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For my friends and colleagues
of the Deep Carbon Observatory

The adventure has only just begun.
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Prologue

LOOK AROUND YOU. Carbon is everywhere: in the paper of this book, the ink on its pages, and the glue that binds it; in the soles and leather of your shoes, the synthetic fibers and colorful dyes of your clothes, and the Teflon zippers and Velcro strips that fasten them; in every bite of food you eat, in beer and booze, in fizzy water and sparkling wine; in the carpets on your floors, the paint on your walls, and the tiles on your ceilings; in fuels from natural gas to gasoline to candle wax; in sturdy wood and polished marble; in every adhesive and every lubricant; in the lead of pencils and the diamond of rings; in aspirin and nicotine, codeine and caffeine, and every other drug you’ve ever taken; in every plastic, from grocery bags to bicycle helmets, cheap furniture to designer sunglasses. From your first baby clothes to your silk-lined coffin, carbon atoms surround you.

Carbon is the giver of life: Your skin and hair, blood and bone, muscle and sinews all depend on carbon. Every cell in your body—indeed, every part of every cell—relies on a sturdy backbone of carbon. The carbon of a mother’s milk becomes the carbon of her child’s beating heart. Carbon is the chemical essence of your lover’s eyes, hands, lips, and brain. When you breathe, you exhale carbon; when you kiss, carbon atoms embrace.

It would be easier for you to list everything you touch that lacks carbon—aluminum cans in your fridge, silicon microchips in your iPhone, gold fillings in your teeth, other oddities—than to enumerate even 10 percent of the carbon-bearing objects in your life. We live on a carbon planet and we are carbon life.

Every chemical element is special, but some elements are more special than others. Of all the periodic table’s richly varied denizens, the sixth element is unique in its impact on our lives. Carbon is not simply the static element of “stuff.” Carbon provides the most critical chemical link across the vastness of space and time—the key to understanding cosmic evolution. Over the course of almost 14 billion years, the Universe has evolved and become ever more richly patterned, with seemingly endless fascinating and quirky behaviors. Carbon lies at the heart of this evolution—choreographing the emergence of planets, life, and us. And, more than any other ingredient, carbon has facilitated the rapid emergence of new technologies, from steam engines of the Industrial Revolution to our modern “Plastic Age,” even as it accelerates unprecedented changes in environment and climate on a planetary scale.

Why focus on carbon? Hydrogen is a far more abundant chemical element, helium more stable, and oxygen more reactive. Iron, sulfur, phosphorus, sodium, calcium, nitrogen—all have fascinating stories to tell. All played critical roles in Earth’s complex evolution. But if you wish to find meaning and purpose in the vast cold and dark of the Universe, look to carbon; carbon, by itself and in chemical combinations with other atoms, provides unmatched cosmic novelty and unparalleled potential for cosmic evolution.

Of more than 100 chemical elements, carbon stands out as an element of our aspirations and fears. Novel carbon-based materials, invented by the thousands every year—Kleenex, spandex, Freon, nylon, polyethylene, Vaseline, Listerine, Bactine, Scotch tape, Silly Putty—enhance our lives in countless ways, both seen and unseen. But the proliferation of these synthetic chemicals has led to unintended consequences: troubling holes in the protective ozone layer, deadly allergic reactions, and carcinogens by the score. As the basis of all biomolecules, no other element contributes so centrally to the well-being and sustainability of life on Earth, including our human species. But carbon atoms, when missing or misaligned, can lead to disease and death.

The near-surface carbon cycle stabilizes Earth’s climate, ensures the health of ecosystems, and provides us with our most abundant supplies of inexpensive energy. Yet, if the distribution of carbon atoms becomes skewed by natural or human activities—erupting volcanoes, burning coal, an errant asteroid, vanishing forests—climates can change and ecosystems can collapse. And carbon’s influence is not confined to the near-surface realm of the living; carbon’s behavior in Earth’s hidden, deep interior epitomizes the dynamic processes that set apart our planet from all other known worlds.

The story of carbon is, in a sense, the story of everything. Yet mysteries about this ubiquitous, indispensable element abound. We don’t know how much carbon Earth holds, nor do we fully comprehend its varied forms hidden deep within our planet. We don’t understand the movements of carbon atoms as they cycle between Earth’s surface and its deep interior, nor can we say whether those movements have changed significantly through billions of years of Earth history—through “deep time.” Despite the existence of millions of known carbon compounds, scientists have only just begun to explore the richness of carbon chemistry. And the greatest mystery of all—the origin of life—is inextricably linked to the behavior of carbon in complex chemical combinations with other elements.

From quantities and forms, to movements and origins, what we know about carbon is dwarfed by our ignorance. We must find answers, but how can we hope to bridge such yawning chasms in our understanding? The very structure of the scientific enterprise would seem to conspire against sustained progress. Universities lack departments of carbon science, and large-scale, cross-disciplinary research ventures are rare. Scientific discovery rests on asking questions about the natural world, but it also depends on finding resources in a climate of limited time and money, at a time when disciplinary specialization often trumps integration.

Who will champion a different kind of research support?
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The scene is the venerable Century Association club in New York City, early 2007, where the fund-raisers with the Carnegie Institution for Science have invited several dozen potential donors to an elegant dinner. The economy is booming, and Barack Obama is still a senator from Illinois. Paintings and sculptures by some of the greatest artists in American history line the spacious, wood-paneled rooms of the club. The major artworks, by such luminaries as John Frederick Kensett, Winslow Homer, and Paul Manship, were proffered in exchange for coveted and pricey club memberships. It was a great deal all around: the Century Association built a superb collection of masterpieces, while the artists gained access to wealthy patrons who could afford the club’s steep initiation fees.

I was the after-dinner speaker, and my theme was origins-of-life research, an intrinsically entertaining topic that was enhanced by simple props: a glass of carbonated soda water, a rock picked up in a nearby park, a teaspoon, and a straw. Presto!—a user-friendly demonstration of the chemical steps by which life might have emerged from a deep, hot, carbon-rich volcanic environment on the ocean floor. That my ideas were a bit controversial—a source of a lively, sometimes acrimonious debate with skeptical peers—added a bit of spice to my remarks. As a bonus, everyone was given a copy of Genesis, my recent book on the subject. I remember feeling a kinship with the artists whose work hung about me. Like them, I was singing for my supper, trying to catch the eye of some prospective patron, hoping for that next commission that would allow my colleagues and me to create a new scientific canvas.

Science isn’t cheap. It can cost $100,000 per year to support each graduate student or postdoc. New analytical machines can run upwards of a million dollars, with service contracts and replacement parts adding 10 percent or more per year to the price tag. Travel to conferences, page charges for publications, and basic lab supplies like test tubes, reagents, and Kimwipes are essential. And don’t get me started on “overhead.” Without support from industry, government agencies, and private foundations, scientific research would quickly wither and die. But it’s a tough road writing grant proposals to agencies and foundations, requesting $100,000 per year with less than a 10 percent chance of winning funding.

So there I was in the Big Apple, hat in hand, promoting science to a room full of nonscientists. One might do a score of such events without a nibble, but you have to try. The evening was fun, but soon forgotten in the crush of research projects and grant deadlines. And then came the phone call that changed everything.
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It was three months later, early spring 2007, as Washington was coming into bloom.

“Hi Bob. Jesse Ausubel here, from the Sloan Foundation in New York.” Apparently I’d met Jesse at the Century Association talk, but I didn’t remember him. He seemed cordial but businesslike, his voice a pleasant baritone.

“The Sloan Foundation is considering new programs.” My ears perked. Sloan supports major science research and education efforts: an ambitious Census of Marine Life, the digital sky survey that discovered dark energy, NPR, and PBS.

“We’re wondering whether you’d be interested in discussing a program on the deep origins of life?” The subject of my New York talk, the very speculative hypothesis that life emerged from a deep volcanic zone on the ocean floor, had evidently hit the mark.

Ausubel told me that Sloan’s programs typically run for ten years at $7 to $10 million per year, paused, and waited for some kind of reaction. From me, silence. A one with eight zeros paralyzed my brain.

Eventually, I recovered and we began to discuss details. I suggested that focusing exclusively on deep origins of life was too narrow a view for a big ten-year effort. A host of fundamental mysteries relate to carbon at the planetary scale—not just in biology, but also in physics, chemistry, and geology. I explained that we can’t really understand life’s ancient, mysterious origins until we understand the broader story of carbon in Earth.

Jesse Ausubel liked the idea of a comprehensive approach: physics, chemistry, geology, and biology; 4.5 billion years of Earth history; crust to core, at scales from nano to global. He offered a one-year, $400,000 exploratory grant—“preapproved,” he said—to gather experts from around the world, hold workshops, define what we know and what we don’t know, and consider a global strategy to transform our understanding of Earth’s carbon.

This was no mere canvas. It was an insanely ambitious Beethoven symphony with unprecedented forces—a great bellowing chorus, multiple operatic soloists, and an oversized orchestra with myriad voices from tuba to piccolo. Nothing like it had ever been attempted before.
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Fast-forward a year, to May 15, 2008. More than 100 experts gathered from around the world.1 Distinguished senior professors joined early career scientists from a dozen countries and as many scientific disciplines. We were tasked with discovering whether the rationale and will existed to tackle carbon science in a new, integrated approach.

Day 1 wasn’t all that encouraging, as scientists seldom stray far from their comfort zones. In spite of lofty rhetoric about “abandoning silos” and “crossing boundaries,” the biologists pretty much talked to biologists, while geophysicists and organic chemists also huddled within their specialized subgroups.

Day 2 was better. Gradually, as a succession of vivid talks provided glimpses of unexplored vistas—the puzzle of carbon in Earth’s core, the enigmatic ancient origins of life, the stately cycling of plate tectonics, hints of a vast subsurface microbial biosphere—we saw our narrow specialties in new, broader contexts. For the first time, we learned about paradoxical, unexplored connections between exploding volcanoes and diamond deposits, plate tectonics and climate change, and chemically reactive minerals and hidden deep life. The fascination of carbon science as a universal integrating theme seduced us.

By the end of Day 3, the structure for a new global endeavor had been framed. Leaders emerged and enthusiasm was high. Observers from the Sloan Foundation felt the energy in the room and saw the commitment in our eyes; they quickly gave a green light for the Deep Carbon Observatory.2 Ours would be a global endeavor of unusual scientific ambition and scope. The prospect was thrilling, but I suspect that every participant also worried about being part of a spectacular, embarrassing, expensive failure.
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A decade later, the adventure has exceeded our most ambitious vision. An international army of carbon researchers—more than a thousand scientists from fifty countries—tackles the mysteries of carbon in Earth. With total international funding approaching a half-billion dollars from dozens of agencies and foundations worldwide, the Deep Carbon Observatory represents one of the most comprehensive and broadly interdisciplinary scientific endeavors in history.

As with any successful science program, we have learned a lot, but we’ve also become more keenly aware of how much we don’t know. Nagging, unanswered questions have become more deeply etched, more insistent drivers of future research. The paradox of science is that the more we know, the more we realize is unknown, perhaps even unknowable. Each discovery opens a door to a vaster unexplored landscape.

I’m driven to share some of the emerging, breathtaking vistas of carbon science—to chronicle the discoveries made, as well as the great unknown that remains to be explored. But how? If I were John Frederick Kensett or Winslow Homer, perhaps I could paint a picture. Words are harder. A multivolume encyclopedia of carbon could scarcely do justice to the many nuances of the subject. How, then, can carbon’s story be captured within the pages of a single book? The opportunity beckoned, but I was stymied. The blank page mocked me until Jesse Ausubel suggested a path forward.

“You must write a symphony!” he commanded.3

Jesse knew I had spent forty years as a symphony musician, juggling long days of lab work and evening gigs as a trumpeter with many groups—a regular with the Washington Chamber Symphony and National Gallery Orchestra, an extra with the National Symphony Orchestra and Washington National Opera. I had played every symphony of Beethoven, Brahms, Schuman, and Mendelssohn many times over. Still, at first his remark was puzzling. A symphony in words, not music? Four movements of . . . what?

I was uncertain and confused, but the metaphor also made sense on several levels. Like the varied physicists, chemists, biologists, and geologists of the Deep Carbon Observatory, a symphony orchestra features diverse specialists, each with years of training and dedication. Each orchestra musician has a distinctive instrument; violin and tuba, flute and snare drum, trumpet and viola—every timbre and range is essential, but none alone can unleash the swelling grandeur of the whole. So it is with the symphony of carbon science. Without the many voices of the Deep Carbon Observatory, the Symphony in C could never be heard.

The metaphor also recognizes that beautiful solos periodically emerge from the orchestra’s fabric. Our carbon symphony thus features the exceptional contributions of individual women and men of science, even as it integrates their focused research into a larger work with grander themes.

Like every symphony, this volume is a personal journey—idiosyncratic in content, limited in scope, composed from my own biased perspective, and playing out in many moods. I have benefited from the work of hundreds of colleagues, but this telling of the carbon story is inherently personal. Many other symphonies in C are waiting to be written.
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As the parallels between the scientific endeavor and great orchestral compositions came into focus, I warmed to the idea of Symphony in C, though I struggled to envision a coherent framework. Then a thought: Ancient scholars postulated the existence of four elements—Earth, Air, Fire, and Water—each “essence” with a distinctive set of characteristics, each an irreducible component of the Universe, but collectively the source of all material creation. Carbon, alone among the atoms of the periodic table, displays the varied characteristics of all four classical elements, which suggest a four-movement framework for our story.

As in a symphony, the book’s four movements differ in their broad themes, their moods, and their tempi. “Movement I—Earth” examines minerals and rocks, the solid crystalline foundation of our planet. The movement begins with the dawn of creation, long before the formation of planet Earth, when atoms of carbon were forged from smaller atomic bits. It shifts to the emergence and evolution of Earth’s mineral wealth—a celebration of the growing diversity and exuberant beauty of crystalline carbon compounds.

The focus of “Movement II—Air” is Earth’s stately carbon cycle. Carbon atoms constantly shift among reservoirs, trading places between the oceans and atmosphere, plunging into the deep interior by way of plate tectonics and venting back to the surface in the hot gases released from hundreds of active volcanoes. For millions of years, this deep carbon cycle has enjoyed a reliable balance—an equilibrium that human actions may now be altering in ways that will lead to unintended consequences. Like the slow movement of a symphony, this topic calls for a softer, gentler treatment.

Carbon’s dynamic roles in energy, industry, and emerging high-tech applications demand the punchy, fast-paced Scherzo of “Movement III—Fire.” Carbon is the element of “stuff”—essential materials with myriad properties that benefit every facet of our lives. Stories of scientists and musicians punctuate the Scherzo, as carbon permeates every aspect of our lives.

And finally, “Movement IV—Water” explores the origins and evolution of life. The movement opens peacefully as life emerges from Earth’s primitive ocean, but it relentlessly accelerates with life’s astonishing evolutionary diversifications and innovations. Symphony in C rushes to a unifying Finale in which the many themes of carbon science come together.
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Settle into your seats. The lights are dimming. Our story begins at the beginning, before carbon, even before time, as the Universe is about to emerge from absolute nothingness.




Symphony in C




SILENCE
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Before the Cosmos was the void.

Nothing—no hint of matter, or light, or even empty space.

No thought or discovery, no art or music, no hope or dream.

Darkness. Silence.

We cannot fathom such an absence of everything,

such absolute nothingness.

The time before time remains unknowable,

mysterious, beyond our catalog of physical law.

It was a time before carbon and the emergence of everything.






MOVEMENT I—EARTH

Carbon, the Element of Crystals
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The moment of creation!

Time and space emerge from nothing.

The cosmic essence of everything appears in an instant

in a maelstrom of pure energy, arising from the void.

Our Universe is birthed in an outrageously concentrated form—

dense and hot and tiny beyond imagining, but it expands

faster than light, creating volume, quickly cooling as it grows.

As it cools, the Cosmos becomes more structured,

more familiar, more like home.






PRELUDE—Before Earth

CARBON’S GRAND SYMPHONY began with a brief, frenzied prelude shortly after the dawn of creation, 13.8 billion years ago. For a short interval following the Big Bang, no atoms of any kind graced the Cosmos. The Universe was too hot, too violent. The dense, superheated frenzy of matter and energy had first to expand and cool, as fundamental particles sorted themselves into the stuff of stars, planets, and life. Hydrogen and helium formed first, in giddy profusion, providing the starting point for almost every material object we know. But in a discovery only just now coming to light, prodigious numbers of heavier atoms—life-giving carbon, nitrogen, and oxygen among them—were also created.

The Invention of Atoms: Big Bang Carbon

Scientists have long taught that the story of carbon began in the stars, most likely millions of years after the Big Bang—a claim repeated in dozens of textbooks and peer-reviewed publications. That we were misled underscores key themes about the vibrant, mutable, maddening, and utterly engrossing world of carbon research. How can one avoid such pitfalls? Question every assumption, check your results and check them again, and prepare to be astonished.

Long before the first generation of stars, the only atom-making process in the history of the Universe was a unique, fleeting event—a 17-minute burst of nuclear creativity called “Big Bang nucleosynthesis,” or BBN.1 The Big Bang—that singular, enigmatic instant 13.8 billion years ago when all matter and energy and space itself suddenly came into existence at a point—began the expansion that to this day characterizes our Universe. Expansion means cooling, and with cooling came a sequence of condensations—what physicists call “freezings”—each a cascade of transformations, each of which made the Cosmos more patterned and interesting.

The first to condense out of the incomprehensibly hot and dense maelstrom were the most elementary of particles, called “quarks” (building blocks of atomic nuclei) and “leptons” (think electrons). Within the first second of time, when temperatures dropped to an unfathomable 100 trillion degrees, triplets of quarks combined into astronomical numbers of individual protons and neutrons, the building blocks of atomic nuclei, with the protons dominating by about a seven-to-one margin. As more seconds ticked by, the Universe continued to expand and cool.

At 3 minutes of age, conditions in the rapidly evolving Universe were ripe for the formation of stable atomic nuclei—varied combinations of protons and neutrons locked together by nuclear forces. For the first time in the (admittedly short) history of the Cosmos, temperatures had “cooled” sufficiently, to a mere 100 billion degrees; the change was enough for nuclei, once formed, to remain intact. Isolated protons—the nuclei of simple hydrogen atoms—would continue to dominate the mix, as hydrogen still does today. Yet hydrogen was not alone. For the next 17 minutes, free neutrons madly combined with whatever protons they could find to form the heavy hydrogen isotope called “deuterium.” Most of that deuterium then fused by pairs into a common variety of helium with 2 protons and 2 neutrons, known as helium-4. By the time the Universe was approximately 20 minutes old, it had cooled too much to promote further nuclear fusion reactions. Atomic ratios became more or less fixed. This most simplified version of BBN results in a Universe with about ten hydrogen nuclei to each helium-4 nucleus, and with a little bit of deuterium left over.

That’s a useful simplification, but the BBN story isn’t quite so straightforward. The nuclear particles (protons and neutrons) also mixed and matched, smashing together in every possible combination to form small but significant amounts of helium-3 (2 protons plus 1 neutron) and lithium-7 (3 protons plus 4 neutrons), as well as some larger unstable nuclei that quickly fragmented. In fact, the ratios of those rare nuclei of helium and lithium observed in today’s Universe provide some of the most exacting constraints on calculations of cosmic evolution immediately following the Big Bang. In this version of cosmic origins, BBN produced no stable elements heavier than lithium (Element 3). That statement means no carbon—no Element 6.

This is the funny thing about science. “No carbon” in this context doesn’t necessarily mean “zero carbon.” “No significant carbon” would be a better claim—not enough carbon to affect the subsequent behavior of the stars and galaxies that were to come. Not enough carbon for crystals or atmospheres or oak trees. But our focus on carbon demands that we know about the true birth of Element 6. For us, the emergence of even a single carbon atom holds cosmic significance.

The critical interval between 3 minutes and 20 minutes following the Big Bang was unimaginably violent and intense—a frenetic time of unbridled nuclear interactions and exchanges and consequent atomic novelty. Almost all of the collisions among protons and neutrons made deuterium or helium, but the tiniest fraction of nuclear reactions, especially those between larger nuclear fragments occurring toward the cooler end of that 17-minute interval, produced more complicated combinations of protons and neutrons, including some elements heavier than lithium.

Calculations published in 2007 by Italian astrophysicist Fabio Iocco and his colleagues incorporated more than 100 plausible nuclear reaction pathways that had been ignored in previous efforts as too improbable (not to mention too expensive in oversubscribed supercomputer time) to warrant the requisite lengthy calculations.2 Iocco’s conclusion was this: Yes, those reactions were improbable, but not impossible. Carbon, nitrogen, and oxygen—Elements 6, 7, and 8—all formed. The amounts were too small to have much effect on the subsequent evolution of the Universe. But form they did. Iocco’s calculations suggest that roughly one nucleus of carbon-12 appeared for every 4,500,000,000,000,000,000 (four and a half quintillion) hydrogen nuclei. That seemingly inconsequential fraction was small enough for Iocco and his colleagues to conclude that the earliest stars evolved in a “metal-free environment” (“metal” to an astrophysicist means any element heavier than helium). So, once again, scientists claimed that the Big Bang produced essentially no carbon.

But wait a second. A rough calculation suggests that the Universe emerged from BBN with at least 1080 (a numeral one followed by eighty zeros) hydrogen atoms—a staggeringly huge number. At the same time, only one carbon atom formed for every few quintillion hydrogen atoms—a tiny fraction. But a tiny fraction of a huge number can still be a very big number. Simple division suggests that the Big Bang produced more than 1064 carbon atoms! That total represents only a minuscule fraction of the Universe’s mass, and it’s only a trillionth of the total carbon atoms found in the Universe today, but it’s still a lot of primordial carbon atoms.

Where are those 1064 carbon atoms today? Some were surely captured in prior generations of stars, subjected to cycles of nuclear fusion reactions, and thus modified to other, heavier elements. Other Big Bang carbon atoms have been dispersed, scattered far and wide throughout today’s Universe in cosmic dust and gas. But vast numbers of those very first atoms of carbon have become intermingled with our modern world, indistinguishable from atoms formed in much later events. Your body contains more than 1024 atoms of carbon—100 trillion trillion atoms of Element 6. It follows inevitably that trillions of those atoms must be the very same carbon nuclei that formed so long ago in the throes of BBN—atoms inseparable from the more recent hoard of carbon forged in stars. And the same is true of your essential oxygen atoms and your nitrogen atoms, not to mention all that primordial hydrogen—all elements essential to life.

The startling conclusion is that countless carbon atoms in your body formed not in the stars, as we have long been led to believe, but in the Big Bang, all the way back 13.8 billion years to the beginning of time. Carl Sagan famously observed, “We are made of starstuff.”3 But thanks to BBN carbon, we are all made of “Big Bang stuff” as well.

Star Stuff

Earth and life demand far more carbon—a trillion times more—than could have arisen from the primordial crucible of the Big Bang. To find that great storehouse of Element 6, we must look to the luminous heavens, for almost all carbon atoms were born deep inside stars.

The role of stars in the carbon story began to emerge more than a century ago through the discoveries of a remarkable group of women scientists at Harvard University. Astronomy in the 1880s faced a new challenge: processing an explosion of data on the nature of stars. Previous astronomers had employed the world’s best telescopes to record the position and brightness of more than 200,000 stars, but with little accompanying data on their varied physical and chemical characteristics. By the last quarter of the nineteenth century, new methods were enabling astronomers to gain insights by attaching sensitive spectrometers and cameras to powerful telescopes. The resulting glass photographic plates transformed the sky’s familiar visual array of thousands of point-like stars into mosaics of stellar spectra. Just as a glass prism spreads out a focused beam of white light into a rainbow band of colors, each star appeared on the photographs as a tiny elongated rectangle with a barcode-like sequence of vertical lines—each pattern representing a rainbow of spectral colors from red to violet.

Such stellar spectra reveal much about a star. When heated to the high temperature of a star’s surface, typically between 4,000 and 60,000 degrees Fahrenheit, each chemical element emits its own characteristic pattern of bright lines of different colors to produce a kind of atomic fingerprint. Each line results when an atom’s electrons jump from a higher to a lower energy level—a “quantum jump” accompanied by a tiny flash of light at a fixed color. A prominent, closely spaced pair of orange lines distinguishes sodium. Hydrogen, by contrast, has one strong red line, another in the green, and eight weaker lines at the blue-violet end of the spectrum. And carbon’s spectrum features more than twenty lines, with the strong bands distributed across all colors. Each stellar spectrum is a complex superposition of the characteristic lines of dozens of chemical elements.

Armed with their new spectroscopic tools, astronomers produced thousands of glass plates, each with hundreds of stars to be analyzed. Each star spectrum had to be examined and interpreted by eye. It was exacting, tedious work. The spectra piled up far faster than anyone could process them.

Thanks to the pioneering studies of physician and amateur astronomer Henry Draper, who made his first photograph of a star’s spectrum in 1872, the Harvard College Observatory emerged as one of the most prolific centers for producing glass plates. Draper made more than 100 glass-plate images with stellar spectra, but he died in 1882 as his work was just beginning to gain momentum. Draper’s friend, Harvard astronomy professor Edward Charles Pickering, took over the project in 1885. A year later, Draper’s wealthy widow, Mary Anne Palmer Draper, began to fund Pickering’s research and underwrite publication of the ever-expanding Draper Catalogue of Stellar Spectra.

Like most scientific fields in the 1880s, astronomy was an almost exclusively male pursuit. Indeed, for most of the twentieth century in most observatories, women were not allowed to work with men in the supposedly seductive nighttime environment. Men also dominated the job of analyzing photographic plates, though Pickering was repeatedly frustrated by their sloppy performance. “My Scottish maid could do better,” he complained more than once.4

Fortunately for Pickering, his “Scottish maid” was Williamina Fleming, a teacher who had immigrated with her husband and child to the United States from Dundee, Scotland, at the age of twenty-one. Abandoned by her husband soon thereafter, she resorted to working as a maid for the Pickering household. In 1881, Pickering offered her a job at the observatory, teaching the twenty-four-year-old Fleming to read stellar spectra. His action opened the door to women in the field, though his motive may not have been entirely altruistic. Her salary of 25 cents per hour was significantly less than that of the men she replaced.

Fleming excelled not only at interpreting spectra, but also at seeing patterns among the thousands of stars. She quickly learned to detect subtle differences in the positions and intensities of the varied spectral lines and proposed a classification system, giving each star a letter designation from A to Q based primarily on the strength of characteristic hydrogen spectral lines. She also spotted hundreds of previously unknown astronomical objects, including the famous Horsehead Nebula and dozens of other “nebulas”—vast expanses of dust and gas now known to be rich in carbon-bearing molecules. Fleming also paved the way for more than a dozen other female colleagues at the Harvard College Observatory, who came to be known collectively as the “Harvard computers.”5

The Harvard Classification of Stars

As new spectral data on thousands of stars poured in, the field of astronomy was poised to profoundly alter our understanding of the origin and distribution of carbon in the Universe. A first critical step was a more nuanced picture of the different kinds of stars—an advance spearheaded by astronomer Annie Jump Cannon.

Annie Cannon was born in 1863 in Dover, Delaware. Her father, Wilson Cannon, was a Delaware state senator and shipbuilder. Her mother, Mary Jump Cannon, loved the night sky. Guided by an old dog-eared astronomy text, mother and daughter together identified stars and constellations. Annie was encouraged to study science at Wellesley College, where Sarah Frances Whiting, the college’s first professor of physics, became her mentor. Annie Cannon graduated valedictorian with a degree in physics in 1884 at the age of twenty.

After a decade honing her skills as a photographer and writer, Cannon returned to science, joining Pickering and the Harvard computers in 1896. She rapidly became the master at recognizing different types of star spectra, eventually documenting star types at an astounding rate of 200 per hour. “Miss Cannon is the only person in the world—man or woman—who can do this work so quickly,” Pickering marveled.6 Over a four-decade career, Cannon’s lifetime total of 350,000 stars analyzed by eye far surpassed any of her peers’ totals.

Cannon’s skill at pattern recognition enabled her to see trends that others had missed. Her immersion in stellar spectra provided the experience and insights for a new, revised system of star classification. Focusing on bright stars in the Southern Hemisphere, she devised a grouping based on the relative strength of key spectral lines—information that was directly related to the star’s surface temperature. The resulting Harvard classification system divides stars into seven major classes, each with a letter that matches star types in Williamina Fleming’s earlier scheme. The resulting sequence from the hottest to the coolest stars eliminated most of Fleming’s letters and scrambled the rest: O, B, A, F, G, K, M—remembered by generations of astronomy students with the mnemonic “Oh Be A Fine Girl, Kiss Me.”

Cannon was widely lauded for her discoveries in the years prior to her death in 1941, winning medals, fellowships, and honorary degrees in Europe and North America. In the process, she served as a role model for the next generation of women in science.

Why was Cannon so remarkably prolific and successful? Some historians cite the organizing influence of her mother’s lessons in home economics. Others point to Cannon’s near total deafness, perhaps a consequence of scarlet fever, which may have limited her interest in socializing. But many women of her time dealt with disabilities. And many more learned home economics. I think a more fundamental factor explains Cannon’s success: she was brilliant, dedicated, and passionate about astronomy, to be sure, but unlike almost any of her contemporaries, she was given a chance. For centuries, the untold narrative of science has been the story of opportunity denied—of unnamed potential Einsteins and Newtons, brilliant minds barred from their birthright, who never discovered their passion because of gender or race. The great tragedy for us all lies in the countless lives unfulfilled, the breakthroughs undiscovered.

Carbon in Stars

Annie Jump Cannon’s stellar classification set the stage for discovering the role of stars in carbon formation. The Harvard spectral classification reflects a star’s surface temperature, which ranges from relatively cool “red” stars to superhot “blue” stars. Astronomers of the time also knew that spectral lines reveal information about the relative abundances of different chemical elements, but the problem of converting line intensities to chemical composition was daunting and unsolved.

Temperature confuses the matter. Every atom consists of negatively charged electrons in shells that surround the atom’s positively charged nucleus. Electrons jumping between these shells produce the characteristic spectral lines that were captured on the Harvard observatory’s glass plates. At the high temperatures of stars, however, violent collisions between atoms easily strip off the outermost electrons—the atoms become ionized—thus reducing the intensities of certain lines. Hydrogen and helium, the first and second elements of the periodic table, are extreme cases. Most hydrogen atoms lose their lone electron to become isolated protons; most helium atoms lose their two electrons to become “alpha particles” with two protons and two neutrons. Without electrons, no electron jumps are possible, so the spectral lines of hydrogen and helium ions are much weaker than lines of many other elements.

Cecilia Helena Payne deciphered the complex relationship between a star’s spectrum and its composition in a 1925 study described by a group of her peers as “the most brilliant Ph.D. thesis ever written in astronomy.”7 Payne was born in 1900 in Wendover, England, into a family with distinguished academic credentials. Raised from the age of four by her widowed mother, she was encouraged to pursue science. She attended Cambridge University on a scholarship to Newnham College, excelling in biology, chemistry, and physics. At the time, because only men were allowed to attain a Cambridge degree, Payne was denied an opportunity to advance within the British system. Consequently, she left England for the Harvard College Observatory, where in 1925 she became the first woman to earn a PhD in astronomy.

The success of Payne’s thesis relied on application of the emerging theory of “ionization”—the temperature-dependent processes by which atoms lose electrons in stars. She realized that while the relative abundances of many key elements—oxygen, silicon, and carbon among them—could be accurately determined from strengths of key spectral lines, the amounts of hydrogen and helium were vastly underestimated, perhaps by a factor of a million in the case of hydrogen. She came to the startling conclusion that hydrogen and helium are by far the most abundant elements in the Universe—in many cases accounting for more than 98 percent of the total mass of a star. This result seemed so improbable to her colleagues, who had long assumed that Earth’s composition accurately mimicked that of the Sun, that her findings were initially rejected. Payne was persuaded by senior colleagues to call her own conclusions “spurious” in her first publication, but vindication came soon thereafter, as others replicated her novel methods.

Payne’s discoveries pointed the way to a deeper understanding of the cosmic origins and abundance of carbon—an element that accounts for almost one in every four atoms that is not hydrogen or helium. Yet, one fundamental mystery remained. How do stars manufacture that immense quantity of Element 6?

Helium Burning

Most stars are giant hydrogen-rich spheres. Our Sun provides a nearby case in point. The Sun transforms hydrogen into helium for a living—a reliable nuclear fusion process called “hydrogen burning” that has caused our star’s brilliance to vary only modestly over the past 4.5 billion years. Ninety percent of stars in the night sky are engaged in this process: helium is manufactured at immense temperatures and pressures deep inside stars, where protons (the nuclei of hydrogen) collide and fuse, creating larger nuclei from smaller bits and pieces. By all accounts, the Sun will be a stable hydrogen-burning star for another few billion years. Only then, when hydrogen in the Sun’s core has mostly fused to helium, will a new, more energetic phase of “helium burning”—the process that makes carbon—commence.

English astronomer Sir Fred Hoyle first described the nuclear fusion reactions by which helium transforms to carbon in stars in 1954, while he was a lecturer at Cambridge University’s St. John’s College.8 Hoyle enjoyed a career of remarkable diversity. Trained in mathematics at Cambridge, he joined Britain’s war effort in 1940 at the age of twenty-five, to work on radar research. His investigations took him to the United States, where he first learned about nuclear reactions from studies associated with the Manhattan Project. Hoyle spent the decade following the war back at Cambridge, immersed in thinking about nuclear processes in stars.

By the 1950s, the basic concept of “nucleosynthesis”—that extreme temperatures and pressures inside stars drive the nuclear fusion reactions that create new elements—was well understood. Hoyle recognized that the natural abundances of elements reflect stepwise stellar processes that fuse smaller nuclear building blocks into larger nuclei. Some elements are common (for example, iron and oxygen) while others are rare (for example, beryllium and boron) because certain combinations of protons and neutrons are easier to make than others. Of special importance are “resonances” that promote the addition of one neutron, one proton, or one alpha particle (a helium-4 nucleus with two protons and two neutrons) at a time. Most new nuclei form by the incremental addition of one of these small nuclear building blocks to existing nuclei.

Carbon was an anomaly. According to calculations at the time, no simple pathway leads to carbon synthesis in stars, so Element 6 should be quite rare. But measurements of carbon concentrations in stars by Cecilia Payne and others suggested that carbon is the fourth-most-abundant element in the Universe. To explain this discrepancy, Hoyle posited a clever mechanism called the “triple-alpha process.”9 Hoyle knew that older stars concentrate helium-4 (that is, alpha particles) in their cores. Two colliding alpha particles easily fuse to form beryllium-8, the nucleus with four protons and four neutrons. All you need to do is add one more alpha particle to transform beryllium-8 to carbon-12. But there’s a catch: beryllium-8 is extremely unstable and breaks apart to smaller bits in less than a quadrillionth of a second. Thus, the idea that carbon-12 would form from the addition of a third alpha particle to fragile beryllium-8 seems highly unlikely.

Hoyle’s breakthrough was to recognize a coincidence in nature. The carbon-12 nucleus has a specific, previously overlooked resonance at an energy close to 7.68 million electron volts—exactly the value needed by beryllium-8 to snatch up an alpha particle even faster than it decays. Hoyle estimated that the rate of carbon-12 production by this triple-alpha process could be enhanced by a factor of approximately 1 billion. Experimental physicists were skeptical; carbon had been well studied and no such resonance had been reported. Nevertheless, Hoyle convinced researchers at the California Institute of Technology to look for this “Hoyle state,” which they confirmed soon thereafter. Hoyle’s prediction resolved the carbon abundance discrepancy and, in the process, rocketed him to international prominence in the burgeoning field of astrophysics.

Hoyle gained fame and honors from his explication of stellar nucleosynthesis, but his career was not without controversy. An outspoken critic of prevailing cosmological thinking, he coined the phrase “Big Bang,” perhaps as a pejorative term that ultimately stuck. He much preferred the concept of a steady-state Universe, one not reliant on a Genesis-like “moment of creation.” Hoyle also invoked “panspermia”—the highly speculative concept that life on Earth was seeded from space. In Hoyle’s widely derided version of panspermia, comet-borne viruses started life, and what’s more, they still occasionally cause global viral epidemics. And he strongly supported the idea that petroleum and natural gas arise from nonbiological processes deep in Earth’s mantle—a controversial hypothesis that Deep Carbon Observatory scientists are now revisiting. When asked about his propensity to adopt contrarian positions, Hoyle replied, “It is better to be interesting and wrong than boring and right.”10

Dispersing the Carbon

Long, long ago, more than 13 billion years ago, within a few million years of the dawn of creation, the first stars burned brightly in a Cosmos empty of rocky planets and devoid of life.11 Primordial stars emerged when gravity coerced vast, swirling clouds of hydrogen and helium—themselves the atomic offspring of the Big Bang—into larger and larger glowing spheres.

Stars are the engines of chemical evolution. Subjected to the unimaginable heat and pressure of stellar interiors, hydrogen fused into helium, while triplets of helium nuclei fused into carbon—a slow process, to be sure, but stars have a lot of time. And so, carbon gradually increased in concentration, ultimately to become the fourth-most-abundant element in the Universe, with almost 5 carbon atoms for every 1,000 hydrogen atoms.

For the first few millions of years in cosmic history, the bulk of this ever-expanding inventory of stellar carbon remained locked away deep inside stars. Some carbon nuclei became nuclear fuel, fusing with more helium to forge ever-more-massive elements: oxygen, the giver of animal life; silicon, the builder of rocky planets; iron, the foundation of industry. After millions of years, as turbulent stellar convection brought these deep atomic products to each star’s luminous surface, a few carbon atoms escaped in energetic stellar winds, propelled outward by interactions with the stars’ intense magnetic fields. Those star-formed atoms, flung into deep space, marked the true beginning of the “carboning” of the Cosmos.

The most profligate seeding of space with carbon occurs when massive stars die—violent processes that liberate immense quantities of matter.12 In the case of supernovas, big stars literally disintegrate, blasting apart in space. But how can a star explode? The answer lies in the unceasing tension between immense gravity pulling a star’s mass inward and energetic nuclear reactions pushing that mass outward.

Consider the future fate of our Sun, which will burn hydrogen to make helium for another 4 billion years or so. Gradually, hydrogen in the Sun’s superheated core will be consumed as helium concentrations rise. That’s when helium burning will take over. For perhaps a half-billion years, nuclear forces associated with helium burning deep inside the Sun will take the upper hand; the outward nuclear push will dominate gravity’s inward pull. That transition will not be a pleasant time to be an Earthling. The Sun will swell to more than 100 times its present diameter, a “red giant” star expanding past the orbit of poor engulfed Mercury, past the orbit of doomed Venus, eventually ballooning close enough to Earth’s orbit to fill the daytime sky. As the Sun’s ruddy surface approaches Earth, our home will become a desiccated, lifeless cinder.

For the modestly sized Sun, carbon is the nuclear endgame. As helium stockpiles are consumed and nuclear reactions die away, gravity will win the 10-billion-year war. The Sun will collapse into a “white dwarf”—a carbon-rich star about the size of Earth, less than a hundredth of the Sun’s current diameter. Slowly cooling and shrinking, most of its hoard of newly minted carbon will be locked away forever, “like a diamond in the sky.”

Stars larger than the Sun avoid this fate because their internal pressures and temperatures are sufficient for some carbon-12 to fuse with alpha particles into heavier elements—oxygen-16, neon-20, magnesium-24, and more. A cascade of nuclear reactions ensues, each transformation adding energy to the star, each enriching the star in new chemical elements, and each pushing outward against the inexorable force of gravity. Faster and faster the reactions pile one upon the next, the final stages occurring in seconds, until a star produces iron-56. For elements less massive than iron, each new nucleus is more stable than the last. Each nuclear reaction releases energy and keeps the star blazing, like adding fuel to a roaring fire. But iron-56 is the ultimate nuclear ash. Whatever you do to an iron-56 nucleus—add or subtract a proton, add or subtract a neutron—the reaction with iron consumes energy. When a star’s core converts to iron, the outward push of nuclear reactions turns off almost instantaneously, and gravity just as swiftly takes over.

The initial effect of this stellar “off” switch is a devastating implosion with all of the star’s mass—all of the remaining hydrogen and helium and carbon and everything else—pulled inward and accelerating to a significant fraction of light speed before everything smushes together. Under those chaotic conditions, with temperatures and pressures skyrocketing to values not seen since the Big Bang, atomic nuclei undergo shocking impacts and violent mergers, shuffling their protons and neutrons to generate heavier and heavier combinations—ultimately generating more than half of the elements in the periodic table. What we observe as a supernova “explosion” is actually the cataclysmic rebounding of all that mass—a jumbled mix containing a host of new elements, flung outward into space as the star disintegrates.

Additional chemical novelty, including most of the heaviest elements of the periodic table, emerges from the surprising aftermaths of supernovas. In processes that are only now coming fully into focus, gravity captures a fraction of the remnants of every supernova to produce strange, dense starlike objects. If those leftovers exceed about three times the mass of our Sun, then a “black hole” results—an object so massive that it collapses into a point from which nothing, not even light, can escape.

If the supernova remains have a mass that is equivalent to only one or two times the mass of the Sun, the resulting gravitational collapse leads to a different beast: a “neutron star,” in which protons and electrons crush together to form an ultradense mass of neutrons. A neutron star with a mass twice that of our Sun collapses to an object with a diameter of only a few miles. Given the wide dispersal of atomic bits and pieces following a supernova, it’s not uncommon for two neutron stars to form in the aftermath of the same explosive event. The resulting unstable binary star configuration ultimately leads to yet another cosmic catastrophe—an event dubbed a “kilonova”—as two neutron stars collide. The resultant merging of nuclear particles is so energetic that the entire periodic table of the elements emerges from the chaos.

The implications are staggering. The ultimate source of chemical elements heavier than iron—precious gold and platinum, utilitarian copper and zinc, poisonous arsenic and mercury, high-tech bismuth and gadolinium—arises from such cosmic catastrophes. Every atom of those elements found here on Earth arrived via the disruption of massive stars. Tungsten abrasives, molybdenum alloys, germanium semiconductors, samarium magnets, zirconium gemstones, nickel-cadmium batteries, strontium phosphors—all are available to us courtesy of ancient, exploding stars.

Only after that first generation of supernovas seeded the Universe with chemical novelty could rocky planets like Earth arise and encircle the next population of carbon-producing stars. Many of those stars exploded to provide even more carbon and other heavy elements to enrich the formation of more planets and future generations of increasingly “metal-rich” stars. This epic, violent cycle of element creation and dispersal continues to this day throughout the Universe.

Our own solar system, the consequence of many preceding cycles of stars extending backward in time more than 13 billion years, is thus abundantly endowed with carbon, the element of crystals.
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