient,” he wrote, new sources of material would soon need to be found. “In October,1843, Prof. Henslow”—referring to oneself in the third person was the accepted style of the publication—“had called attention to the occurrence of phosphate of lime in pebbly beds of the Red Crag at Felixstow [sic], in Suffolk; these nodules, though extremely hard, presented external indications of an animal origin, and yielded, upon analysis, 56 per cent. of phosphate of lime.” This was an astoundingly high number: the accepted minimum value for a nodule to be considered phosphatic today is about 30 percent. The rocks that Henslow had found on a whim were made up more of phosphate than of all their other components put together. Usually, the challenge of phosphorus is that it is overly spread out; Henslow had discovered a place where it was concentrated, and to an extraordinarily high degree.


In an 1845 letter to The Gardeners’ Chronicle, Henslow explained his discovery to a wider audience. “It was in the summer of 1842 that my attention was directed to certain nodules in the red crag, between Felixstow [sic] and Bawdsey,” he wrote in the magazine. “In the summer of 1843, I paid closer attention to these nodules, and, after inspecting a very considerable number of them, I arrived at the conclusion that their origin was somehow or other connected with the decomposition of animal matter.”


The mining, when it began, consisted of small teams of diggers carving holes in the coastline around Bawdsey. It was 1847, five years after Henslow found the rocks. “The opening of a new pit was no small job in the days when every thing was done by hand,” the journalist Walter Tye wrote for the Suffolk Chronicle and Mercury in 1949. “So for days and days they had to dig and dig until they struck the seam. Whilst small pockets were sometimes found near the surface, they usually had to dig down from thirty to forty feet before striking the main seam.” Systems of scaffolding were constructed inside sloping pits, with men and boys working on the sides. Wheelbarrows were pushed along narrow planks to move the phosphate from the bottom to the top, where it was sorted, carted to big sluices of water to be washed, and loaded on barges to be sent upriver and processed into fertilizer. Generally, the digging was done by hired farmworkers. Between 1847 and 1889, somewhere in the range of ten thousand to twelve thousand tons were mined annually in Suffolk, mainly from areas near the river Deben. Processed into fertilizer, the mined rock was shipped to farmers to increase yields. “Veins and pockets were found on most farms in the district, and as much as £20 worth were often dug from a cottager’s garden,” Tye wrote. “No able-bodied man in the locality had any fear of unemployment, for jobs could always be found in the pits.”


In a 2009 paper, the local historian Bernard O’Connor and the University of Leicester geologist Trevor Ford estimated that 325,000 tons of phosphate rock were mined in Suffolk between 1847 and 1874. “The original workings were on the coast at the foot of the cliffs at Felixstowe. There’d been a landslip which exposed a bed of fossils. . . . Having removed the fallen overburden, you’d have to dig out any exposed fossils. That entailed undercutting the cliff, which then collapsed. The landowners on the top of the cliff weren’t keen to lose their property on the edge, so restrictions were imposed on the undercutting of the cliff. The mining then moved inland up the river Deben. And where the river had cut through the fossil deposit, it was possible to see the bed of fossils exposed on the side of the riverbank. So then they would start digging into the riverbank, taking the fossils and putting them into wheelbarrows, perhaps putting them into sacks or just putting them into the barge,” O’Connor, who spent much of the 1980s studying the history of phosphate extraction in East Anglia, told me. “That’s how the mining expanded.”


The mining expanded, and an industry was born. Agricultural laborers, jobless, went to work as miners and producers of fertilizer. Stability returned to Suffolk and the rest of East Anglia. For the rest of the world, the changes proved consequential, although few outside the scientific community noticed at the time. The new phosphate industry made millionaires of local landowners, but its scale was small compared with the enormous requirements of the farmers of the time. It was only the beginning of something big. Stores of material that had been hidden would soon be freed by a global industry. That material would become fertilizer and then food. It would enter the bodies of billions of people. It would change agriculture—but first, more discoveries needed to be made. Scientists needed to develop a better way of making phosphate fertilizer, and the rocks at Bawdsey would provide the stimulus for that. Henslow’s stones would enter first the laboratories of scientists and then the factories of businessmen, and the relationship between humans and the earth would change forever.


Henslow understood the importance of what he found. Yet, after making his discovery, he soon directed his attention to other endeavors. He did not participate in any kind of mining. Instead, he devoted himself to his village and his scientific work. Darwin continued to come to him for advice. Queen Victoria did, too: Henslow was invited to Buckingham Palace to teach botany to the children of the royal family. He based his lectures on the same curriculum he had taught to children in Hitcham. In 1850, Henslow became president of the Ipswich Museum, a post he held while continuing to support the Cambridge University Botanic Garden as well as the institution that became the Royal Botanic Gardens at Kew. He organized the instruction of botany at the newly formed University of London, a public institution that realized his dreams of providing education to a broader portion of the population. At Cambridge, he helped to establish the Natural Sciences Tripos, an interdisciplinary framework that governs instruction in the sciences to this day.


But by 1861, Henslow’s body was failing him, and in May that year, he died. “The paroxysms occasioned by inability to breathe freely were, it is said by those who waited upon him, as painful to witness, as they were agonizing to himself to bear,” Leonard Jenyns, his brother-in-law and biographer, wrote of Henslow’s final months. “His great natural strength gave way very slowly, and resisted, beyond all the first expectations of his friends, the encroachment of his disease. It was, to use his own expression, ‘like granite wearing away from drops of water.’” A simple ceremony was conducted at the Hitcham rectory, and then Henslow was laid to rest. As relatives took his body from the church, villagers gathered outside to say goodbye. The rector of Hitcham was gone.


The countryside was quiet. After the waves of chaos of the 1840s passed through England, such violence had dissipated. In Hitcham, Henslow had implemented his reforms, turning the village into a progressive beacon for the county. The results were palpable. Phosphate was more plentiful, and farmers better understood the process of adding fertilizer to the land. Given food and education, science and self-respect, the parishioners of Hitcham had settled down. They were, wrote John Archer, “the very models of virtuous rusticity.”


Five years after Henslow died, Leonard Jenyns spoke about phosphate to the Bath Natural History and Antiquarian Field Club in England’s southwest. “As we look at these shapeless stones, they seem to have a voice which leads our thoughts above the world to its One great Ruler—even the stones cry out and speak to us how through countless ages He prepared the world for man—His greatest and last creation—how for man He hid beneath the surface of the earth treasure houses of precious things which from time to time he brings forth for their welfare and provision. Yes in these little stones let us see the tracings of the fingers of God,” he said. In the remnants of ancient death—in the ashes of the fires of past community—new life had been reborn. The bodies of our forebears, the accumulated pieces of biology, the weathered leavings of worldly life, had finally been uncovered. Beneath the surface of the earth, the treasure of creation had been found.
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THE ACID TEST


The excrements of animals vary in the amount of phosphate that they hold. Per pound, the phosphate contained in bird droppings is often twenty times that found in manure from cattle. Pig feces lies somewhere between the two. The nutrients found in bird waste attract plants, which form tiny ecosystems around it. Within one such ecosystem exists the Surinam cockroach, which itself has adapted to thrive among the plants that grow surrounding bits of waste. The cockroach takes the nutrients and transfers them to a different form. It moves them across the landscape. When the cockroach dies, its body returns to the ground. Its phosphate, once again, becomes available. Another organism grows.


This is, in essence, the phosphorus cycle. It is the movement of atoms between biology and geology, between water, land, and life. It is an interaction of continual loops, a complicated interchange in which every living being plays a part. The phosphorus contained in rocks is broken down by weathering, by wind and rain and environmental acids, but also through the slow, forceful attacks of mosslike lichens, which release crystallized phosphate for the rest of the world to use. Lichens, in their entirety—gray-green, growing, paper-like, on boulders—are organisms that exist in furtherance of the phosphorus cycle. The force of their burrowing is greater than the power of a car. It is sheer violence, biological creative destruction, a continual reduction of life to its basic ingredients. As a lichen grows and dies and rots, it produces phosphorus. Plants absorb that phosphorus, providing it for animals and other organisms to consume. When a deer rummages around a forest, eating grasses, berries, and seeds, it is collecting phosphate and releasing it elsewhere, by way of dung. When a dung beetle perches atop a piece of feces, it is completing the transaction.


The process of erosion is a slow enrichment of life downstream. When the Indian subcontinent crashed into Asia and formed the Himalayas 50 million years ago, the new mountains underwent intense weathering that released massive amounts of minerals into the oceans, leading to a surge in life that continues today: although that range represents only 4 percent of the world’s drainage area, it accounts for one-quarter of the nutrients that flow from rivers into seas. The Himalayas, through intensive weathering caused by rapid tectonic uplift and heavy rain, feed the world’s oceans. The elements they bring up from the earth are nutrients that contribute to ecosystems. The life-forms of the sea owe some of their abundance to the growth of the Himalaya Mountains. The global fishing industry benefits from the geologic speed of the Indian subcontinent. Humanity gains when mountains crumble.


Salmon migrate upstream, carrying phosphate with them. A bear eats a fish and then leaves its waste upon the land. Beavers dam streams, causing wastes to collect. In the ocean, schools of fish move up and down like clockwork every day, following the sunlight and opening a new wealth of nutrients for predators to consume; it is an enormous, global transfer of nutrients that never ceases. Dead plankton sink into the darkness below, fertilizing life. A dead whale drops beneath the waves, doing the same. On land, around the world, most of the food eaten by elephants goes undigested and unused. It tumbles through the elephant’s body, broken down but unabsorbed. The effect of this occurrence is that nutrients, held high up in the trees, are lowered to the surface of the earth. They are consumed by plants and animals. The cycle presses on.


Phosphorus is the element of life. Phosphate is the mineral of the life-adjacent. In 1842, as Henslow picked up pieces of phosphate along the coast, other scientists were looking for a better way of making phosphate fertilizer. Using those new supplies of phosphate rock, researchers in England and Germany created fertilizers, and businessmen near Cambridge worked to sell those fertilizers to the world. New companies were reducing life to its chemical bits and then repackaging it. These companies—which led the way for the chemical giants of today—changed the way humans participated in the phosphorus cycle. The change was significant, but it had a precedent: in many different ways, in many different places, the phosphorus cycle has long been affected by the presence of humans on earth.


Although John Stevens Henslow first found phosphate in 1842, farmers in Suffolk had long made use of phosphate nodules found in sand pits on their properties. There were rocks within the ground outside of Cambridge that were known to make plants flourish. Phosphate was a part of local lore. “Most of those farms in East Anglia, around Ipswich, had their own little Crag pits. And they were extracting phosphate to put on the fields as fertilizer,” Liz Harper, a paleobiologist at the University of Cambridge, told me. She grew up in Suffolk. “I’ve seen pictures, goodness knows where, of pits in farms with literally just holes dug in the ground. And a bloke standing there with a big wooden pole stirring sulfuric acid with these nodules in a very, very primitive way of extracting the phosphate.” Henslow, scooping up rocks at Bawdsey, had only uncovered what the locals already understood.


The life Harper studies bridges eras of time. She researches mollusks—a diverse group of invertebrate animals that includes octopuses, snails, and squids—and she focuses on bivalves, which are, generally speaking, mollusks of the shelled sort, including oysters, mussels, and clams. These are ancient organisms that first entered the fossil record during the Cambrian explosion half a billion years ago. Many species have changed very little since then, so Harper studies both prehistoric fossils and modern specimens. The easiest way to learn about an ancient organism, sometimes, is to study a modern one. Bivalves have persisted all these years because they have evolved, with great precision, to carry out a single task: water filtration. They are constantly sucking in liquid and removing its nutrients. Slowly, over the course of eons, they are taking phosphate from the water and leaving something edible in its place.


Filter feeders are the foundation of the food chain. Their purpose is to make nutrients usable for other organisms. Once they remove phosphate—as well as nitrate and a number of other compounds—from the water, they turn it into flesh that can be consumed. More bivalves mean more flesh, and it means less phosphate in the water. A loss of bivalves can cause the chemistry of an ecosystem to change: they regulate the phosphorus cycle. In Virginia, they are held up as a solution to nutrient pollution, and communities are urged to grow oysters in an effort to absorb the excesses of a fertilizer-polluted ecosystem. In Lakes Michigan, Huron, Erie, and Ontario, thanks to the introduction of new species of bivalves, which some biologists have referred to as an invasion, the problem is the reverse. A 2021 study found that “phosphorus cycling in the invaded Great Lakes is now regulated by the population dynamics of a single benthic species, the quagga mussel.” Bivalves, at the time of the study, constituted the overwhelming majority of nonplant biomass in the lakes. The water was devoid of phosphorus. The chemistry had changed.


Like all organisms, people, by our very nature, affect the cycles of the earth. The redistribution of phosphorus by humans began long before the first creation of phosphate fertilizer in England. It began even before the birth of modern agriculture. Just as salmon carry phosphate upstream and land animals concentrate it, people have collected and moved phosphate since the birth of the species. We drop it in our excrements, gather it in food scraps, and leave it in our bodies when we die. The difference between foraging and farming societies is sometimes unclear. The camp-follower hypothesis suggests that agriculture came to the fore because weedy plants—which prefer disrupted landscapes—grew in the wake of hunter-gatherer settlements. The phosphate-heavy wastes that were deposited around these settlements made the soil rich, encouraging plants to reproduce. They evolved, people returned seasonally, and the plants were slowly domesticated. In 1993, based on experiments conducted in the Asana valley of Peru, the anthropologist Lawrence Kuznar suggested that quinoa, the Andean grain, developed symbiotically with foragers in modern-day Bolivia and Peru. The waste generated by humans and the animals they herded was more concentrated than what would otherwise have been the case. Llamas, raised by humans, ate wild plants of the Chenopodium genus—from which quinoa descended—and left seeds in these highly fertilized areas of land. The plants, unsurprisingly, thrived. They evolved; they domesticated. They became quinoa. According to Kuznar, modern quinoa arose from the patterns of prehistoric human waste.


Researchers of early humanity have found extensive evidence that people living in preagricultural societies engaged in practices that, at the very least, resemble farming. Many of these techniques relied on fertilizers. Hunter-gatherers, moving in groups, concentrated waste in the landscapes they inhabited. They shaped the ground by fertilizing specific portions of it. They created networks of rich soil. The historian Charles C. Mann has written about how European explorers, arriving in Australia and the Americas for the first time, found continents that had already been altered by human habitation: they described parklike landscapes, grazing animals, and concentrations of edible plants that could only have resulted from the deliberate efforts of humans. The Amazon rainforest, held up today as an example of untouched wilderness, appears to have been partly or largely cultivated. Patches of soil, referred to by archeologists as Amazonian Dark Earth, were apparently maintained in order to create rich growing conditions within the otherwise poor soil of the biome. Organic materials—human excrements but also animal bones and dead fish—were systematically added to the ground alongside charcoal, which, at a chemical level, held the nutrients in place. The soils, in all, were preserved and slowly enriched. Those patches of land, also known as terra preta, allowed generations of agriculturists to prosper, redefining the rainforest’s ecology. The vast quantities of fruit trees spread throughout the Amazon, too, are no coincidence: in controlled experiments, anthropologists have found that characteristics of the Amazon’s supposedly natural ecosystem—the uncanny prevalence of edible foods, particularly fruit trees—occur only in human-managed areas of land. Estimates of the portion of the rainforest that was cultivated by indigenous human inhabitants range as high as 90 percent. (“Visitors are always amazed that you can walk in the forest here and constantly pick fruit from trees,” the anthropological botanist Charles R. Clement says in Mann’s 2005 book 1491. “That’s because people planted them. They’re walking through old orchards.”)


The rise of full-time farming changed humans’ relationship with the land, making soil a commodity to be preserved the world over. Waste became an important material: it enabled investments in the ground. Fertilizers were used by early agriculturists both to safeguard rich farmland and to begin cultivation of soils that started out poor. In Senegambia, ancient rice farming techniques called for cattle to be grazed on cropland just before planting every year, in order that their manure might fertilize the fields. Pre-Inca civilizations in South America, including the Paracas and the Moche, made poor soils suitable for agriculture by hauling bird excrements, called guano, from outlying islands and applying them seasonally to their crops. These accumulated excrements possessed high levels of phosphate and nitrate—levels much higher than those found in conventional manures—and allowed small empires to flourish in the otherwise arid Atacama Desert. Beginning around the year 1000, the Inca expanded to become the largest empire in the world. The borders of that empire, which stretched over two thousand miles along most of the western coast of South America, matched precisely the extents of the habitats of nesting seabirds. The guano trade—and the conservation of the birds—became a central component of Inca policy and practice. Despite encompassing vast regions of mainly poor soil, the Inca managed to maintain consistent food surpluses every year.
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‘An eerie exploration of a strange and surprising element...
Science writing of the highest order.”
Cal Flyn, author of Islands of Abandonment
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