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INTRODUCTION


The wonder of everyone is vanquished by the last star, the one most familiar to the Earth, and devised by nature to serve as a remedy for the shadows of darkness—­The Moon.


—­Pliny the Elder, Natural History


THE MOON WAS THE KEY.


Lieutenant Colonel David Shoup, a red-­cheeked, thirty-­nine-­year-­old marine, worried about the Moon as his boat sped through the black Pacific night. The Moon was not visible yet; at last quarter, waning away, it would rise over the ocean at midnight. But even an unseen Moon exerts a powerful influence on Earth.


Shoup knew the marines’ boats needed at least four feet of water to float over the coral reef of the Tarawa Atoll, a hollow triangle of an island in the South Pacific Ocean. Today, Tarawa is the capital of the nation of Kiribati, but on November 20, 1943, it was step one in the Allies’ plan to defeat the Empire of Japan. The capture of the tiny island and its airstrip depended on the tide, which depended on the Moon.


Allied battle planners scheduled their invasion for the morning of November 20, when they expected the high tide to crest over the reef surrounding Tarawa. Without satellite measurements, planners could only guess how much the tide would swell that day. They checked the lunar cycle against century-­old tide charts from the Pacific, which was all they had, supplementing these with more recent data from places as distant as Australia and Chile. Planners estimated high tide would reach five feet by 11:15 A.M.—­high enough for the ships with room to spare. But to Shoup, this depth was still too close for comfort.


“We’ll either have to wade in with machine guns maybe shooting at us,” he told Life correspondent Robert Sherrod, who was embedded with the troops, “or the [amphibious tractors] will have to run a shuttle service between the beach and the end of the shelf. We have got to calculate high tide pretty closely for the Higgins boats to make it.”1


AS THE COMMANDERS fretted in the hours before sunrise, my grand­father Private First Class John J. Corcoran bent to his task on Nanomea Island, five hundred miles southeast. He was a small but important part of the largest armada in the Pacific Theater during World War II.


Jack, like so many young Americans in the middle of the war, enlisted eagerly and was ready to fight, newly equipped with a rifle, a bayonet, and a Marine Corps paycheck. He earned $6.40 per month and gained the skills to outfit airplanes with bombs.


In September 1943, at seventeen, instead of moving away to college, Jack boarded the transport ship Puebla and sailed west from San Diego, across the deep and beguiling Pacific, whose waters were nothing like the gray Atlantic he knew so well. By November 1943, he had gone farther from home than anyone he had ever known, including his Irish immigrant parents.


THE TROOPS THAT amassed to take Tarawa vastly outnumbered the Japanese force that attacked Pearl Harbor, as well as the Allied force that had spent a sweltering, muddy six months securing the island of Guadalcanal. The Marine Corps heading for the atoll supplied cover for the Allies’ ships, and General Julian Smith promised the Navy would deliver “the greatest concentration of aerial bombardment and naval gunfire in the history of warfare.”2 My grandfather contributed to the nine hundred tons of ordnance the Allies would drop during the Battle of Tarawa, clearing the field for the invasion.


Despite all this, the fight for Tarawa would end in the worst casualties in such a short battle in the history of the Marine Corps. Of the 5,000 men who stormed the beach, 1,115 were killed and nearly 2,300 were wounded in just seventy-­six hours of fighting. 


The tide did not rise to five feet on the morning of November 20. It barely rose at all, and the transport ships couldn’t get past the reef, just as Shoup had feared. At 6:48 A.M. local time, Smith and an admiral radioed a pilot observing from a float plane and asked, “Is reef covered with water?” “Negative,” came the reply. Instead, the marines had to clamber out of their beached boats and wade across six hundred yards of water to shore, lifting their rifles over their heads. Facing relentless fire from Japanese forces, hundreds of marines were shot and some drowned in the high water surrounding the reef. It would be decades before anyone understood why the blood-­dimmed tide didn’t rise that day.


I GREW UP hearing only a couple of stories from my grandfather’s service in World War II; like many veterans, he didn’t like to talk about it. Through the National Archives, I learned that his unit, Marine Aircraft Group-­31, island-­hopped behind the men on the front lines, moving to conquered lands one at a time to set up bombing runs for the next phase of battle in the Pacific. Through my mom, I learned that Jack wasn’t able to fall asleep in his tent-­covered foxholes, and that he prayed the rosary despite his terror on island after island. A devout Catholic, he taught the words to his fellow marines. Hail Mary, full of grace, he repeated, trying to drown out cries of “Americans will die!” in accented En­glish. Stories of these Japanese threats sailing like ghosts on the night wind chilled me to the bone when I was a kid. I wish I had asked more about them. And I wish I got to tell Jack, before he died in 2010, that he had the Moon to blame for the marines’ losses at Tarawa.
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EVERY DAY, ON every coastline on Earth, the tide changes the threshold where the land meets the sea. Boats in a harbor rise and fall against their docks as the day wears on. Beaches widen and narrow, and kelp, shells, or other ocean dregs left by receding tidewaters dry in the sand, far from lapping waves.


The tide ebbs and flows because of the Moon’s gravity and, to a lesser extent, the Sun’s. As the Moon moves around Earth, the two bodies tug on each other. The side of Earth that is closest to the Moon feels the tug a little more strongly, and the Moon pulls water ­toward itself, creating two bulges* in the world’s oceans. The bulges create the high tide, which originates in the ocean and progresses ­toward the coasts. Twice a month, the Sun adds some tidal heft, as well. When it is lined up with the Moon, causing either a full Moon or an invisible new Moon, the Sun’s gravity amplifies the bulging effect. This forms what are known as spring tides, and these bring higher high tides and lower low tides.


Seven days later, when the Moon is not lined up with the Sun but set apart at a ninety-­degree angle, it looks half full.3 We call this first quarter or last quarter. The Sun’s gravity has less of an impact on the tides and produces what is called a neap tide. The high and low tides are less extreme at this point in the month.


Earth’s geography also plays a role in how the water comes in. The continents change the tide’s flow, and the depth of a shoreline changes how quickly the tide will rise or how slowly it will fall. And the Moon’s location in orbit around Earth changes its gravitational pull, too. The Moon, like all celestial bodies, does not travel in a circle but in an ellipse, something that, as we’ll see later, we learned from a seventeenth-­century German astronomer obsessed with the Moon. The point on its orbit where it is most distant from Earth is known as apogee, and the point where it is closest is known as perigee. Three or four times a year the perigee coincides with a full Moon, which astrologers in the first part of the twenty-­first century C.E. dubbed a “supermoon.” The closer Moon yields exceptionally high and low tides. The more distant, apogee Moon—­call it a micromoon—­is slightly smaller in the night sky and has a weaker pull. But even a faraway Moon exerts a powerful influence over Earth.


THE MARINES PLANNED their invasion during a neap tide and couldn’t understand why the tide not only failed to rise enough but did not rise at all, for almost two days. The “dodging tide,” as war chroniclers later called it, lay low over the Tarawa reef because the Moon was at apogee, its pull weak because it was so far from Earth. November 20 was one of only two days in 1943 to experience an apogean neap tide. Before the satellite era, and certainly before the marines captured the island and measured its geography, there was no way for American military planners to have known how dramatically this lunar alignment would affect the tides in Tarawa.


DESPITE THE CARNAGE, marines kept coming ashore, and the bombs kept falling. After three days of fighting, the waters finally returned and the marines took the atoll, but the devastation was complete. Americans back home were outraged, wondering how capturing such a tiny island could have led to such casualties.


MY GRANDFATHER’S UNIT arrived at Tarawa on New Year’s Eve 1943. By then, the Allies controlled the island and the Navy Seabees had cleared the beaches of the bodies and the palm trees. Private First Class Corcoran continued his work, equipping planes with bombs for the next stage of the multipart Pacific plan. The Moon was four days old when he arrived at the battered atoll. It hung in the evening sky like a scimitar, like a scythe, like the horns of a bull. It was small enough that you could easily miss it, until it snuck up on you.
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AFTER TARAWA’S BLOODBATH, the Allies would pay more attention to the Moon’s influence. It played a seminal role in the long months leading up to the invasion of Normandy and the liberation of France. The French Resistance relied on full Moons to safely drop spies and supplies by parachute, and the Allies knew they would need a full Moon’s high tide and its glittering light to land their ships on the shores of mainland Europe and wrest it from the grip of Nazi Germany. In 1943, as Allied planners deliberated on the right port, the hopes of the French waxed and waned with every twenty-­eight-­day cycle that passed.


Finally, the Allies decided to invade at Normandy, on the northern coast of France, because it was close to the British coast but less obvious than Calais, a larger port city. Normandy had both a small port and a small airfield, which the Allies figured they could capture on the first day.4


FIRST THE ALLIES would cross the En­glish Channel at night. Paratroopers would glide across, using only moonlight as a guide, aiming to capture two bridges. Then the heavy planes would take off. Commanders wanted about forty minutes of morning light to bomb the coast, just like at Tarawa, before the land invasion began. The ground assault troops would sail in on a low but quickly rising morning tide.5


On the Calvados coast of Normandy, the En­glish Channel can rise by an astonishing nineteen feet from low to high tide. As at Tarawa, the change in the tidal zone is caused by the Moon’s interaction with the shore’s geography. Steep shores like those in Normandy can increase an intertidal zone by many times the height predicted by the rise and fall of water.*


The dramatic change in tide means the water flows in fast—­on D-­Day, it rose at a rate of a foot every fifteen minutes. The Allies figured about half an hour at low tide was enough for the first wave of forces to clear the beaches of mines, triangular wooden obstacles, and human-­sized iron barriers installed by Nazi troops. If the tide then came in quickly, it would float Allied forces over the sands and into France as the invasion progressed.


In Normandy, a low tide near sunrise only occurs during either a new Moon or a full Moon. The airborne divisions needed the light of the full Moon to fly by, so it was settled: The Moon was the key once more. Winston Churchill recalled in his memoirs that the Allies pinpointed June 5, 6, and 7 for the invasion. “Only on three days in each lunar month were all the desired conditions fulfilled,” he wrote. “If the weather were not propitious on any of those three days, the whole operation would have to be postponed at least a fortnight—­indeed, a whole month if we waited for the Moon.”6


THE FORECAST FOR June 5 was poor and Supreme Commander Dwight D. Eisenhower postponed D-­Day by a day. The forecast was clear the next morning, and D-­Day was a go for June 6. A full Moon rose on the evening of June 5 an hour and a half before sunset, reaching its highest point by 11:30 P.M. Greenwich Mean Time. At midnight, June 6, 1944 C.E., paratroopers from the 82nd and 101st Airborne divisions began dropping from the sky over France. Brigadier General James Gavin, from the 82nd Airborne, recalled that he could see clearly by the light of the Moon. “The roads and the small clusters of houses in the Normandy villages stood out sharply in the moonlight,” he recalled.7 The paratroopers took over two bridges to block Nazi tanks, and in the fields below, Resistance fighters bicycled by moonlight to cut off railroad tracks, subterranean telephone lines, and aerial power lines. Normandy was isolated on all sides. The first waves of troops crashed onto the beach at 6:30 A.M., under a morning summer Sun and a setting Moon.


The fighting lasted all day and the Allies suffered huge losses, especially at Omaha Beach. But by nightfall, the German forces were in retreat. After D-­Day, the Allies liberated Paris and marched eastward to Berlin through the fall and winter, surviving the Germans’ last-­ditch offensive in the Battle of the Bulge. Germany surrendered on May 8, 1945.


My grandfather was in Havelock, North Carolina, that spring preparing for a land invasion of his own. The worst-­case scenario, an invasion of Japan, required the marines to remain battle ready. Jack Corcoran was in training camp when the Nazis surrendered and he was still there in August 1945, when the United States dropped two atomic bombs on the cities of Hiroshima and Nagasaki. The Empire of Japan surrendered, and two months later Jack Corcoran was honorably discharged.


He went home to New Jersey. He married my grandmother, Helen, had six children and ten grandchildren, and retired after a long career as an accountant. Jack took me to the ocean every time I visited him in Toms River. I would stand in the sand of Seaside Heights with my brother and wait, watching, as the tide rolled in to reach me.


[image: image]


THESE TIDES AND these battles are just one part of the story of our Moon and ourselves. The Moon’s role in the second great war is just a microcosm of the journey we have taken with it since our species emerged.


The Moon has shaped our rulers, and their conquests, since civilization’s earliest days, but its power over us is far more ancient than even our conflicts. Its influence goes back to the sulfurous origins of this planet and everything that crawls, flaps, swims, or strains skyward on its surface. The Moon guides all of us from its vaulted position above us. But it’s not apart from us, not least because it is actually a part of Earth. It was sheared from Earth when the planet was still freshly baked. And its elliptical orbit does not technically circle Earth, at least not in the way you might think. Instead, Earth and the Moon orbit each other, pivoting around a combined center of gravity that guides them both and that shapes their shared history.


Today, the Moon directs migrations, reproduction, the movements of the leaves of plants, and possibly the very blood in your veins. The Moon conducts the symphony of life on Earth, from the people who wage war on one another to the coral polyps that built the reefs of ­Tarawa. It has guided evolution since the moment of life’s first stirrings, which occurred either inside deep ocean vents or in warm little pools at the water’s edge, both of which derive nutrients through the Moon’s tide.


The Moon makes Earth unique, certainly in our solar system and possibly in the broader cosmos. It made us who we are, in ways that scientists are just beginning to understand, from our physiology to our psychology. It taught us how to tell time, which we used to impose order on the world. The Moon inspired the human projects of religion, philosophy, science, and discovery.


This book is the story of our journey with the Moon in three parts: how the Moon was made, how the Moon made us, and how we made the Moon in our image. This is not solely an astronomy book, and it is not an Apollo book, though astronomy and the Apollo missions are both inseparable from humanity’s journey with the Moon. This is a book about time, life on Earth, human civilization, our place in the universe, and how the Moon has made all of it possible. I hope this book changes your understanding of all these things. And I hope it changes the way you see the Moon, this partner world that has always been with you, and which I hope you notice anew the next time you go outside at night.




PART I


HOW THE MOON WAS MADE




CHAPTER ONE


A World Apart


THE MOON IS DIFFERENT.


It is like nowhere on Earth, which is a watery bubble improbably bursting with life in a universe of emptiness. The Moon is barren and has been throughout the four-­and-­a-­half-­billion-­year eternity of its companionship with this planet. The Moon is silent. It plays host to no cricket chorus, coyote calls, or night wind sailing through pines. It is dry, at least on the outside. There are no waves lapping on shores, no soft rains, no snow. It is a crater-­pocked wasteland that smells of doused firecrackers. The Moon is scorching hot during its long day, and freezing cold during its long night.


The lunar landscape is grayscale, but flecked with shades of tan, chocolate, beach sand, chalk, gold, spicy-­mustard ochre, and, in the words of Apollo 11 astronaut Michael Collins, a “cheery rose” hue.1


Sunlight on the airless Moon plays tricks on human eyesight, warping a moonwalker’s sense of crater depths and hillside angles, making tiny slopes look like vertiginous peaks. All is monotony. There is no blue, and there is no green. No sunlight scatters through a watery atmosphere. No lichens splotch the Moon’s rocks. No bacteria grow in its dirt to help plants flourish. Certainly, there are no birds overhead, ants underfoot, or any other kind of animal anywhere. On the Moon there is nothing and no one. Until the Apollo landings, no creatures ever looked up at the Moon’s black sky and wondered about their place in it all. No one ever stared up at the crescent Earth and thought about visiting. There is no culture, except the one we brought.


The Moon says nothing for itself, but it says plenty about us. We pro­ject our dreams and our fervor onto its mottled surface and it serves as a mirror, both figuratively and literally. It reflects sunlight and even Earth’s own light, ashen earthshine, back to us. We can see this phenomenon when the Moon is a crescent, and yet its full disk is just barely perceptible. The Moon is Earth in inverse, a desolate rock whose scars whisper of our world’s violent past and underscore its riotous gardens of color and life. The Moon contains only what we imagine it to contain. It harbors only what we berth in its seas.


SINCE THE BEGINNING of time, the Moon has controlled life on Earth and shepherded the human mind through a spectacular journey of thought, wonder, power, knowledge, and myth. But this frenzied, multifarious, Earthly history disguises the truth of the Moon. As vivid and lively as our history with it has been, the Moon itself is quiet, barren, and still.


This was not always the case: When the Moon was young, it was livid with energy and heat, a magnetic field, oceans of lava, and maybe an active crust like the one that warps and wrinkles the face of our world. But no one was around for this lively phase. The only Moon we have ever known is the spectral one in our sky, the two-­dimensional one, the cold and silent one.


Nothing happens there, except the occasional arrival of an asteroid or the briefly violent puff of a crashed or landed spacecraft. Nothing looks up, nothing breathes, nothing hopes.


When Apollo 11 astronaut Buzz Aldrin walked on the Moon in 1969, he described his surroundings as “magnificent desolation,” an interpretation that has yet to be bested.2 It’s difficult to liken the Moon to anywhere familiar, because anywhere familiar is a place on Earth.


Even from orbit, Earth looks and feels like home. Astronauts report that staring down on our planet is one of the most exhilarating things about being in space. We belong here. Earth’s razor-­thin atmosphere, cloud tendrils, green-­carpeted continents, and deep ocean blues beckon us. Not so for the Moon, according to Collins, who orbited it alone in his spacecraft but did not walk on it. There is no comfort to the “withered, sun-­seared peach pit out my window,” he wrote in his memoir, Carrying the Fire.3 “Its invitation is monotonous and meant for geologists only.”


Humans are sensory beings, and the Moon is a place devoid of any familiar sensory experience. If you were to visit, you might experience conflicting feelings of deprivation and overwhelm. Every time you went outside—­in a spacesuit, of course—­and every time you went back indoors and took off your gear, the Moon would bowl you over. You would feel lonely, hot, freezing, terrified, ecstatic, superhuman, and tiny, in a matter of moments or maybe all at once. Its topography, its innards, its atmosphere—­everything about the Moon is different.


APOLLO 11 MOONWALKERS Neil Armstrong and Buzz Aldrin were the first human beings to experience selenic discomfort. Moon dust covered their spacesuits and boots, and it soon covered much of the inside of their Eagle lander, too. The pair were so annoyed by it that they slept in their helmets to avoid breathing in Moon all night. On later missions, astronauts noticed the dust scratched their sun visors and damaged the seals on the rock boxes they toted home. Moon dust caused a form of hay fever, making astronauts’ eyes watery and itchy and their throats scratchy and sore. Unlike Earth dust, which is mostly made of organic material, Moon dust is all pulverized rock—­and no water or wind exists to soften the dust grains’ edges. It was like breathing in sandpaper.


But the astronauts were lucky that this was nothing more than a nuisance. NASA scientists had warned the astronauts that Moon dust might be reactive in oxygen. Aldrin and Armstrong were told to be cautious about their contingency sample, a small scoop of Moon that Armstrong tucked into his pocket moments after stepping out of the Eagle. After coming back inside, Aldrin and Armstrong watched the dust carefully as the Eagle cabin pressurized. If anything started to smolder, they were supposed to open the hatch and throw it out. But both men were completely coated in it.


“The stuff seemed to stick to things and stay there,” Aldrin said.4 “There was no hope of getting that off.” If anything was going to ignite, it would be their suits.


The dust turned out not to be reactive in oxygen, but it did smell that way. The Moon has an acrid aroma, like fireworks that have just gone off. That is how Aldrin described the scent in the capsule after he and Armstrong came back inside from their brief sojourn and took off their helmets. Armstrong described it as “the smell of wet ashes,” like a campsite at bedtime after you’ve doused the fire.5 Apollo 17 astronaut Harrison “Jack” Schmitt has called it the smell of gunpowder.6


The Moon is constantly bombarded by sunlight and radiation from other stars and cosmic sources, and it’s pummeled by asteroids in a process called “gardening.” All this action tears apart atoms in the “regolith,” the technical term for Moon dust. Lunar regolith is about 43 percent oxygen, so most of the atoms being shattered are oxygen atoms. The same is true of gunpowder. When it ignites, chemicals in the gunpowder release copious oxygen, further fueling the blast. What the astronauts smelled was the lingering aftermath of atoms being torn apart by tiny invisible bullets of radiation.


This is still a matter of scientific debate in part because the Moon rocks don’t have a smell anymore. When a scientist opens a bag with a Moon rock today, no matter how carefully it was chipped and packed up for distribution by NASA’s Lunar Sample Laboratory, there is no scent of the unknown. No one can say for sure why the smell fades once the rocks are exposed to humans, and to Earth.


ON THE MOON, after you got used to the smell of constant fireworks, you would notice the unceasing dryness. The Moon is a parched place, and you would dearly miss the omnipresence of water to which you have been accustomed your entire waking life. It would tease you every time you saw Earth. However familiar and beloved our continents and their mountains, Earth’s land does not dominate the planet’s features; from a distance, the water is what stands out, a blue beacon of serenity and warmth.


For most of human history, people believed that the Moon had oceans, too. Astronomers through the centuries believed the Moon’s dark spots were actually lunar seas. Moon-­fixated scientists in the seventeenth and eighteenth centuries believed this so fully that the list of features on its face are all named as oceans, lakes, and bays. The Sea of Tranquility, where Apollo 11 landed, was a real sea in the mind of Moon mapper Giovanni Battista Riccioli, the Jesuit priest who gave us the Moon’s modern nomenclature in 1651. Collectively, the dark spots are called maria, from the Latin for “seas.” In reality, as the Apollo Moon rocks taught us, the seas are vast plains of cooled lava.


While you would experience the Moon as a chalky, dry sea of emptiness, it does have water. Depending on what scientific instruments you believe, it has a whole lot. The trouble is that the water is locked up in the regolith as hydrated minerals, or may exist as ice that has been buried forever in craters that never see the light of day. Liquid water cannot exist on the Moon. With no atmosphere to keep water liquid, it would evaporate instantly, and its hydrogen would fly off into space. Any future Moon visitors hoping to access lunar water will have to be ­really talented chemists, skilled at liberating water from stone.


One reason so few places on Earth resemble the Moon is because of all the water on this planet. Earth’s water softens and demolishes rock. Combined with wind, water is a destroyer of worlds. Entire mountain ranges rise and fall through the work of water. It also erases craters. Though the timing and duration of the beating are still up for debate, we know Earth was bombarded by asteroids long ago, and yet there are no battle scars to show for it. But the Moon, free of water and wind, preserves a record of its primordial pummeling. These craters play all sorts of tricks on the human mind.


In 2019, China landed a small robot called Chang’e 4 on the Moon’s far side, the first time such a feat had ever been achieved. A few months after the landing, a Chinese scientist named Long Xiao shared a video of Chang’e 4’s approach to the lunar surface. It was like watching an animation of a fractal. Each crater grew bigger and bigger in the lander’s field of view, and then smaller craters resolved within the big craters, and those smaller craters also grew bigger until more tiny craters appeared within them, and on and on. In time, a visitor to the Moon would come to recognize the particular shapes and bowls of these craters, in the way I recognize my favorite mountains. But you would still have a hard time getting around because of them, and not just because the craters are tripping hazards. It would be hard to get around because your mind would have a hard time interpreting what your eyes saw.


The Moon’s craters cast weird shadows, warping the landscape like a funhouse mirror. The extreme contrast between the darkness of space and the bright white of the Moon plays tricks on astronaut minds. During Apollo 12, Charles “Pete” Conrad and Alan Bean noted that the craters all seemed the same color, especially up close.


“The colors were deceptive. I can recall on the first EVA [moonwalk] looking at the materials around the LM [lunar module] and referring to them probably as gray-­brown or gray-­white,” recalled Bean, who became a painter after leaving NASA in an effort to convey what he saw. “On the second EVA, in the very same places, although I wasn’t ­really aware of it at the time, I referred to them as being light brown. I kept thinking that all the rocks had a light tan coating, whereas the first day I thought they had a light gray coating. My impression now is that the interior of all these rocks would be dark gray basalt, despite their very minor differences in texture, shape, etc. Also, both times we came into the LM our suits looked the same gray color. I saw only dark gray, never any of the browns that I’d seen outside.”


The light fooled the astronauts in other ways. The Apollo missions landed when the Sun was low in the lunar sky, which helped the astronauts see crater shadows more starkly. Conrad and Bean landed near the “terminator,” the line where lunar day turns to night. It was barely after sunrise, Moon time, and the Sun was only about five degrees above the horizon. Raise your fist, punch it ­toward the horizon—­the Sun was about as high off the ground as your knuckles when the Apollo 12 astronauts set down.


Bean and Conrad touched down only 538 feet from a small lander called Surveyor 3, which had alighted on the Moon in 1968. This close landing was intentional, because scientists on Earth wanted to find out how the harsh lunar environment had treated the earlier spacecraft. The astronauts went to check it out, but they were worried the craters on the way were too treacherous.


“We may have a little trouble getting to Blocky Crater. I’m not sure whether it is an optical illusion or what, but the wall that the Surveyor is on looks a lot steeper than 14 [degrees],” Bean radioed Houston.


At one point the two moonwalkers tried to get a better sense of the dimensions. Conrad grabbed a grapefruit-­sized rock and rolled it downhill. Later, commanders in Houston asked Conrad to climb into a crater (also confusingly called Surveyor) to collect some bedrock. “It’s awfully steep,” Conrad replied, declining the request. “I’ll get you some bedrock from on the rim here.”


Surveyor Crater, a 650-­foot-­wide impact basin, has a twenty-­one-­degree slope, a nice and easy downhill walk. The shadows had made the descent look more dangerous than it actually was.7


EVEN OUTSIDE THE steep craters, the Moon’s surface undulates like the oceans for which its lava plains are named. In fact, it might be experiencing waves. Eons after it cooled into a solid orb, the Moon still undergoes some geologic activity.


Bean and Conrad left behind a seismographic measuring station, as did their successors on Apollo 14, 15, and 16. These instruments detect seismic activity deep within the Moon. Geologist Jack Schmitt, on his moonwalks during Apollo 17, noticed lunar geology that provided further evidence of seismic activity. On December 13, 1972, he and Gene Cernan parked their Moon buggy in a valley named Taurus-­Littrow, within the Moon’s Sea of Serenity. They were exploring a gray hill called the North Massif.


Schmitt noticed it first. “Hey, look at how that scarp goes up the side there,” he said. “There’s a distinct change in texture.”


“Okay. Oh, man; yeah, I can see what you’re talking about now. It looks like the scarp overlays the North Massif, doesn’t it?” Cernan said.


“Yeah,” Schmitt said. To Houston, he narrated the sight: “The appearance you have of the scarp–­North Massif contact is one of the scarp being smoother-­textured, less cratered, and certainly less lineated. And I wouldn’t be a bit surprised if it’s, as Gene says, younger.”8


He meant that the scarp had formed after the mountain. Something had shifted the Moon’s surface. He was right. In a study in 2019, scientists connected shake data from the Apollo seismic stations with updated lunar landscape imagery for the first time, and showed the Moon is geologically active today.9 The Moon calves boulders. It forms rock piles. It experiences landslides that form escarpments like Lee-­Lincoln, which appear like a shrugging shoulder. The Moon has fault lines, which experience regular moonquakes that are energetic enough to rattle an astronaut—­or a future habitat.


The Moon has no mobile crust, unlike Earth. Its internal tremors are the result of tidal action between the Moon and Earth, and a vestige of its primordial heat. As the Moon cools—­still, today, four and a half billion years after its formation—­it contracts. Its crust wrinkles and collapses like a grape turning into a raisin.


These quakes appear to be fairly common. The four Apollo seismic stations counted twelve thousand seismic events, including twenty-­eight shallow quakes, between 1969 and 1977.10 The shallower quakes are similar to the types of tremors we feel on Earth. Spread out over eight years, that’s still a quake every few days. Every few Earth days, that is. A day on the Moon is quite a different thing.


A “DAY” ON the Moon, meaning one full rotation and one revolution around Earth, takes twenty-­seven Earth days, seven hours, forty-­three minutes, and twelve seconds. We call this a sidereal month, for the time it takes the Moon to orbit once around Earth and return to the same spot relative to the stars. But because the Earth-­Moon system is rotating around the Sun, it actually takes a little longer for the Sun to return to the same place in the Moon’s sky. The synodic month corresponds to one complete cycle of phases visible from Earth. From the point of view of the Moon, the synodic month marks the time between successive sunrises* in the same spot on the Moon. No matter where you stand, this takes twenty-­nine and a half Earth days.


Put another way, if you were standing on the Moon, it would take a full Earth month for the Sun to rise, set, and rise again. This also means daylight lasts for two weeks—­and so does the night. You would need special equipment to survive this. Even some of the most sophisticated spacecraft we can build succumb to the frigid darkness of the lunar night, when the temperature drops to 300 degrees below zero Fahrenheit. During the daytime, the Moon is a scorcher: The average daytime high temperature at the equator is 246 degrees Fahrenheit.11 Within some deep craters, a few of which harbor the ice you might need for survival, the Sun never shines at all.


During Apollo 11, Armstrong and Aldrin had a hard time sleeping in their lander. The dust was annoying, but when they donned their Moon suits to escape it, they shivered with cold. The air-­conditioning system in the suits was meant to keep them comfortable during the hot lunar day—­inside the lander, it left them frigid. Anyone who ever visits again will need a life-­support system that allows them to survive the extreme temperatures on the Moon.


The good news is you wouldn’t mind walking around in what is essentially a wearable house. The Moon’s gravity is one-­sixth of Earth’s, which effectively means everything feels lighter. You would weigh just 16.6 percent of what you weigh on Earth, so a spacesuit wouldn’t be a burden. You might still have a hard time standing up, however; many of the Apollo astronauts fell flat on their faces after stepping onto the Moon’s surface.


Modern studies show why this happened, and that it might be more than a trick of the light that fooled Bean and Conrad. In a 2014 study in Toronto, Canada, volunteers spun around on a giant rotating arm to simulate different gravity forces.12 As they whirled and tried not to vomit, the volunteers were shown the letter p. They apparently read the letter as a p or a d, depending on which way they thought was up. They weren’t tilted in their centrifuge; it was the gravity change that confused them. It turns out humans need to feel about 15 percent of Earth’s gravitational force to sense which way is up. The Moon’s gravity is just a smidge higher than this, at about 16.6 percent of Earth’s. The low gravity and resulting disorientation might explain why it’s so hard to walk on the Moon.


TO MAKE MATTERS WORSE, time seems to stop up there. It proceeds according to the rhythm of your heart, and maybe the beeping of your spacesuit’s life-­support system, but if you could just stand there for an hour or two in silence, you would notice nothing about the passage of time. There are no long shadows cast by the noonday Sun. There are no changes in the angle of the light or the speed of the wind. Although you wouldn’t consciously notice time passing, your body would feel it.


Typically, you don’t notice time the way you notice scent or touch, but time perception is a sense all the same, and it pulsates through every cell in your body, and every cell in everything else that lives. Every form of life that we know displays some kind of time-­dependent activity. This circadian clock is wound by the dependable cycle between light and dark—­with some special lunar exceptions—­because that has been the length of Earth’s day for about as long as there has been multicellular life. When the light lasts for two weeks without end, the circadian clock becomes frazzled, at best.


Some elements of time on the Moon are more familiar. The Moon experiences solstices and equinoxes just like Earth does, but only at the Moon’s poles is there anything resembling a season. The Moon is tilted on its axis by only 1.5 degrees, compared with Earth’s 23.4 degrees, which is what gives us our four seasons. Temperatures do rise and fall seasonally at the Moon’s north and south poles, where the angle of the Sun is always extreme. Though it is tilted only very slightly on its spin axis, the Moon is inclined relative to the Sun and the plane where the planets are found. When the Sun is above the Moon’s equator, it’s summer in the Moon’s northern hemisphere, just like it is on Earth. When the Sun is below the Moon’s equator, the northern hemisphere is in winter. The Moon also experiences the solstice, when the Sun appears to stand still and reverse its direction. Civilizations around Earth learned to measure these solar events and use them to mark time. Maybe future Moon settlers will erect solstice calendars, or build Earth phase calendars like some Neolithic humans once built Moon phase calendars to use the Moon as a guide.


In the lunar southern hemisphere “winter,” more of the Moon’s south pole is frigid enough to contain ice, which can be composed of water or even carbon dioxide (what we know as dry ice). As the Moon approaches its own equinox, some of that water is released into orbit.


THOUGH THE MOON has a version of a water cycle, there is no softly falling rain or snow. The sound of a thunderstorm might be one of the Earthly experiences you’d miss the most. There is no sound at all. The Moon is as quiet as quiet gets. You would hear yourself in your spacesuit, and yourself alone. Even if you tried making a racket, like clanging a piece of aluminum against your spacecraft, you wouldn’t hear a thing. The Moon has no atmosphere to speak of, only an ephemeral “exosphere” consisting of some charged molecules and hovering dust. It is too thin for sound to carry.


Every Apollo mission both landed and launched its moonwalkers using rockets on the lander. The act of arriving on and blasting off the Moon kicked up enormous clouds of dust. Bean, on Apollo 12, is one of the reasons we know this. When he approached the earlier lander known as Surveyor, he noticed it had turned brown in its two years on the lunar surface. This happened because of radiation from the Sun and cosmic sources. But the Apollo 12 lunar module, named Intrepid, had sandblasted the Surveyor when it touched down just a few hundred feet away. Some of the brown was scoured away, like someone had scrubbed Surveyor with steel wool. Phil Metzger, a planetary physicist at the University of Central Florida, found that each landing blew lunar soil around, accelerating it between 400 meters per second and 3 kilometers per second.13 That last number is important: 2.4 kilometers per second is lunar escape velocity. That’s how fast something has to move to escape the gravity of the Moon and fly away. That means every Apollo mission kicked up enough dust, and pushed it around quickly enough, to send it into orbit. Some of that dust is still circling the Moon. Some of it is circling the Sun. And some may have even sprinkled back onto Earth, from whence it came, four and a half billion years ago.


THE LAST AND maybe most pervasive sensation you would notice on the Moon is an ethereal one. How many times in your life have you felt a sort of sixth sense? It is indefinable but unmistakable; you just know when the car in the lane next to you is about to merge, you can feel the presence of an animal behind you or a bird above you, you sense when you are not the only person in a quiet library.


This feeling is not one you would experience on the Moon. The feeling, instead, is a profound awareness that there is nothing, and there is no one. Everyone who has ever existed is up above, on Earth. Every being that ever lived and died and breathed and loved is distant from the Moon, instead sailing above you, appearing to go around you just like the Sun and the stars. Collins, on Apollo 11, was the first to experience this displacement. As he sailed around the far side of the Moon, out of touch with Aldrin, Armstrong, and Earth, he experienced a deep sense of solitude. “I am alone now, truly alone, and absolutely isolated from any known life. I am it. If a count were taken, the score would be three billion plus two over on the other side of the Moon, and one plus God only knows what on this side,” he wrote. “I feel this powerfully—­not as fear or loneliness—­but as awareness, anticipation, satisfaction, confidence, almost exultation. I like the feeling.”14


The Moon does not have humanlike feelings, but if a world can be described as lonely, the Moon would be. It is certainly empty, destined to face forever the world it came from and the world that, maybe because of the Moon, was blessed with air and water and life. The Moon will accompany us forever, but it will be lonely forever, if we treat it right.




CHAPTER TWO


The Creation


May the gods who dwell in heaven and the netherworld constantly praise the temple of Sin, the father, their creator.


—­The Na­b­o­ni­dus cylinder of Abu Habba (Sippar), col. ii.26–­43a


IN THE BEGINNING, all was chaos. Before the skies were named, before Earth existed, there was nothing but water, swirling around in a void without form. But then something happened. The waters divided. The roiling mix separated into fresh water, embodied by the short-­tempered god Apsu, and salty water, embodied by the goddess Tiamat. After their sacred marriage, Tiamat gave birth to all the other gods of creation.


The younger gods were loud and obnoxious, and they kept Apsu awake, so he decided to destroy them. Tiamat would have none of this and alerted her older son, Enki, the god of wisdom. So Enki killed Apsu, and built a home from his remains. In a great battle that followed, Tiamat herself was torn in half, and one half became the heavens, while the other part became Earth.1


This story comes from the Sumerian Seven Tablets of Creation, one of humanity’s oldest origin stories, fragments of which are found on tablets from Ur, an ancient city whose ruins are located in modern Iraq. But it shares many parallels with the utterly violent, riotous mess that was the birth of the solar system and the formation of the Moon and its Earth. The scientific version goes like this:


In the beginning, about 4.6 billion years ago, all was chaos within a cloud of gas left over from a previous generation of stars. There was nothing but molecules of dust and gas, swirling around in the void. The star stuff drew closer together, and then something happened. The material started to collapse under its own gravity. The Sun ignited. Let there be light, a later creation tale says. Winds howled outward from the infant Sun, much more powerfully than the charged particles that stream through the solar wind now, and the gales pushed the remaining dust and gas around. The roiling mix eventually separated into clumps, which grew into larger piles, and eventually became the planets.


There were more than the eight we have today. Some of the Sun’s original planets were probably consigned to oblivion. Gravitational interactions caused planets and planetesimals (planet embryos, basically) to knock into one another like billiard balls, and some likely exited the solar system, doomed to silently sail among the stars. We’ll never know how many suffered this fate. But we do know that one of these primeval planets was completely obliterated. One of them, born in the same band of star stuff as Mercury, Venus, Earth, and Mars, is a world no more. It was probably about the size of Mars, roughly 45 percent the mass of today’s Earth. Its name was Theia, after the Greek goddess who was the mother of Selene, the Moon. Theia was destroyed like Apsu and Tiamat. And Earth and the Moon made their home in its remains.


UNTIL APOLLO ASTRONAUTS landed on the Moon, dotted it with scientific instruments, and brought bits of it back home, we didn’t know about Theia. We had no Earthly idea how the Moon got here, just a series of educated guesses. The Apollo missions totally rewrote the story of the Moon’s origins. At the same time, Earth scientists began rewriting the story of Earth’s own formation and singular geologic history, and they began to realize that the Moon has much to tell about Earth, too. The Moon’s story is the shared history of our home planet, after all. And the Apollo rocks are still providing new clues. The Moon visits provided so much new material, and so many unexpected questions, that they have forced scientists to completely reimagine the making of the solar system more than once. Just as the Moon reflects Earth’s light, its primary role in modern science is to tell our story back to us. The story is more than a scientific curiosity. The Moon’s origins can shed light on how we all got here, and maybe even why.


Wouldn’t it be wonderful to know? Why us, why here? Why not everywhere?


There are other rocky planets, but none are like Earth. Mars is also a slowly spinning terrestrial world, tilted on its side almost exactly as much as Earth is. But it lost its water and its atmosphere. And it has no Moon, just dinky captured asteroids. Venus is a faster-­spinning rocky world with a dense atmosphere, but its cloak of clouds grew too thick over time, and choked the planet to death. If Venus ever had water, it’s gone now. Mercury, too close to the Sun, somehow still harbors tiny amounts of water in the dark shadows of its deepest craters. But it is blasted by solar rays. Neither Venus nor Mercury has moons.


Why do we? What was it about Theia, the original Earth, and their mutual destruction that would give rise to this planet? Why did we end up with a huge Moon, one-­fourth of Earth’s own heft? What happened in that cataclysm that resulted in a paired system of worlds, one dry and completely dead, and one drenched in water and life?


THE MOON’S APPARENT size compared to the Sun, and the fact that we have solar eclipses, led many ancient humans to think the Moon was placed in the sky alongside the Sun for a reason. The Navajo people of the American Southwest believe, like so many cultures, that both were created at the same time, and for similar purposes: one to light the day, one to light the night. Many religions through the ages thought the same thing. People also came to assume the Moon was given to us as a timepiece. Plato even asserted that the succession of days and nights, lit by the Sun and Moon, taught us how to count—­and how to think.


Over time, the notion that the Moon was purposefully and wonderfully made morphed into a scientific theory. Philosophers and scientists reasoned that the Moon was made along with Earth, forged from the same primordial matter that makes up the Sun and other planets. The Moon must have formed at the same time and in the same place as Earth, and stayed here owing to Earth and the Moon’s mutual attraction. Scientists promoted some version of this until the turn of the twentieth century C.E., when a pioneering astronomer named George Howard Darwin came up with an alternative explanation.


George—­son of the famous biologist Charles and his wife, Emma—­began his theory by thinking about the tide. His dad had written that the Moon’s control of the tides may have been responsible for the origin of life, bubbling up in “some warm tidal pool.” But George wondered whether the tide had anything to do with the existence of the Moon itself. Thanks to the work of earlier scientists, he knew that Earth’s rotation is slowing down, ever so slightly, through tidal interactions with the Moon. The slowdown of Earth’s daily spin means Earth is losing angular momentum.2 Angular momentum is always conserved, meaning it can only be gained or lost if something else gets involved. George Darwin understood that this conservation of angular momentum means that, as Earth slows, the Moon is moving away. If it’s receding all the time, then it would have been a lot closer in past epochs.


Darwin ran some calculations and found that in the not too distant past, Earth and its Moon would have been practically touching, and Earth’s day would have been four hours long. Somehow, the Moon was being flung away. In 1899, he proposed a tale of fission formation: The Moon calved like a glacier, breaking off from Earth into something apart. He reckoned the Moon was probably shorn from somewhere in the Pacific Ocean, which is why that ocean is so deep.3


This is not what happened, but George deserves credit for coming up with the basic outline of an idea now found to be true: The Moon was not formed separately, nor was it baked alongside Earth in some strange process of twin genesis. The Moon came from Earth and shares its history.


The factual basis for George Darwin’s story comes from the Apollo missions. It comes from a few pebbles Neil Armstrong grabbed in his first moments on the Moon. It comes from later, more famous Apollo rocks. And it is still being unraveled through especially beautiful, oddly alien rocks, like the pearlescent, green-­freckled specimen designated troctolite 76535.


Many Moon rocks are white and gray chunks of something called anorthosite, a strange and low-­density type of material that forms when minerals crystallize within molten rock. They are among the first samples Neil Armstrong gathered, and because they were so unusual, Apollo missions kept going back for more. These glittering Moon bits are special in part because they are so pure. Their refinement, especially compared to average Earth rocks, surprised geologists in the 1970s. A typical rock on Earth comes in one of three flavors: igneous, which forms when molten rock cools; sedimentary, which is deposited by water and wind over eons; and metamorphic, which is the other two rocks transformed in the crucible of the ages. All of these rocks can contain multitudes of minerals. But Moon anorthosite does not. It’s made almost entirely of a mineral called feldspar.


As rocks go, this stuff is a dime a dozen, both figuratively and literally. Feldspar is so common on Earth that it is frequently used in kitchen cleaning powder because it is crumbly and low density. On the Moon, these properties make it special. The anorthosite rocks coat the surface of the Moon because they floated there. They bobbed in a sea of melted Moon like an iceberg in Earth’s oceans. Heavier stuff sank within the oozing magma and formed the Moon’s core, while the anorthosite crystals floated to the top, forming a thin crust like the skin on a day-­old pudding cup. As the freshly baked Moon cooled, the rocks were locked in place, only to be liberated later during asteroid strikes.


In order for this material to separate from the rest of the Moon, for anorthosite to make a white, Moon-­ish pure crust, it needed an ocean to float in. It needed an entire Moon’s worth of rock ocean. And a magma ocean spanning the entire Moon could only form through some incomprehensible violence: like a meeting with Theia.


THE STORY OF Theia is unique in the solar system, so far as we can tell. It begins 4.35 billion years ago, give or take a couple hundred million Earth years. And it doesn’t begin with Earth, not ­really. It begins with Earth 1.0.


If you were able to visit this alien world, you would recognize nothing. Earth 1.0 spun like a dervish, rotating through one day and night every few hours. The infant planet’s steaming rock was constantly buffeted by high winds. There was land, sort of, and maybe some water. The night sky would look different, with constellations in slightly altered arrangements, but you would notice the Milky Way stretching overhead, and Jupiter shining in the southern sky. And you would see a glittering orb above: A few days before the collision, Theia would have been the same size in primordial Earth’s sky as the Moon is in ours.


The collision was inevitable, fixed by fate and gravity. Earth 1.0 orbited the Sun from a distance of about ninety-­three million miles, roughly the neighborhood where it is now. Theia was close to the Sun, too, right in the so-­called Goldilocks zone, where conditions are not too hot, not too cold, but just right for water to remain liquid. But this neighborhood was not wide enough for two rocky worlds.


Objects that formed around the infant Sun were zipping about much faster back then. As the moment of impact approached, Theia sped ­toward Earth 1.0 somewhere between the ludicrous speeds of 20,000 miles per hour and 8,900 miles per hour. At the slow end, that is about four times faster than a bullet fired from a .30-­caliber hunting rifle. This analogy is imperfect for an entire planet, but a discussion of speed is at best an academic way to convey the scale of the calamity.


IF YOU CAN see outside right now, you can try to picture what would have happened when the world ended. Look around. Is there a skyscraper in your line of sight, or a neighbor’s house, maybe a tree? Find the sky. Is it blue? Maybe you see a jet contrail, or even an airplane streaking by, its tail shining in the sun. Now imagine: Here comes Theia. First the airplane vanishes, then the contrail. The tree and the buildings burst into flames as an angry red mountain—­no, an upside-­down world—­descends, closing off the heavens from east to west. The Sun still shines, so you can see fine detail in the upside-­down world as it approaches. There are rivulets of lava and craggy peaks shadowing deep valleys.


Then the entire horizon dims to a livid red glow as Earth 1.0 begins to moan and tremble, shockwaves rattling through its crust and deep into its mantle. Theia’s gravity pulls on Earth 1.0 and Earth 1.0’s gravity pulls on Theia until the sky closes off for good, as the crust of each planet meets the other. Devastating seismic waves ripple down through the mantle of Earth 1.0 and Theia, and both planets splatter apart.


TWO YEARS AFTER the final Apollo missions, selenographers held a conference and finally published a comprehensive theory for this story. A Harvard professor named Reginald Daly had proposed a giant-­impact theory in 1946,4 but the idea didn’t gain much traction until Apollo astronauts hauled down all that anorthosite to show that the Moon was, indeed, once liquid magma.


The Caltech planetologist Dave Stevenson was an undergraduate at Cornell University during the conference, in 1974, and the idea stuck in his mind. A decade later, he attended the Conference on the Origin of the Moon in Kona, Hawaii, and by then he and the majority of selenographers thought they had solved the mystery of the Moon’s origins.


“Without colluding, many of us arrived at this meeting saying, ‘Hey, this is the right story: a giant impact.’ From a physics standpoint, it looked attractive. It’s a trivial calculation,” Stevenson told me. Two worlds smashed, utterly ruined each other, and their remnants eventually calmed and cooled into the two new worlds we have now. It made a lot of sense. But rocks are not simple things. The story of Theia and Earth 1.0 is complicated. Even as they built the theory, some geochemists were unsatisfied. From the earliest days of the giant-­impact hypothesis, the story of the rocks and the narrative brought to life by physics have not quite matched.


IN THE BEGINNING, when all was chaos, rocky worlds were forming and colliding and vaporizing one another continually.


The basic outlines of this primeval pandemonium come down to us from the great German philosopher Immanuel Kant. In Kant’s metaphysics, reason is the source of morality, and in his astrophysics, chaos is the source of creation. In 1754, the Royal Academy of Sciences at Berlin awarded him a prize for a treatise called Examination of the Question Whether the Earth Has Undergone an Alteration of Its Axial Rotation, in which he wondered whether any outside forces had ever acted upon the spinning Earth. He considered the tides, and argued that the movement of water would act to slow down Earth’s rotation. Eventually, Kant reasoned, Earth’s rotation would slow down so much that its spin would match the rate at which the Moon goes around it. This would result in Earth always showing the same face to the Moon—­just as the Moon always shows the same face to us. He was right, though the mathematics underlying this idea would not be explained until George Darwin. A year after his Moon essay, Kant advanced a new theory of how not just the Moon but the entire solar system came to be, in his treatise titled Uni­versal Natural History and Theory of the Heavens, or an Essay on the Constitution and Mechanical Origin of the Whole Universe, Treated According to Newton’s Principles. The philosopher wrote at roughly the same time as Pierre-­Simon Laplace in France and William Herschel in En­gland, and all three posed slightly different variations on the same theme. But Kant’s version of our collective origin story is the closest to the truth.


He argued that the primitive chaos divided itself into isolated masses—­like fresh and salty water, like Apsu and Tiamat. He imagined a great number of particles swimming around a center of gravity. “This body at the middle point . . . is the sun, although at this time it does not yet immediately have that flaming glow, which breaks out on its surface when its development is fully complete,” he wrote.5


KANT’S “NEBULAR HYPOTHESIS” is basically correct: The Sun and planets arose from a chaotic swirl of dust and gas that slowly collapsed and grew through the forces of gravity.


Since Apollo, scientists have advanced a few versions of this story’s particulars. Today, many scientists think the solar system arose from a sort of cosmic curdling in a process called the streaming instability. Gas and dust drifted around the Sun like snow around a tree, concentrating in certain areas—­controlled by things like pressure and temperature—­and then collapsed and condensed into small, compact objects. These dust bunnies eventually grew into protoplanets a few kilometers across, which amassed more material over time. Some scientists now think that after the first dust bunnies formed, they quickly accumulated more pebbles and dust that swirled around them and very rapidly mushroomed into the planets we now know.


This was a violent time. The dust bunnies and other planetary crumbs collided, melted, recombined, and gradually formed larger balls. Eventually these grew big enough to clear their neighborhoods, meaning they consumed all nearby crumbs, or their gravity swept the crumbs far away, ­toward the eventual realm of asteroids and comets. As the infant planets got bigger, their insides heated up, which allowed the metals in their rocks to flow and differentiate into lighter and heavier elements.


Some of these infant worlds stopped growing after a short while, and became the rocky planets Earth, Mars, Mercury, and Venus. Others continued hoovering material until they metamorphosed into the humongous gas giants Jupiter, Saturn, Uranus, and Neptune. Larger crumb piles orbiting those planets grew into the gas giants’ suites of moons.


A great cosmic sorting thus took place. The material that made the planets drifted and settled according to its location around the Sun. This location is reflected in the planets’ chemistry.


Everything in the visible universe is made from atoms, which contain a nucleus of neutrons and protons and an outer shell of electrons. But atoms of the same element can come in different sizes. Sometimes an atom can tack on a spare neutron, making it heavier, in a manner of speaking. It is still the same element, because it has the same number of protons, but it has a greater mass. An atom with a spare or a scant neutron is called an isotope. Scientists can count the number of isotope variants in an object and find out about its nature based on those numbers. An object with a higher proportion of heavy atoms is more radioactive. For the people who study chemical properties, an object’s ratio of heavy to light isotopes can reveal information about its nature, and even how it was formed. In planetary science, an isotope is a bit like a person’s accent, giving away its origins.


Closer to the Sun, where it’s warmer, the molecules of lighter elements were more likely to heat up and escape during the formation of the solar system. Farther away, where things are colder, rocks were able to keep more of their water and other lighter substances. This simple chemistry partially explains why the planets are all so different. Mars is so chemically distinct from Earth that you can identify Martian meteorites just by looking at their oxygen isotopes, for example.


When Apollo astronauts brought the Moon rocks home, we discovered that the Moon was also different from Earth. Those pure white anorthosite crystals were distinct, for one thing. And Moon rocks seemed to have different numbers of oxygen, titanium, and other elements’ isotopes. Based on these chemical accents, scientists who favored the giant-­impact theory believed the Moon was made from the remains of the impactor. It was Theia reborn.


It was a nice theory. According to these scientists, the Moon came from the poor obliterated world that collided with Earth 1.0 early in the solar system’s history. The name Theia, mother of the Moon, was a ­perfect fit. The notion came to be called the giant-­impact hypothesis. It explains many peculiarities of the Earth-­Moon system, from its angular momentum to the sizes of the two worlds.


But modern scientific techniques would begin to cast doubt on the story’s simple outlines.


In 2001, Swiss researchers remeasured the Moon rock called troctolite 76535 and thirty other lunar samples using sophisticated equipment that sifts through isotopes.6 They found that the rocks’ oxygen isotopes were indistinguishable from those of Earth rocks. In the years since, geochemists around the world have taken a crack at a whole host of other elements and obscure metals. Titanium, chromium, rubidium, potassium, tungsten, and other materials all look pretty much the same, whether the rocks are from Earth or the Moon. When scientists measure these elements, they usually look for isotopes that have extra neutrons, the ones that are slightly radioactive. These isotopes can be used as a clock. This is the principle behind radiocarbon dating, which archaeologists commonly use to find out how old something was when it died.* 


During reexamination of Apollo samples, isotopes of tungsten looked particularly strange. Tungsten-­182 is a daughter† of an element called hafnium-­182. That means tungsten-­182 acts like a clock, just like carbon-­14, albeit for much, much older things; this clock allows scientists to determine when a planet formed. But the ratios of tungsten and hafnium are essentially the same in Moon rocks and Earth rocks. Very unlikely coincidences would be required for the rocks that make up our planet and our Moon to have formed from the very same stuff at the very same time.


From the point of view of Theia, this does not make much sense. If Mars is so obviously different from Earth, if it has a distinct chemical accent, then Theia should, too. Planets contain the fingerprints of their birthplace, and Theia was born far from Earth. A Theia with an accent identical to Earth’s would be a monumental coincidence. But Theia is a ghost, so we cannot interrogate its rocks.
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