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Introduction





  Only about 9 percent of Americans have ever taken an earth science class. This number is particularly jarring considering that 100 percent of Americans live on earth. The fact that so few people ever learn about how the earth works might explain why so much of geology has become controversial. There used to be a rule of thumb that the three topics never to be mentioned in polite conversation were sex, religion, and politics. It might now be time to add geology to that list because it has somehow become a fraught and volatile topic. Hardly anyone argues with their family about atomic theory or general relativity. It’s easy, however, to start a fight at many Thanksgiving tables by bringing up climate change, evolution, the age of the earth, and even whether or not the earth is round.




  Each chapter in this book is based on a single geologic controversy (such as “the earth is round”) and does two things: explains why geologists are so sure about the right answer to that controversy and analyzes the arguments being used by those still unwilling to accept geologic expertise. As it turns out, geologists have learned quite a bit about our planet over the years.




  One of the first things scientists needed to realize about the earth before there could even be a science of geology is that it is innately understandable. Geologists can ask questions about it and develop reasonable answers to those questions. Through those inquiries, they have learned that there are things about the planet that have not changed for billions of years. Those constants are the topic of the first half of this book. They include basics such as the earth being round; revolving around the sun; and being solid, old, and a product of history. That is to say, one of the constant things about the earth is that it is constantly changing.




  Aspects of the earth that change over time are addressed in the second half of the book. Understanding our changing past requires different methods than demonstrating the constant aspects of the planet, so the second half of the book begins with a description of how geological methods and philosophies have changed over time. From there, it explores how the earth itself has changed, including the evolution of life, moving of continents, and changing of climate patterns. The one thing that has changed most, at least over the past several centuries, is our understanding of the earth as a whole.




  Many of the discoveries that have improved our understanding of the earth have been met with resistance. Sometimes that resistance has come from genuine skeptics, which is a good thing for science. Skepticism can be a check that a new theory explains our observations better than a previous theory. Only after a new theory has passed that skeptical test should it be accepted as our best explanation of a phenomenon.




  Sometimes resistance to a theory comes about because people are honestly mistaken about some aspect of science. It may be that they are misunderstanding something about the theory itself, or that the theory contradicts something else that they sincerely believe. This resistance that comes from confusion, like resistance that comes from skepticism, can be helpful to science. Science is a collaborative endeavor, and therefore requires clear lines of communication. When scientists encounter honest confusion about what their theories mean, it helps them retool their communication. Unfortunately, not all confusion about scientific theories arises honestly. Sometimes confusion has help.




  Sometimes resistance to an idea comes from bad actors looking to sow doubt, not based on the content of a theory, but in pursuit of their own agendas. When a new discovery threatens power structures or income streams, resistance to that theory is inevitable. Consider the link between tobacco use and lung cancer as an example. The link was first discovered in the 1940s, and was well-publicized by the 1950s, but was still a minority opinion among healthcare professionals in the 1960s and is still considered controversial by some people today.1 This pattern of confusion was not due to uncompelling data or the complexity of the idea. It was intentionally fostered by the tobacco industry.2 Bad actors aren’t always trying to preserve entrenched power. Sometimes they see resistance to a discovery as an opportunity to build a following, or just to bilk the gullible.




  * * *




  This is a book about the earth, but it is not meant to be a comprehensive geology textbook. The topics in this book were chosen specifically because people have argued about them in the past, and in many cases, still argue about them today. So, this is also a book about arguments and how to evaluate their merit.




  Strictly speaking, there are two things needed to make a good argument. The first is valid premises. The statements that form the foundation of an argument must be verifiable facts. Geology, and science in general, has several tools at its disposal to ensure that its theories are built on a foundation of solid facts. These include direct observation, precise description, and an ever-increasing arsenal of scientific instruments. Geologists have observed and described the earth at every scale from the microscopic examination of mineral crystals to satellite images of entire continents.




  The second requirement for a good argument is sound logic. The conclusions should be the natural consequences of the premises. This is harder than it sounds. In fact, Aristotle, who was one of the first people to concern themselves with the rules for good arguments,3 was also one of the first to enumerate the traps that people can fall into when trying to make a good argument.4 These rhetorical missteps have come to be known collectively as “logical fallacies,” and while Aristotle enumerated a few of them, today logicians and philosophers recognize hundreds.5 This book will use the history of geology to illustrate several of these fallacies.




  Engaging in legitimate scientific debate requires one more thing beyond a good argument based on facts and sound reasoning. It requires arguing in good faith. This is not about the content or structure of the argument, but about being an honest discussant. Don’t knowingly say things that aren’t true. This may seem obvious, but depending on the agenda of the person making the argument, sometimes truthfulness is treated as more of a guideline than a hard and fast rule. In some cases, people make bad-faith arguments just so they can say that an argument exists—that not everyone agrees on the right answer to a question or the right solution to a problem. If a person’s only goal is to sow uncertainty, then they don’t need to go to the trouble of making a good argument. They just need to make an argument.




  Another part of debating in good faith is to acknowledge when the other person in the discussion has made a legitimate point. An honest discussant can change their mind. They don’t stick to a position in spite of the facts. They revise their position in light of the facts. Scientific theories about the earth have changed considerably over the centuries. That’s not due to capriciousness or whimsy. It’s because geologists have gained new knowledge and made new observations.




  Geology is, first and foremost, a human endeavor. As such, its ideals and best practices have always had to coexist with human nature. The basic rules of scientific debate are simple: Be truthful; pay attention to data; reason well; be persuadable. Follow these rules, and honest discourse should lead to learning. Unfortunately, not everyone can stick to this path. People of good will can stray from it due to pride, a sense of tradition, honest confusion, or misplaced confidence. Bad actors can break these rules willingly in pursuit of their own power, gain, or social agenda. This is a book about the history of geological arguments, the logic behind those arguments, and the consequences of those arguments for our understanding of the earth.
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  CONSTANTS


  











  CHAPTER 1




  The Earth Is Knowable




  By some reckonings, science started on a Wednesday—more precisely, Wednesday, May 28, 585 BCE. According to ancient sources, that was the first time any human being ever successfully predicted a solar eclipse.




  The eclipse in question was well-documented after the fact. The historian Herodotus included it in his account of a battle between the Medes and the Lydians, two ancient factions who lived in what is today Turkey and Iran.1 Herodotus described how the darkening of the sky caused both armies to throw down their weapons in terror and end not just the battle but their long war. The fortuitous coincidence of an eclipse ending a battle makes this skirmish between the Medes and the Lydians the oldest event in the historical record that we can date precisely to the day.2




  Modern astronomers, with their understanding of the relative motions of the sun, earth, and moon, can predict eclipses centuries in advance. They can also work backward to determine the precise time and place of past eclipses—which is how we can date that ancient battle so precisely. But they can make these impressive predictions and reconstructions only because of how they believe the universe works. And that belief became possible on Wednesday, May 28, 585 BCE.




  The man who predicted the eclipse was Thales, a philosopher, mathematician, and astronomer from the Turkish island of Miletus who was born somewhere around 624 BCE.3 What’s remarkable about Thales’s prediction isn’t the calculation itself. Based on the precision of the data available to him, Thales could easily have been off by weeks; the fact that he predicted the eclipse to the day was undoubtedly a bit lucky. What is remarkable about Thales’s prediction is that he made it at all.




  In Thales’s day, everyone knew what caused an eclipse—angry gods. This wasn’t a uniquely Greek opinion. Pretty much anywhere in the world at the time, if there was an eclipse, everybody knew that some god, hero, demon, or other mythic figure was involved. In Thales’s Greece, it was Apollo. The details varied from place to place, but the root cause of an eclipse was the same worldwide: someone, somewhere in the universe, was displeased. Of course, it wasn’t just eclipses that let us know that the gods were angry. Earthquakes were the fury of Poseidon. Anger Hephaestus and he might make a volcano erupt. The wrath of Zeus was meted out in thunderbolts. All of nature was a manifestation of the gods’ moods, and the gods were very moody.




  If that’s how you believe that nature works, then making any kind of predictions about natural phenomena is impossible. Any natural disaster could occur at any time, because someone out there could be annoying any god at any time. Prediction requires something that mythic explanations for nature prohibit: the underlying causes of natural phenomena to be constant. In simpler terms, it requires believing that the same cause will always lead to the same effect.




  It’s important to note that Thales had no idea why or how eclipses happened. The idea that they involved the shadow of the moon wouldn’t be proposed until almost one hundred years after Thales died. What Thales realized was that eclipses happened with a regular frequency that could be extrapolated forward.4 If you were to ask him how they occurred, his best answer would probably just be “predictably.” It was a radical idea at the time.




  Thales’s original writings have been lost to history. His accomplishments are preserved for us today through the writings of other philosophers and historians, including Herodotus, Heraclitus, and Democritus. All of them write about his prediction in awe. In the centuries since his death, philosophers from Aristotle to Isaac Asimov have described Thales as the first scientist.5 They did so because until you move your explanations from the mythical to the logical—from the capricious to the predictable—you can’t do science.




  Every modern principle of science is based on Thales’s assumption that nature is predictable and regular. That is to say, all of science assumes constant natural law. The alternative is a universe of chaos. Even the most basic experiments could only provide provisional results. Does lead float? Not the last time I checked, but nobody knows what the gods may ordain tomorrow.




  Once you believe that constant natural laws exist, you can set out to determine what those laws might be. In other words, you can do science. But there are some limits to what prediction and testing can accomplish. Let go of a tennis ball and it will fall toward the ground. That’s a testable prediction. You can perform the experiment and see what happens. You can even perform variations on the experiment. You can let go of a tennis ball in your kitchen, or outside, or at night, or next Thursday, or from the top of a ladder to see what happens. But you can’t decide today to let go of the tennis ball last week. The past has happened and can no longer be observed, influenced, or experimented on.




  One of the most common misconceptions about geology is that it studies the past. But again, studying the past is impossible. You can’t perform experiments in the past. You can’t observe the past. Our belief that geologists study the past is reflected in the way we describe what they do. We say that geology studies how mountains formed, how the continents moved, or how rivers shaped the landscape. But those processes are still ongoing. Mount Everest is taller today than it was even yesterday. Every eruption of a volcano in Iceland pushes North America a little farther from Europe. The same Colorado River that carved the Grand Canyon over millions of years is still flowing through the canyon, and still eroding away the surrounding rock. The earth is not a completed project. It’s a work in progress. Geology studies the present to reconstruct and understand the past.




  All sciences are rooted in the axiom that constant rules of nature exist and are discoverable. Geology, however, puts that axiom front and center in its pursuits and gives it a unique name. The Principle of Uniformity or Uniformitarianism states explicitly that the laws of nature operate today in the same way that they have operated in the past.6 Geologists need this axiom because the past is gone. To understand what happened in the past, we need to be able to assume that the present is a result of past events and that those past events were not different or unique just because they are past. They are the result of the same processes going on outside our window today.




  Thales showed us that our world is a knowable place; but for many people, it is an unknown place. Most Americans have never learned any geology. Many high schools don’t offer it. Those that do often call it an elective. Even if you just focus on college-bound high school graduates, fewer than half of them have had any kind of class about how the earth works.7 That’s a shame, not just because the earth is our shared home, but because it is kind of an amazing place.




  What’s even more of a shame is that there are people who want to exploit our ignorance of geology. The world is home to a broad range of geological doubters and naysayers. They go by many different names—flat-earthers, young-earthers, creationists, climate change deniers, and so forth. They have a range of agendas. Some of them have a financial interest in what they’re selling. Some are religiously motivated. Some just like being iconoclastic or difficult. But they all have one fundamental thing in common: they cheat.




  If you want to win an argument about what the world is like, there are two fundamental strategies you can use. One option is to have the facts on your side. The world is, after all, an observable place. No amount of rhetoric or nuance is going to change the fact that the earth is round. Or that the earth is old. Or that the earth is not the center of the universe. Since you can’t really argue against facts, the alternative is to argue against the existence of facts. This is why you will so often hear the facts of geology dismissed as “just a theory.”




  Unfortunately, many of the words that scientists use to differentiate their assumptions, observations, and explanations are used differently in science than they are outside of science. As such, it can often be confusing when scientists try to communicate outside their own circle. Worse still, those words can be abused by hucksters and bad actors to undermine science or even the basic premise that the earth is knowable. It is therefore worth defining a few terms.




  When scientists use the word fact, they are talking about an observation. Lead does not float. That is a fact because it is observable. Measurements are considered a type of observation and are therefore also facts. As of this writing, the seven years from 2014 to 2020 were the hottest years ever measured. We can argue about what to do about that fact, or what caused that fact, but the fact itself won’t change. And that’s the thing about facts. They rarely change.




  What do change from time to time are our explanations for the facts. We call these explanations theories. This is where things begin to get confusing. To most people, the word theory implies uncertainty or guesswork. Calling something a theory makes it seem like less than a fact. Instead, theories help us understand the facts.




  Occasionally, a theory will need revision because scientists have discovered new facts, but how we explain the facts does not change the facts themselves. In the 1980s, geologists discovered evidence that a large extraterrestrial object had struck the earth at about the same time that the dinosaurs went extinct.8 This caused us to radically rethink our theories about what caused the extinction. It was a period of lively and intense debate over our theories, and yet, sadly, through it all, the underlying fact that dinosaurs are dead did not change.




  If a theory sounds tentative and uncertain, then a scientific law has just the opposite connotation. Laws are the pronouncements of lawmakers, after all, and will be enforced with rigid penalties if they are violated. But that’s not how scientists use the word law. A law in science is a way of organizing our observations and predicting the things we haven’t yet observed. Generally speaking, laws take the form of equations.




  It is possible, then, for a single phenomenon to exist as a fact, a theory, and a law all at once. Let go of a tennis ball and it will fall toward the ground. That is the fact of gravity. Let go of a tennis ball and it will fall toward the ground because objects that are free to move will be moved toward each other by an instantaneous force. That is Newton’s particular theory of gravity. Let go of a tennis ball and it will move toward the earth at a predictable rate determined by its mass, the earth’s mass, and the distance between them. That is Newton’s Law of Universal Gravitational Attraction.




  Finally, there are axioms. These are the assumptions that we need to make if we are even going to try to understand our universe. There are remarkably few of these, and Thales gave science its first: the laws exist, and they are knowable. It is the axioms that define the boundaries of a discipline.




  When you hear someone say that evolution, climate change, or even gravity is “just a theory,” they are taking advantage of the fact that the word theory has a slightly different meaning outside of science. Referring to Darwinism as “evolutionary theory” does not put it on equal footing with eccentric theories, such as the UFO conspiracy theory or reptiloid theory. To imply otherwise is to commit a type of rhetorical fraud called “persuasive definition,” a logical fallacy in which the person making an argument establishes the definition of some key term in a way that biases the discussion in their favor.9 If science is going to refer to its explanations as theories, and I can convince you that the definition of theory implies uncertainty, then convincing you that science is uncertain should be easy. Even if it isn’t true.




  Geologists have used the axiom that nature’s laws stay constant to develop theories that can explain the facts of nature. Along the way, they have discovered that it is not just nature’s laws that have remained constant. Quite a bit else about our planet has stayed constant over its long history, including its shape, its size, its relative position in the universe, and its overall composition. The next several chapters are dedicated to those discoveries.











   CHAPTER 2




  The Earth Is Round




  Nobody really knows who first discovered that the earth is round. The shape of the earth is really less of a discovery and more of an observation. Almost anyone on a high enough mountain, or far enough out to sea, can’t help but notice it. Trying to ascribe credit for the discovery would be like trying to decide who discovered the moon. It was there for anyone to see if they would just look. And yet, in 2018, two hundred people attended the International Flat Earth Convention in Alberta.1 That same year, a YouGov survey of ten thousand Americans found that 7 percent either believed the earth to be flat or had doubts about its sphericity.2 Calling these notions antiquated is insulting to antiquity. Nobody back then actually believed in a flat earth.




  The idea that ancient people believed in a flat earth is, ironically, relatively modern. It originated in the 1820s as nothing more than a bit of artistic license in a biography of Christopher Columbus.3 By the middle of the nineteenth century, however, some people in England were at least pretending to have serious doubts about the shape of the earth. These doubts were almost certainly insincere and inspired more by hopes for financial gain than for legitimate scientific discourse. The fact that flat-earth theory persists at all in an era of space travel and GPS is a testament to the power of a bad-faith argument.




  Obviously Round, But How Big?




  Some of the oldest surviving scientific writings start from the premise that the earth is round and quickly move on to estimating its size. Eratosthenes was a poet and mathematician born in Cyrene, in what is now Libya, in about 276 BCE.4 Eratosthenes was a prolific writer on a wide range of subjects. Today he is best remembered for his measurements of the earth’s circumference, but in his own time, he was considered a somewhat average scholar. His contemporaries nicknamed him “Pentathlos,” a word used to refer to an athlete who regularly comes in second.5




  Despite having a modest reputation, and apparently some mean friends, Eratosthenes made a name for himself throughout the Mediterranean. He became the personal tutor to the son of Pharaoh Ptolemy III Euergetes. By the time he was thirty, Eratosthenes was made a librarian at the Library at Alexandria.6




  The Library at Alexandria was possibly the greatest single repository of information in world history until the creation of the internet. Alexandria was a major trading hub in the eastern Mediterranean, and all ships coming to harbor there were searched for scrolls. Any written material that entered Alexandria was confiscated and copied. The copies were returned to the owner. The originals went to the library.




  Even before his installation as a librarian, Eratosthenes was fascinated by astronomy and geography. After his installation, he had the resources of information necessary to make great discoveries in those fields. Eratosthenes was among the first to suggest that a year had 365 days in it. He even suggested that every fourth year should be a bit longer.7 Perhaps Eratosthenes’s most noteworthy work at Alexandria was his calculation of the earth’s circumference, which began with a simple observation.




  Eratosthenes claimed to notice that when he visited the city of Syene (now Aswan in Egypt) on the summer solstice, there were no shadows on the walls of the wells at midday. Strictly speaking, this isn’t completely accurate. Syene is slightly outside of the tropics, so there would always be a little bit of shadow. Nevertheless, Eratosthenes reasoned that the sun must therefore be directly overhead on that day so that sunbeams would go straight down the well. Furthermore, Eratosthenes noted that in Alexandria, there was never a day when the wells cast no shadows. He realized that this difference in shadows came about because of sunlight hitting the earth at different angles at different latitudes.8




  Even in Eratosthenes’s day, people knew that the sun is very large and very far away. To give you a sense of just how large the sun is, imagine that you were trying to build a model of the solar system using a basketball as the earth. A standard basketball is a little less than ten inches in diameter. At that scale, the sun would be a little more than ninety feet in diameter. In other words, if the earth were about the size of a basketball, the sun would be about the size of a basketball court. Perhaps more astoundingly, if the earth were the size of a basketball, and the sun were the size of a basketball court, the distance between them would be just a little shy of two miles.




  Since the sun is so large, and so far away, beams of sunlight are essentially parallel to one another when they strike the surface of the earth. The assumption that sunbeams are parallel to one another is very important. Because if sunbeams are all parallel to one another, then shadows should be as well. Objects with identical heights, sitting on the same flat surface, should have sunbeams hitting them at the exact same angles, and should therefore cast identical shadows. If they don’t cast identical shadows, then one of your assumptions is wrong. With his well observations, Eratosthenes could see the consequences of the earth’s roundness. Since shadows weren’t constant across the surface of the earth, then the angle between the earth’s surface and the sun wasn’t constant. (See figure 2.1.) Eratosthenes had discovered a physical consequence of the earth’s roundness. He realized that if he could measure how different shadows were from place to place, he could measure how round the earth was. His method was remarkably simple. The only instrument he really needed to measure the entire circumference of the earth was a stick. By measuring the length of a stick’s shadow when it was held perpendicular to the ground in Alexandria and Syene on the summer solstice, he could measure the difference in the angle between the surface of the earth and the surface of the sun. Since the sun’s rays are parallel to one another, any difference in angle between the sun’s surface and the earth’s surface must be due to the curvature of the earth. Eratosthenes measured that difference in angle as 7.2 degrees.9
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 Figure 2.1. If the surface of the earth were flat and sunbeams struck the surface of the earth parallel to one another, then identical objects would have identical shadows.




  As a librarian at Alexandria, Eratosthenes had access to all geographic surveys of Egypt and was, therefore, able to establish the precise north-south distance between Syene and Alexandria. According to the surveys, that distance was approximately five thousand stadia. Historians argue a bit over exactly how long a stadion (singular of stadia) was. Several different ancient sources use the term, and unfortunately, they each seem to be describing a slightly different length. If Eratosthenes was using a standard Greek stadion, then a stadion is about 0.115 miles. If he was using Egyptian measurements, it would have been closer to 0.095 miles.10 Other sources claim that a stadion is simply one-tenth of a mile.11 For simplicity’s sake, since they are all relatively close to one another, and since we can’t be sure, we can just average all of these values and say that a stadion is roughly one-tenth of a mile.




  Since those five thousand stadia are 7.2 degrees apart, and since 7.2 degrees is one-fiftieth of the way around a circle, Eratosthenes calculated the earth’s circumference to be 250,000 stadia, or 25,000 miles. For comparison’s sake, the currently accepted value is 24,901 miles.12 Using little more than a stick and some library research, Eratosthenes attempted to measure the circumference of the entire globe more than two thousand years ago and was astonishingly close to modern estimates. He was only off by about the size of Belgium.




  Eratosthenes was not the only ancient Greek who attempted to measure the earth. Posidonius of Apameia was a Greek philosopher born around 135 BCE, about sixty years after Eratosthenes died, in what is today Syria. Posidonius spent his early years traveling extensively throughout the Mediterranean world, as far north as modern France, and as far south as modern Egypt, before eventually settling down to teach in Rhodes. His travels helped him to make observations about how aspects of nature that seem constant if you stay in one location can vary significantly from place to place.13




  Posidonius’s studies of nature kept coming back to astronomy. His study of tidal variations between Greece and Spain led him to realize that tides are determined by the moon, which in turn got him wondering about the distances between the sun, moon, and earth.14 Posidonius could use geometry to determine the relative distance between the earth and the sun, but to get an absolute distance, he would need to know the size of the earth itself. Posidonius used a completely different method from Eratosthenes to solve this problem. Eratosthenes had looked down at shadows in a well. Posidonius looked up to the stars.




  Alpha Carinae (or as it was known in ancient Greece, Canopus) is the brightest star in the southern constellation Argo and one of the brightest stars in the sky overall. Posidonius noticed that when he was at home in Rhodes, Canopus only ever appeared at the horizon. But when he was further south in Alexandria, it appeared higher up in the sky. This difference, he realized, is due to the roundness of the earth.15




  Strictly speaking, just the existence of different constellations in the northern and southern hemispheres is a challenging observation if you believe in a flat earth. Consider for a moment the constellation Crux, also known as the Southern Cross, a constellation that can be seen from anywhere in the southern hemisphere, but that most people in the northern hemisphere have never seen. Figure 2.2 shows how this works.
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 Figure 2.2. The constellation Crux (or the Southern Cross) is located in a part of the sky that is not visible from the northern hemisphere because it is blocked by the curvature of the earth.




  Since Crux is in the southern sky, the earth’s curvature blocks it from visibility for most people in the northern hemisphere. However, people in the southern hemisphere can see it just fine. In a flat earth model, the phenomenon of different constellations in different hemispheres is trickier to explain. If a constellation is in the sky above one point on a disc-shaped world, it should be visible from every point on the disc. But Posidonius wasn’t trying to prove the shape of the earth. That would have been considered old knowledge even back in his BCE days. Posidonius realized that he could use the position of Canopus in the sky to measure the size of the earth. (See figure 2.3.)




  When viewed from Rhodes, Canopus sits right at the horizon. When viewed from Alexandria, Canopus sits above the horizon. Posidonius’s realization was that geometrically, the difference in angle between the two horizon lines was equal to the angle between the two cities relative to the center of the earth.16 Since Canopus sat right on the horizon at Rhodes, but 7.5 degrees above the horizon at Alexandria, Alexandria and Rhodes were located approximately 7.5 degrees away from one another relative to the 360 degrees of the circle of the earth—or approximately 1/48th of the way around.17 (See figure 2.4.)
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Figure 2.3. If the earth were a flat disc, then every point on its surface should have a line of sight to any constellation in the sky. We would not have different constellations in the northern versus southern hemispheres.




  Posidonius believed that Rhodes was five thousand stadia from Alexandria—exactly as far from Alexandria as Syene was—just in the opposite direction. Posidonius multiplied that five-hundred-mile distance by forty-eight and determined that the circumference of the earth is about twenty-four thousand miles. As a reminder, Eratosthenes said twenty-five thousand miles. Modern science says 24,901 miles.




    More than two thousand years ago, two geographers working separately and using completely different methods each measured the size of the earth. Posidonius came within 4 percent of the currently accepted circumference. Eratosthenes was off by less than 1%. But neither of them questioned for even a moment that the earth is round. They were only trying to figure out how round. We have known that the earth is round for millennia.




  A Modern Confirmation of Posidonius




  The technical term for measurement of the earth’s shape is geodesy, and it is still an active field of study today. The rough shape of the earth is no longer in doubt, but the fine-scale details are constantly being refined using a very ordinary technology. The sensors that geodesists use employ the exact same global positioning system or GPS that exists in your phone, car, or keychain. GPS works not by measuring actual shape, or even distance, but by measuring time.
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 Figure 2.4. The star Canopus sits directly on the horizon line when viewed from Rhodes, but above the horizon when viewed from Alexandria. Posidonius realized that the angle those two horizon lines made relative to the surface of the earth was the same as the angle between Rhodes and Alexandria relative to the center of the earth.




  Compared to other things that we measure, we can measure the passage of time with remarkable precision. In 1967, the International Bureau of Weights and Measures officially defined a second. One second is the amount of time that it takes for an atom of cesium to vibrate 9,192,631,770 times.18 Contemplate that number for a minute (or 551 billion cesium vibrations, if you prefer). Because it’s not 9,000,000,000, and it’s not 9,192,600,000. It’s 9,192,631,770. That’s how precisely we can measure time. Precisely enough to know that if a cesium atom has vibrated 9,192,631,800 times, then 1.000000003 seconds has elapsed.




  Because we can measure time so precisely, GPS uses time as a proxy for distance. People do this too, all the time. If you ask someone where they grew up, they are just as likely to reply “about an hour and a half outside New York City,” as they are to reply “about eighty miles from New York.” Of course, that information is only a little bit helpful. Poughkeepsie, New York; New Haven, Connecticut; and Philadelphia, Pennsylvania, are all “about an hour and a half outside New York City,” but all in different directions. However, if you were to ask again, and get the additional information “about two hours from Boston,” then we would be getting someplace. To be precise, we’d be getting to New Haven, which is both ninety minutes from New York and two hours from Boston. Knowing your distance from multiple different points allows you to narrow your own location down to a single point. GPS works almost exactly the same way, but instead of using cities, it uses satellites.




  Currently, there are several dozen satellites in orbit around the earth that are part of the GPS network. Each one has a high-precision clock on board and is constantly broadcasting the time on that clock to the billionth of a second out into space. A GPS locator listens to the times being broadcast by those satellites. But since the satellites are positioned far apart from one another in orbit, it takes the signal a different amount of time to make the journey from space to the locator. When the signals get to the locator, each is reporting a slightly different time. The locator uses those time differences to determine how far it is from each satellite, and therefore where in space it itself is located. (See figure 2.5.)




  Modern geodesists use high-precision GPS data not just to measure the shape of the earth but to monitor changes in its shape as well. The shape, as it turns out, isn’t a perfect sphere but an oblate spheroid—a sphere that bulges slightly in the middle.19 This bulge occurs because the earth is spinning rapidly (about a thousand miles per hour at the equator) and is fluid on the inside (more on that in a later chapter). What might be more interesting than the shape, though, is the way the shape changes. Geodesists use their data to track changes in sea level, the motion of continents, the uplift of active volcanoes, and other geologic phenomena that we would never be able to see with our naked eyes.




  In a sense, the techniques that we use for geodesy today are based on the same basic principles that Posidonius used millennia ago. Find fixed points in the sky, calculate your distance from those points, and you can determine your position on the surface of the earth.
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 Figure 2.5. GPS technology measures the time that it takes for radio signals to travel from satellites to a particular locator. By comparing those travel times to one another, the locator can determine its own exact position.




  Flat Earth and the Myth of Columbus




  If the Ancient Greeks knew almost exactly how round the earth is, then why do so many people believe it was Christopher Columbus who first demonstrated the earth’s correct shape? One possible reason might be that the knowledge of the earth’s size and shape was simply lost somewhere along the way. A lot of knowledge from ancient Greece has been lost. As the Greek Empire collapsed, and the Roman Empire later followed suit, the Library at Alexandria was repeatedly sacked and burned. Tragically, most of the texts contained in that vast repository (including the original geographic works of Eratosthenes and the original text of Posidonius) were lost to history. But the knowledge itself survived. Eratosthenes and Posidonius were both included in On the Circular Motions of the Celestial Bodies, a later anthology by the astronomer Cleomedes that managed to escape destruction. Cleomedes’s work was not well-known in Europe immediately after the fall of Rome. Almost nothing of antiquity was known in Europe during the Dark Ages. But these works made it into the modern world thanks to the work of Islamic scholars.




  All through Europe’s dark ages, Islamic scribes translated ancient works from Greek and Roman into Arabic and disseminated them throughout the Medieval Muslim world. The knowledge that was rescued from Alexandria traveled to Baghdad and eventually to Muslim cities in Europe such as Cordoba, Toledo, and Grenada in Spain.20 Knowledge of the earth’s size and shape was unquestionably available to Columbus. In fact, in 1492, Spain was where most of the ancient world’s knowledge was concentrated. Columbus and his contemporaries knew the world was round. What they disagreed about was its size.




  To be fair, there was some room for disagreement. Repeatedly translating and transcribing the original texts was like a thousand-year-long game of telephone. Some transcriptions introduced changes that were then faithfully transcribed into later versions and new translations of the text. For example, somewhere around the BCE/CE transition, the Greek geographer Strabo made a few corrections to Posidonius’s estimates based on improved knowledge of the distances between Alexandria and Rhodes. One hundred years later, these changes were incorporated into Ptolemy’s astronomical treatise The Almagest.




  In the ninth century, in his work Elements of Astronomy on the Celestial Motions,21 the Arab scholar Al-Farghani tried to make The Almagest more accessible by publishing its conclusions about the relative sizes and positions of the sun, moon, and earth without all of Ptolemy’s math and derivations. As you may imagine, readers vastly preferred Al-Farghani’s math-free explanation to Ptolemy’s complex geometry and formulae. And so, in 1492, it was Al-Farghani’s words, rather than Ptolemy’s math or Posidonius’s experiments, that informed the educated people of Spain about the size and shape of the earth.22




  We know from his diaries that Columbus read Al-Farghani’s work. To be more precise, we know that he misread it. Al-Farghani gave the circumference of the earth in miles. Unfortunately, not all miles are the same. Since Al-Farghani was living and working in Baghdad, he gave the earth’s circumference in the Arabic miles that he and everyone around him used. Since Columbus was born and raised in Italy, he assumed that the measurement was in the Roman miles that he and everyone around him used. The difference between the two units of measure is substantial. Through this simple mistake, Columbus shaved about four thousand miles off the circumference of the earth.23




  To compound Columbus’s troubles, there was considerable debate in the fifteenth century as to exactly how big Eurasia itself was. The actual distance from the coast of Portugal to the coast of China is about 35 percent of the way around the globe. In the 1490s, most people (based on Ptolemy’s estimates) believed the continent to span about 50 percent of the globe. However, some ancient texts suggested it might actually be somewhere between 70 percent or 80 percent of the distance around the earth. Columbus chose to believe those larger estimates for the relative size of Eurasia, and therefore assumed that the distance in the opposite direction was only about 20 percent of the size of the earth.24




  Through a combination of measurement error, mistranslation of ancient texts, and wishful thinking, Columbus convinced himself that the distance between Spain and Japan was about two thousand nautical miles. The right answer is closer to eleven thousand nautical miles. Put another way, Columbus believed that Japan was only about as far from Spain as Finland is. He had already sailed farther than he expected to when he luckily (for him at least, certainly not for everyone involved) bumped into a previously unknown continent. Had the Americas not been there, he and his entire crew would surely have died from a fatal combination of starvation and hubris.(See figure 2.6.)




  Notice, though, that all of Columbus’s many compounded mistakes have one thing in common. They are all based on readily available contemporary sources that presumed the earth to be round. Nothing that he, or anyone else at the time, had read would have even suggested the earth was flat. So where did the myth of Columbus versus the flat-earthers come from? Like so many famous stories, it came from a famous storyteller.




  Washington Irving was the creator of many of our earliest American legends. He gave us the Headless Horseman of Sleepy Hollow and the oversleeping Rip Van Winkle. While Irving is mostly known as a purveyor of fiction, he did occasionally try his hand at historical writing as well. Unfortunately, when he did so, he often had trouble leaving his penchant for mythmaking behind.
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 Figure 2.6. Christopher Columbus believed that Eurasia took up 80 percent of a much smaller earth, and that therefore the ocean voyage west to Japan would only be about two thousand miles.




  In the 1820s, during a time when he was living abroad in Europe, Irving was invited to Madrid to survey a trove of recently discovered manuscripts concerning Spain’s exploration and colonization of the Americas.25 Several of these documents specifically pertained to Columbus’s time in the court of Ferdinand and Isabella. Irving drew on this source material to write what he considered to be his first purely historical book, A History of the Life and Voyages of Christopher Columbus, in 1828.




  The documents that Irving used for inspiration were nowhere near as detailed as the book that he wanted to write from them. So, where the historical record failed him, Irving employed his imagination. The result is Irving almost single-handedly creating the myth of Columbus’s triumph over medieval flat-earthers. He wrote:






   [Court astronomers] observed, that in the Psalms, the heavens are said to be extended like a hide; that is, according to commentators, the curtain, or covering of a tent, which among the pastoral nations was formed of the hides of animals; and that St. Paul, in his epistle to the Hebrews, compares the heavens to a tabernacle, or tent, extended over the earth, which they thence inferred must be flat. Columbus, who was a devoutly religious man, found that he was in danger of being convicted, not merely of error, but of heterodoxy.26







  This passage is almost undoubtedly a work of complete fiction. Once again, if there was one place on earth in 1492 where educated people knew not just the shape but also the size of the earth, it was (up-until-recently) Moorish Spain.27




  Nobody really believes that a Headless Horseman haunts the bridges of Sleepy Hollow. Nobody sincerely worries that they might inadvertently over-sleep by decades as Rip Van Winkle is alleged to have done. Yet American schoolbooks started including the myth of Columbus versus the flat-earthers as early as 1860.28 Why did so many people latch on to this one particular figment of Irving’s imagination and believe it to be true?




  The early nineteenth century saw the transition of geology from a hobby to a science. Prior to about 1800, geology was almost purely a study of rocks and minerals—a pastime more akin to stamp collecting than to physics. By the 1830s, it had become a study of how the earth came to be in its present condition. As theories of the workings and history of the earth proliferated, there was some understandable pushback from fields whose traditional turf geology was now encroaching on. This pushback came from some fields of science (see chapter 5 for an example from physics) but also from a small number of religious scholars concerned with a literal interpretation of the Bible. Geologists responded to this pushback aggressively, perhaps too aggressively. They painted those who disagreed with their new findings as being committed to a medieval worldview and then portrayed medieval scholars as being so scripturally indoctrinated that they believed in a flat earth.29 It was a convenient shorthand for their opponents’ alleged ignorance, and the attack stuck.




  There is actually very little in the Bible that definitively weighs in on the shape of the earth. Yes, the Psalms and the Epistle to the Hebrews do, in fact, describe the sky as stretched out over the earth like a tent. But that’s a metaphor. In a 2014 episode of the docu-series Cosmos, astronomer Neil DeGrasse Tyson describes life on earth as having “awakened on this tiny world beneath a blanket of stars.”30 A blanket of stars is a metaphor almost identical in structure to the tent of the sky mentioned in the Psalms, but nobody could credibly accuse the director of the Hayden Planetarium of pushing the flat-earth agenda.




  Samuel Birley Rowbotham: Champion of the Flat Earth




  Nobody knows who discovered that the earth is round, but we do know the first person to try to empirically prove that it is flat. That distinction goes to the British inventor Samuel Birley Rowbotham, who lived surprisingly recently (1816–1884). Rowbotham is a complicated character. Depending on the attitudes of their authors, biographies of Rowbotham describe him as everything from a visionary to a quack. Most of our information about him comes from his own writings, which are absurdly self-aggrandizing. In one passage of his memoirs, he reminisces about ditching school in protest, incensed that he was being brainwashed with Newtonian Physics instead of proper Biblical cosmogeny.31 He was seven at the time of this alleged act of rebellion.




  Rowbotham might best be described as a serial charlatan. He seemed to spend his life having a deep-seated curiosity about whatever trendy topic might bring in money next. At various points in his life, he invented railway cars that were never built, ran a socialist utopia, brewed phosphate sodas to compete (unsuccessfully) in the emerging soft drink market, and published books and pamphlets that he claimed demonstrated the flatness of the earth.32 Some sources allege that he spent part of his later years selling patent medicines under an assumed name and living in a lavish house with an underage wife.33




  Rowbotham published his books and pamphlets under the pseudonym of Parallax. In retrospect, it seems surprising that a socialist flat-earther with a pen name like an Avengers villain could possibly have been the least bit influential. But Rowbotham’s charisma kept people intrigued in his ideas, and his ideas (especially regarding the shape of the earth) were inherently appealing because they were easy to understand.




  Rowbotham’s geodetic experiments were based on two simple truths of Euclidean geometry: Parallel lines never meet, and a tangent line touches a circle at only one point. Consequently, since light travels through the atmosphere in a straight line, we should have only a limited range of vision on a spherical world. Figure 2.7 is from Rowbotham’s book Earth Not a Globe, and is very much not to scale.34 Imagine a person standing at point T and looking off in the distance toward point N. On a spherical earth, the world would curve increasingly away from their line of sight. Rowbotham calculated that a mile from point T, the surface of the earth would be eight inches lower than that observer. By two miles away, it would be thirty-two inches lower. If the observer had a clear enough view to be able to see three miles away, they would actually be looking six feet (seventy-two inches) off the surface of the earth.




  In figure 2.8, Rowbotham shows the consequences of this geometric fact. If an observer were to look at a series of objects of equal height receding further and further into the distance, that observer should be able to see the consequences of the earth’s roundness. The further away each object was, the shorter it would appear, until eventually the objects disappeared from view, hidden behind the curvature of the earth. The only way the objects could all stay in view would be if the earth beneath them were a flat surface, parallel to the observer’s line of sight.35




  For Rowbotham to turn these thought experiments into reality, he would need a stretch of countryside not only that provided miles of visibility but also that he could be assured was reasonably flat. Fortunately, he lived in exactly such a place. In 1837, Rowbotham took a position as secretary of the Manea Fen Colony, a utopian socialist commune located in Cambridgeshire along the Old Bedford River.36
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 Figure 2.7. Since light travels in a straight line, on a curved earth, the farther you look out toward the horizon, the higher up above the surface of the earth you would be able to see. Beyond a certain distance, the curvature of the earth would block your ability to see objects on the surface. Courtesy of sacred-texts.com.




  It is entirely possible that Rowbotham took the position at Manea Fen just so he could use the river for his experiments. The Manea Fen utopia was intended as a place where people lived according to the rules of Robert Owen, a philanthropist and anti-poverty reformer. But Rowbotham was more likely attracted to Manea Fen for reasons of convenience and comfort than philanthropy. The people that Rowbotham recruited into the community seemed to have very little interest in political reform. Reports from the early days of Manea Fen draw far more attention to the party atmosphere than any kind of actual good works being done there.37
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