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Advance Praise for Larrie D. Ferreiro’s Measure of the Earth


“In Measure of the Earth, Larrie Ferreiro tells the dramatic story of the first international scientific expedition to South America to establish the precise dimensions of the globe. The French scientists who led the expedition to the Andes overcame incredible adversities traversing the jungles and highlands of equatorial Peru, surviving near mutiny, attacks by local inhabitants, war, siege, and the skepticism of fellow academicians in their homeland to complete their mission and achieve lasting fame. Beautifully written, Ferreiro’s book provides an authoritative and gripping account of one of the greatest scientific breakthroughs of the Enlightenment.”

 



—James Horn, author of A Kingdom Strange and A Land as God Made It


 



 



“Ferreiro’s Measure of the Earth nicely captures the scientific complexity and physical difficulty of this extraordinary expedition. At the same time, the author provides richly textured portraits of all the principal protagonists, whose personal foibles and rivalries sometimes undercut their professional skills. This is a compelling tale of international politics, Enlightened science, and human drama, played out on both sides of the Atlantic.”

 



—Carla Rahn Phillips, University of Minnesota, Twin Cities
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PRINCIPAL CHARACTERS

Members of the Geodesic Mission


• Louis Godin (1704–1760): astronomer and original leader of the mission

• Pierre Bouguer (1698–1758): astronomer, mathematician, and hydrographer; de facto leader after Godin’s fall from authority

• Charles-Marie de La Condamine (1701–1774): scientist and adventurer

• Jorge Juan y Santacilia (1713–1773): Spanish naval officer and astronomer

• Antonio de Ulloa y de la Torre-Guiral (1716–1795): Spanish naval officer and astronomer

• Joseph de Jussieu (1704–1779): doctor and botanist

• Jean Seniergues (1704–1739): surgeon

• Jean-Joseph Verguin (1701–1777): engineer and cartographer

• Jean-Louis de Morainville (1707–circa 1765): draftsman and artist

• Théodore Hugo (died circa 1781): instrument maker

• Jean-Baptiste Godin des Odonais (1713–1792): assistant

• Jacques Couplet-Viguier (circa 1718–1736): assistant



Political Figures


• Jean-Frédéric Philippe Phélypeaux, Comte de Maurepas (1701–1781): French minister of the navy and sponsor of the Geodesic Mission

• José Antonio de Mendoza Caamaño y Sotomayor, Marqués de Villagarcía de Arousa (1667–1746): Spanish viceroy of Peru during the mission

• Dionisio de Alsedo y Herrera (1690–1777): president of the Audiencia of Quito at the arrival of the mission 


• José de Araujo y Río (died 1754): succeeded Alsedo as president of Quito during the mission



Others


• Voltaire, or François-Marie Arouet (1694–1778): author, friend of La Condamine

• Pierre-Louis Moreau de Maupertuis (1698–1759): astronomer, adversary of Bouguer

• Pedro Vicente Maldonado (1704–1748): politician and geographer, accompanied La Condamine down the Amazon

• Isabel Godin des Odonais (1728–1792): wife of Jean Godin des Odonais, made harrowing journey down the Amazon
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Colonial South America, circa 1740. Illustration: Eliecer Vilchez Ortega.
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Audiencia of Quito, circa 1740. Illustration: Eliecer Vilchez Ortega.





Introduction

THE BASELINE AT YARUQUÍ


Each day at first light, long before the sun peered over the eastern ridge of the Andes, the two scientists were at work in the open fields, adjusting the wedges and planks under their measuring poles to keep them level. The three wooden poles, each twenty feet long and painted a different color, with paddle-like copper plates capping both ends, were arrayed end to end along the ground. They followed the survey baseline that had been scraped out of the landscape several weeks before: a dusty brown ribbon of bare earth, arrow-straight and barely as wide as a forearm, running from one horizon to the other. A thin cotton cord, pulled taut between two stakes and checked for level by three assistants, guided the men as they picked up each pole and moved it forward. They carefully placed the forward pole so that it barely touched the one behind it, ensuring that its exact position would not be disturbed by the movement. More wedges were placed to level the poles, and then each man meticulously penned the measurement in his little notebook. They continually made corrections for the length of the poles as they expanded in the rising equatorial heat, comparing them with a precisely calibrated six-foot iron rod called a toise, which they kept cool in the shade to prevent it, too, from expanding. During the month of October 1736, they repeated these steps thousands of times, working with some haste to survey the baseline from north to south before the rains began.1


Pierre Bouguer, the senior of the two scientists and, at age thirty-eight, the oldest member of the group, labored under the unaccustomed physical effort. At almost two miles of altitude, his energy was quickly sapped by the thin atmosphere, which offered little oxygen and even less protection against the sun. It would hardly have seemed fair; only a few miles to the south was a seemingly perpetual cloud cover, which obscured the mountains and cooled the hilly green lands underneath.

The scientists had chosen the plateau at Yaruquí, about twelve miles east of Quito, the provincial capital of northern Peru, to lay out the baseline for their measurements because it was relatively flat and had clear views to the peaks around them. But the plateau was lower than the surrounding hills, and they soon found that it had its own microclimate, further hampering their task; though cool at night, it became very hot during the day and was exposed to high winds that sometimes generated towering whirlwinds of sand and dust, one of which had recently killed a local Indian.

This dichotomy between expectations and reality was already becoming a hallmark of their mission. Plans that seemed to be ideal on first inspection were plagued with overwhelming problems when actually executed. These problems went far beyond the normal, expected setbacks of any scientific expedition. It was almost as if the Earth itself was refusing to reveal its true measure.

Yet it was the measure of the Earth that they had journeyed thousands of miles to seek. Bouguer was one of three members of the French Academy of Sciences who, with the agreement and protection of the king of Spain, had been sent to the Spanish Viceroyalty of Peru in order to carry out precise measurements of the Earth. Traveling with several aides and two doctors, and accompanied by two young Spanish navy officers, the scientists had arrived in Quito in May 1736 after two years of planning and a year’s voyage from Europe. Their orders were to determine the length of a degree of latitude at the equator, a measurement that could be compared with a degree of latitude that had already been established in France. By this comparison, the shape and measure of the Earth would be known with certainty for the first time.

The true shape and exact measure of the globe—generally referred to as the “figure of the Earth”—had been the subject of an ongoing debate for several years now. It had recently become obvious that the Earth was not a perfect sphere. The century-old system of the French philosopher René Descartes, some scientists now argued, implied that the Earth was elongated at the poles like an egg. They were supported in this by survey results that appeared to show a distinct lengthening of the planet along its axis. In contrast, the more recent theories developed by the British  mathematician Isaac Newton suggested that the Earth’s spin caused it to bulge at the equator and flatten at the poles, like a boule of bread that some giant hand had pushed down. This theory explained why careful experiments showed that the tug of gravity appeared to diminish near the equator.

The French Academy of Sciences stood at the center of the debate over the Earth’s shape. Scientists such as Johann Bernoulli on the European continent supported Descartes’ theory and an elongated Earth. Across the English Channel, off Fleet Street in London, the members of the Royal Society vigorously defended Newton’s flattened Earth. The French Academy, split roughly equally between Cartesians and Newtonians, was a haven for discourse between the two polarized communities. Its members carried on lively discussions inside the Academy (housed within the palace of the Louvre) and outside at the cafés and salons of Paris. If the question were to be resolved, it seemed certain that it would happen here.

The debate over the Earth’s shape would have remained an arcane scientific discourse but for the growing interest of Jean-Frédéric Philippe Phélypeaux, Comte de Maurepas, a young but powerful minister in the court of Louis XV. Maurepas had been president and vice president of the Academy of Sciences and remained its principal supporter, but his interest in the debate was pragmatic. As minister of the navy and minister of colonies he knew that without an accurate understanding of the size and shape of the earth, navigation on the high seas would continue to be a hit-or-miss affair. Maurepas fully grasped the political and military consequences of this geodesic knowledge: The nation that could accurately locate its ships at sea could control an empire.

For France and Britain, imperial expansion was as much about security as financial gain. Although the two nations were now at a time of relative peace, this surely would not last; the century-old conflict over empire was merely ticking over. Even as the Academy’s scientists debated the finer points of geodesy, Maurepas was preparing for future battles with the British. Scientists in Britain, too, were attempting to resolve questions of navigation as a necessary component of global domination; for the past twenty years Britain had sponsored the famous £20,000 Longitude Prize,  as yet unclaimed. The war for knowledge would be fought in the halls of the Louvre and in the meeting rooms off Fleet Street, as well as across the oceans.

Mindful of his opponents on the other side of the Channel, Maurepas had enthusiastically embraced proposals put before the Academy in 1734 to send a scientific mission to measure a degree of latitude at the equator. But the equatorial African coast was still hostile, and the tropical Asian islands were too far. The only accessible place on the equator was Peru, the principal source of wealth for the Spanish empire, and Spain was closely linked with France through the Bourbon family alliance. Besides promising to reveal the Earth’s true shape, this mission would serve two of Maurepas’ other strategic goals: as minister of the navy, he was keen to strengthen the military alliance with Spain as a counterweight to Britain, and as minister of colonies, he was equally anxious for a close look at the famous riches of South America, perhaps even to open trade between the Spanish colonies there and France.

The Geodesic Mission to the Equator, as it became known, was unprecedented: It was the world’s first international scientific expedition, involving official cooperation between two nations as well as participation by members of both countries. Maurepas had thrown himself into the planning of the mission, arranging for transport and provisions from the French navy and money from the treasury, obtaining passports from the king of Spain, and hand-selecting the French members of the mission—including Bouguer, now laboring under the equatorial sun and perhaps wondering why Maurepas had chosen him and why he had accepted.

The scientist working alongside Bouguer stood in complete contrast to him. Charles-Marie de La Condamine was a relative novice in the scientific world, one of the newest members of the Academy of Sciences. He had made a name for himself not as a scholar, but as an adventurer. A former soldier who had fought against Spain, and more recently a corsair and explorer in the Mediterranean, La Condamine was the polar opposite of the studious Bouguer, a child prodigy who became a full professor of navigation at age sixteen and who had spent his entire life toiling at science and mathematics in a solitary corner of France.

Starting from the southern end of the baseline, a second party of scientists was measuring the same line as Bouguer and La Condamine but in the opposite direction. It was headed by Louis Godin, the academician who had originally proposed this mission and was nominally leader of the overall expedition. Having the longest tenure with the Academy of Sciences, Godin was assumed to have seniority, even though it was painfully obvious he had neither experience nor skill in leading men. By contrast, La Condamine was a military man, and Bouguer had long been in charge of students often twice his age; both understood that leadership was more than simply issuing orders and were chafing under Godin’s inept authority.

Despite their differences, the three men would need to work together if they stood any chance of completing their task. It was simple, in theory, to measure the length of a degree of latitude, which denotes an angular position on the sphere of the Earth and is described in degrees north or south of the equator (Paris, for example, is at about 49° north latitude; the North Pole is 90° north). It was, however, enormously complex in practice. It was accomplished using long-distance surveying by triangulation, the principles of which had been worked out a century earlier, and which had been used to create the first accurate maps of France. The premise was as old as Euclid: Given the length of only one side of a triangle (the baseline), and the measure of two angles, the entire triangle can be constructed using trigonometric formulas.

This meant that a survey over a long distance could be carried out by constructing a “chain” of triangles dozens or even hundreds of miles in length. By plotting these triangles across the terrain, and observing with an accurate instrument called a quadrant the angles between large, visible markers at each of the vertices, surveyors could compute the overall linear distance (in miles) of the chain of triangles. They would then take star sightings to determine the latitude at each end of the chain. The difference between the two latitudes gave the angular distance (in degrees) of the chain. Dividing the linear distance by the number of degrees would then give them the length of a single degree of latitude.

The plan conceived at the French Academy of Sciences was to use the summits of the Andes, the double chain of mountainous volcanoes  in Peru, as the principal vertices of the triangles, with at least one baseline to be laid out on a flat plain. Once they had arrived in the country, the expedition members had selected the Yaruquí plateau as the best site for the seven-mile-long baseline, and they were now laboriously measuring it in order to begin plotting the enormous chain of triangles that would ultimately stretch over two hundred miles south along the Andes. A precise measure of that baseline was critical, for with this triangulation, the scientists were attempting a level of accuracy that had never been achieved.

Godin, Bouguer, and La Condamine had prepared for their journey as scientists, not as explorers—and this would nearly be their undoing. They could anticipate the problems with their instruments, the exacting computations, the physical exertions of the survey; these were knowable, calculable, and solvable by reason and the application of the scientific method. They were completely unprepared for the random, often perverse catastrophes that dogged their every step.

The expedition members arrived in Peru without fully understanding that, even after two centuries of Spanish rule, it was a foreign and potentially hostile territory. Outsiders were greeted with as much trepidation as fascination; the local population, long accustomed to staving off smugglers and pirates, brushed aside French protests that they were on a purely scientific mission and—believing the foreigners were really on a search for treasure—made even the simplest act a bureaucratic nightmare. This hostility could quickly shift from mere obstruction to outright brutality: The scientists came armed against attacks by beasts and bandits but would find themselves using those arms against a mob intent on killing them. The land itself continually threw unforeseen obstacles in their path; imagining steaming jungles, they would find themselves freezing on mountaintops.

Many of the roadblocks the voyagers encountered they set themselves, through weak leadership, greed, vengeance, and a barely disguised contempt for the locals and their customs. The Europeans saw no need to adapt to the land or its culture; they thought they would be gone at most three years—six months out, two years for the survey, and six months on the voyage home. They could not foresee that the Geodesic Mission would keep them in Peru almost a decade, that some of them  would not return for almost forty years, and that some would return not at all.

By October 1736, as the scientists were measuring the baseline, they had already been gone eighteen months; they should have been halfway down the avenue of volcanoes stretched out before them. Looking south as the clouds dispersed, they would have beheld those ancient volcanoes with ancient names: Pichincha, Pambamarca, Guamaní, and, majestically, Cotopaxi, the perfect snow-capped cone rising thirty miles distant. But they and their assistants still would need to climb each of those mountains, and return from each peak with perfect measurements, in order to complete the great chain of triangles that would reveal the true figure of the Earth. Cotopaxi would have seemed impossibly far away, yet they would have known that they had eight times farther to go before they were through; and even that distance paled in comparison with the long journey home. But they also knew they would first have to complete the measurement of the baseline at Yaruquí, all seven miles of it, twenty feet at a time. For now, they remained in their little world of measuring poles, moving the next one into its place.






I

The Problem of the Earth’s Shape


The Geodesic Mission to the Equator was the culmination of two thousand years of effort to determine the precise measure of the Earth. Since the earliest days of Greece and Rome, the twin sciences of astronomy (the measure of the sun, stars, and sky) and geodesy (the measure of the Earth) directly served the geography of empire. As conquests stretched their power into far-flung realms, rulers relied on precise physical knowledge of their territories in order to exploit their holdings and on accurate long-range navigation to dispatch military forces where needed, ensuring a steady flow of commerce.

The earliest measurements of the Earth were used for imperial cartography and navigation. By 240 BCE, the Greek mathematician Eratosthenes had already estimated the size of the Earth and used his findings to construct a detailed atlas of the Greek Empire built by Alexander the Great and his successors. Early Greek philosophers had known that the Earth was spherical (for one thing, it always cast a circular shadow  on the moon during a lunar eclipse), but their estimates of its size were pure guesses. Eratosthenes’ methods for calculating the Earth’s size were rudimentary, but his logic was keen. He knew that on the June solstice the sun shone vertically down a well in modern-day Aswan, Egypt. On the same day, he noted that, in his home of Alexandria, a vertical stick cast a shadow measuring about 7° (one-fiftieth of a circle). Knowing that the two cities were about 500 miles apart, he calculated the Earth’s circumference to be about 25,000 miles—remarkably close to the actual figure. In the second century CE, the Roman geographer Claudius Ptolemy expanded upon Eratosthenes’ and his successors’ calculations to create an updated atlas, called Geography, taking the added step of incorporating lines of latitude and longitude to specifically locate Roman navigation routes and trading entrepôts as far east as China.1


When the Roman Empire ended in 476 CE, so too did European advancement in geography and navigation. The European interest in long-distance navigation was only reawakened in the 1400s with the slow choking of the overland Silk Routes that had for centuries connected Europe to the riches of Asia. With travel becoming perilous as a result of the disintegration of the Mongolian Empire and the order it had imposed along the trade routes, merchants needed a way to reach Asia by sea. Explorers flying the Portuguese flag laboriously clawed their way south and east around Africa to reach the Indian Ocean. Christopher Columbus, sailing under the Spanish flag (and under a delusion about the true size of the Earth—it was much bigger than he guessed), took the novel approach of sailing west to reach Asia. He landed in the Americas instead.

The long-distance European ocean voyages of the fifteenth century were aided and abetted by an intellectual renaissance in science. Ptolemy’s Geography, recopied through the ages, became the touchstone for early modern mapmakers, who slowly filled in their charts with reports from explorers in order to create a more accurate portrait of the known world. Even while maps grew more sophisticated, astronomical techniques for navigation improved. Columbus, for example, famously brought with him a newfangled marine quadrant for taking sun or star sightings. The quadrant, a precursor to the modern sextant, allowed a navigator to accurately establish latitude by measuring the angle between Polaris and  the horizon; since Polaris is almost directly above the north pole, that angle is effectively the same as one’s latitude north of the equator. But it was difficult to make precise measurements while standing on a rolling, pitching ship. Columbus himself relied on more traditional navigational methods, reading off a table that listed latitudes by the hours of daylight throughout the year. Nevertheless, having the quadrant aboard gave confidence to both his crew and his royal sponsors that he would arrive at his destination and return safely.2


Exploration quickly gave way to empire. After Columbus returned from scouting the area in 1493, Spain immediately began settling the Caribbean basin. In 1494, the Treaty of Tordesillas separated the globe into Spanish and Portuguese halves, effectively “giving” Spain most of the Americas, where it continued to colonize huge swathes of territory. In 1503 Spain established the powerful House of Trade (Casa de Contratación) to regulate all sailing and commerce with its colonies. Its new territories at first yielded only modest production of cotton and tobacco, but they would soon bring unheard-of wealth to the kingdom. The discovery of enormous deposits of silver in Mexico and Peru in the mid-1500s quickly turned Spain’s colonial empire into a vast moneymaking enterprise, at its height furnishing a quarter of Spain’s total revenue.

Spain’s success in the New World soon attracted the envy of other European powers, many of which were just establishing their own maritime colonial empires. The early American colonies of England, France, and the Netherlands yielded no gold or silver, but by the 1600s, all three nations found profit in the Caribbean, establishing sugar-cane plantations that replenished national coffers on the backs of millions of enslaved Africans. These European competitors also preyed on the Spanish treasure galleon fleets that regularly sailed from Mexico and Panama, bringing bullion to Seville and Cadiz in protected convoys.3


Besides exposing the riches of the American continents, the overseas expansion of European powers transformed naval warfare. Large, oceangoing warships replaced coastwise craft, and permanent navies were established to protect sea lanes and colonial territories as well as to escort cargo ships carrying goods and bullion to and from the colonies. The control of distant trade routes became of primary importance for nations  whose incomes were increasingly dependent on colonial imports and exports, and battles over these routes were often won or lost at sea. France, recognizing that the Atlantic Ocean had become the principal field of battle, established the naval fortress of Louisbourg in Nova Scotia to protect fisheries and provide a staging area to attack English interests, while England secured Jamaica as a similar base of operations in the Caribbean.

Naval conflict between France and England became the dominant theme during this period, but the situation was as volatile as the Atlantic, and allies and adversaries could switch from one year to the next. In 1672, for example, Louis XIV’s French navy joined the English fleet in the third Anglo-Dutch war—fought, in part, over trade access. In 1689, however, France went to war against an alliance of English and Dutch forces, during which time France tried and failed to mount an invasion of Ireland. From 1701 to 1714, France again fought England and the Netherlands in the War of the Spanish Succession, which ended in France’s favor with Felipe V, the grandson of Louis XIV, retaining the Spanish throne. By 1716, France and England were exhausted from fighting each other and therefore created the Anglo-French Alliance as a hedge against the newly upstart Spain, which was making claims for territory it had lost during the War of the Spanish Succession. This alliance between the two superpowers would bring relative peace for almost two decades.

In both wartime and peacetime, the French navy was usually outnumbered. France was primarily a land power, with adversaries on all sides that required it to maintain a large and costly army at the expense of its naval forces. Meanwhile, England (later Britain, after the 1707 merger with Scotland), surrounded by water, poured most of its budget into its “wooden walls” of warships for protection. To counter this numerical advantage, the French navy turned to science as a military force multiplier, a way to augment the fighting power of each ship. Once again, the twin sciences of astronomy and geodesy were called on to improve ocean navigation, ensuring that each ship got to its destination faster and with less chance of loss. Science had become, like war, politics carried out by other means.

Science was the touchstone of the Age of Enlightenment, begun in the seventeenth century as a general movement toward reason, not faith,  as the gateway to knowledge. One French leader in particular viewed the quest for scientific knowledge as part of the same intractable competition with the English for commerce, territory, and influence around the globe. Jean-Baptiste Colbert was Louis XIV’s hyperactive minister of finance as well as minister of the navy, and he eyed with envy the scientific developments across the Channel—especially the Royal Society of London for Improving Natural Knowledge, which had been chartered in 1660. The Society was “Royal” in name only, since it had no direct government support; its generally wealthy members, some of whom could be described as enthusiastic amateurs, paid dues for the rent of the headquarters and for publishing books and a scientific journal titled Philosophical Transactions. Colbert quickly decided to go the British one better, and in 1666 he founded—with generous government funding—the Royal Academy of Sciences of Paris, more commonly known as the French Academy of Sciences.

In establishing the Academy, Colbert erected science as an institutional arm of the French state, but his vision went beyond the basic needs of the military and industry. Colbert sought to tie science to the state “for sound political reasons.... He knew that the sciences and arts make a reign glorious; that they spread the language of a nation perhaps even more than do conquests; that they give the reign a control over knowledge and industry which is just as prestigious and useful; that they attract to the country a multitude of foreigners who enrich it by their talents, adopt its character and become attached to its interests.”4 For Colbert, the French Academy would be a political force multiplier, a way to ensure that scientific investments would benefit the government on the national as well as international fronts.

Colbert spared no expense filling the ranks of his new Academy. Specifically rejecting the English model (as he saw it) of a dispersed body of enthusiastic amateurs, he wanted—and was willing to pay for—top-flight scientists who could make specific discoveries in astronomy, mathematics, and physics that would improve navigation, the military arts, and commerce. His first priority was to build a state-of-the art observatory on the outskirts of Paris—no wood to fuel fires, no metal to cause magnetic disturbances. He also spent large sums to attract talent  from abroad, including the renowned Italian astronomer Giovanni Domenico Cassini and the Dutch astronomer Christiaan Huygens, further burnishing the Academy’s stature.5


Within a few years of its founding, the Academy had begun to sponsor international scientific missions aimed at improving France’s navigational techniques. In 1671, Colbert sent a young astronomer, Jean Richer, to Cayenne in the French colony of Guyana, close to the equator in South America. He was ordered to carry out a whole menu of astronomical observations, including the creation of an accurate map of the southern sky, increasingly important as French warships and merchant vessels extended their voyages across the globe and became ever more reliant on the stars for guidance. Richer was in Cayenne for two years, performing astronomical observations and experiments on atmospheric refraction. To complete these experiments, he was equipped with some of the most accurate instruments available, including two finely tuned pendulum clocks, a fairly recent invention of Christiaan Huygens.6


Richer’s pendulum clocks were intended to assist in his astronomical observations, but they ended up revolutionizing the debate about the Earth’s shape. A pendulum clock keeps accurate time because the pendulum arm is precisely fabricated to swing one beat (a single motion from left to right) during a precise interval, typically one second. The period is also directly related to the length of the pendulum; as any pianist knows, a metronome beats faster when the pendulum is effectively shortened by moving the weight down. Richer’s pendulum clocks had been carefully calibrated in Paris by marking the passage of individual stars over many nights. On arriving in Cayenne, Richer set up those clocks as a necessary prelude to his research, but he found to his dismay that they were losing about two minutes and twenty-eight seconds a day, when compared with a locally made clock (and further checked against the stars). To make his “seconds clock” beat correctly, he had to speed up the oscillation by shortening the three-foot-long pendulum about a twelfth of an inch.7


When Richer returned to Paris in 1673, none of the French Academy scientists could explain the discrepancy between his pendulum clock’s behavior in Guyana and in France. The difference was too large to have  been caused by expansion of the pendulum from heat, and while the force of gravity was known to affect pendulum clocks’ oscillation—lower gravity caused them to beat more slowly, a fact described by Huygens—it did not seem logical that the gravity in Cayenne should be different from that in Paris.8


Across the Channel, an English scientist named Isaac Newton had a sharply different reaction to news of Richer’s findings. Newton, a mathematics professor at the University of Cambridge, believed that the slower oscillation of the pendulum was, in fact, caused by the force of gravity being less at the equator. He postulated, moreover, that this diminished gravity was the direct result of the centrifugal force of rotation causing the Earth to bulge out at the equator. A relatively minor scientific anomaly had generated an entirely new conception of the figure of the Earth.

When he first learned of Richer’s findings, Newton had been thinking about gravitation for a decade. He had famously deduced that the fall of an apple is due to the same principle of universal attraction that holds the moon in its orbit. Gravity, he believed, is an innate property of a body, which attracts other bodies as a proportion of their mass and diminishes as the square of their distance from each other. The Earth and the apple tug at each other, causing the apple to appear to fall to Earth (in reality, they fall toward each other). By the same mechanism, the attraction of gravity holds the moon in its orbit around the Earth; without this attraction, the moon’s inertia would carry it off in a straight line as a result of centrifugal force. The principle of universal attraction was Newton’s Theory of Everything, and he seized on Richer’s findings as further proof of his ideas.9


While Newton may have been satisfied with his own explanation of gravity, others were not so easily convinced. When Newton published his massive three-volume Principia mathematica (Principles of Mathematics) in 1687, it was greeted by, in the words of the science historian I. Bernard Cohen, “a wholly unexpectant and unprepared audience who did not, in actual fact, know what to make of it or how to use it for some time.”10 In particular, Newton’s principle of universal attraction required a significant leap of faith that many of the greatest physicists of his day were unable to make. According to the prevailing notions of physics, all  motion had to come from contact between bodies. Many scientists could not accept the idea of a spooky, unseen force (which even Newton could not define) that attracted far-off bodies with no visible means of communication. The Swiss mathematician Johann Bernoulli, at the time one of Newton’s few rivals as a mathematical genius, found the principle of universal attraction “incomprehensible.”11


In Principia mathematica, Newton unveiled his argument about the figure of the Earth. Newton placed Richer’s anomalous results front and center in the first volume, presenting them as the clearest demonstration of his theory of universal attraction and arguing that this attraction had pulled the planet into a spherical shape. The sphere, however, was not perfect; Newton meticulously calculated that the Earth’s rotation generated a centrifugal force that caused the equator to bulge out slightly, so that the Earth measured about 3,984 miles in diameter at the equator, but only 3,966 miles through the poles; in other words, it was flattened at the poles by 1 part in 230 (1/230). This centrifugal force, acting opposite to the Earth’s attraction, would also cause the effective gravity to be measurably smaller at the equator, as Richer had demonstrated.12


Newton’s colleagues at the Royal Society were immediately receptive to the mathematically based philosophy inherent in the work, even if they were often frustrated in understanding the formulas. British scientists particularly embraced the concept of attraction as a guide to the general study of matter. Working doggedly through the intricacies of Newton’s dense mathematics, they sought to find practical applications for the laws of attraction.13


By contrast, much of the scientific community on the European continent was highly skeptical of Newton’s claims, particularly in France. There scientists found this newfangled concept of attraction, and the corollary of a flattened Earth with variable gravity, completely at odds with the commonsense model espoused nearly half a century before by their own countryman, René Descartes. According to Descartes’ monumental work Principia philosophiae (Principles of Philosophy, 1644), the Earth and its moon, the planets, and the stars are immersed in a vast, invisible fluid he called “ether,” which God had set into circular motion at the creation and whose great vortices continue to swirl. In Descartes’ system, planets are moved by these cosmic vortices, which also cause gravity by pushing objects toward Earth (see Figure 1.1). He studiously avoided any mathematical details in his reasoning, instead using a series of analogies with water eddies and magnetism to explain his theory.
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Figure 1.1 Descartes’ planetary vortices (S=sun). From René Descartes, Principia philosophiae (1685). Credit: Special Collections & Archives, Nimitz Library, U.S. Naval Academy.

 



Two generations before Newton, Descartes had furnished his own Theory of Everything, one that relied on contact between objects and transfer of momentum to explain both the orbit of the moon and the fall of the apple. It made sense both mechanically and theologically; the universe, originally set in motion by the hand of God, continued to turn in a predetermined fashion. Most importantly, Descartes did not violate the church’s doctrine of an immutable universe, since his vortices were simply God’s original motions carried forward in time.14 Descartes himself did not propose any shape of the Earth other than spherical, but French and Continental scientists later used his theory of vortices to ascribe to the Earth an elongated shape, as a counterweight to Newton.

Descartes’ theory of vortices gained a wide following in the years after the release of Principia philosophiae. It was widely promoted by the playwright Bernard de Fontenelle, who would go on to become the secretary of the French Academy of Sciences and play a pivotal role in the Cartesian-versus-Newtonian debate. In 1686, just as Newton’s Principia was being prepared for publication, Fontenelle came out with his chatty novel Conversations on the Plurality of Worlds, in which he described recent scientific discoveries in lay terms. With a playwright’s view of astronomy, he described Descartes’ vortices as the machines that move the scenery around the universe’s stage. Even the stars, said Fontenelle, were proof of Descartes’ theory. “The inhabitants of a planet in one of these infinite vortices,” he explained, “see on all sides the lighted centers of the vortices surrounding them.”15


Thanks to advocates like Fontenelle, Descartes’ theory had pervaded the public consciousness on both sides of the Channel, making it quite difficult for Newton’s ideas to get traction. As one of the first popularizations of science ever written, Conversations was an overnight success and was quickly translated into every major European language. Vortices were on the program of every afternoon salon and evening lecture from Paris to Amsterdam. Descartes’ lack of mathematical rigor was a positive blessing, as neither aristocrats nor wealthy merchants wanted their physics weighed down with equations and numbers. Therefore, when Newton’s mathematically based (and conspicuously secular) system of physics—in particular, his theory of a bulging Earth flattened at the poles—came up for discussion in these very salons, it was greeted with widespread skepticism, religious indignation, and even outright hostility.

Intellectual and spiritual dogmatism was not the only reason that Newton’s ideas received such a cool reception in France and elsewhere on the European continent. At precisely the same time that Newton was presenting his theory in Principia, the French Academy of Sciences was leading a new line of research that would soon pose a further challenge to Newton. The Academy, in addition to supporting astronomy to improve ocean navigation, had carried out geodesic surveys of France to develop better maps for the army and for tax assessors. These surveys would indicate that the Earth was elongated at the poles, in direct contrast  to Newton’s flattened Earth. The first such surveys, carried out in 1670 by the astronomer Jean Picard, were too small in scope to show this. A subsequent series of wars and famines bled the nation dry and prevented the Academy, starved of funds and in disarray, from carrying out more extensive work for more than twenty years.

By the mid-1690s, the political and economic situation in France had improved, and the Academy’s fortunes had brightened along with it. The powerful Phélypeaux family took control of the Academy, reversing its long decline. One of the Phélypeaux family members, Jean-Paul Bignon, became president, while Bernard de Fontenelle was appointed secretary for his ability to clearly explain science to an increasingly literate and interested public—including, most importantly, to the members of the royal court. Where scientists and mathematicians wrote long, dense papers for each other in the Academy’s annual Memoirs, Fontenelle wrote breezy, easy-to-understand summaries in the Memoirs’ History section. He also wrote the eulogies of recently deceased Academicians, which became something of a national treasure for their warm and often witty portrayals of their subjects.

Now under a strong and popular leadership, the French Academy also enjoyed a change of scenery as the eighteenth century approached. In 1699 the Academy moved from the small house that headquartered it into the Louvre palace, which was no longer a royal residence—Louis XIV had decamped to Versailles some twenty years earlier—but rather a vast workshop, filled with marble dust, wood chips, and the smell of paints from the Royal Academy of Painting, the Academy of Architecture, and the Royal Manufactures housed there. The Academy of Sciences was placed in a small bedroom antechamber—nowadays it is Room 33 of the Sully Wing—and sessions were often crowded affairs.16


With the Academy back on firm footing, it now undertook to extend Picard’s survey of France using the same geometrical techniques, albeit with more modern instruments. The method for carrying out long-distance surveys had been around for several centuries and used a basic Euclidean premise: Given two angles of a triangle and the length of one side, the remaining sides and angle can be computed. This principle could be employed to measure over long distances by establishing a geodesic chain  of triangles between two fixed points (see Figure 1.2). A team of surveyors, beginning at one end of the chain, would lay out and measure a baseline (AB) of several miles using long measuring rods. Because the baseline had to be perfectly straight, it was laid out on fairly flat, open ground. Next, they would use a survey quadrant (larger and more accurate than a marine quadrant) to measure the angles from each end of the baseline to the apex of the triangle (C), which was a visible marker many miles away, such as a large boulder, tree, or church spire. They then used trigonometry to calculate the length of the legs of the triangle.

After using angle measurements to calculate the length of each side of the triangle, the team of surveyors would repeat the process until they had a chain of triangles extending for the distance they wished to measure. Working off the first triangle, they would select another visible marker for the apex (D) of a second triangle. The surveyors would then measure the angles from points B and C to D, then from points C and D to apex E of the next triangle, and so on, further extending the chain of triangles. When the surveyors finally arrived at the endpoint of the chain, they sometimes measured the baseline of the final triangle to verify accuracy. Then, using long, iterative trigonometric calculations, they could measure the distance between the extreme ends of the chain of triangles (C and L).

Besides measuring the distance between two points, geodesic triangulation would also be used for determining the latitude of different sites, vital to correctly charting positions on a map. Early surveyors would use their large quadrants, turned vertically, to measure the angle between Polaris and the horizon. This was easier and more accurate than with a small marine quadrant, since the terrain does not pitch and roll. This procedure also allowed the surveyors to determine the length of a single degree of latitude at a particular site, by taking the angular difference in latitude at each end and dividing by the total length of the chain.

The famed Italian astronomer Giovanni Domenico Cassini, whom Colbert had brought to the Academy upon its founding but who was now almost seventy years old, led the new survey. He leaned heavily on his son Jacques Cassini as well as on Claude-Antoine Couplet, an engineer and a founding member of the Academy of Sciences. The three men triangulated along the Paris meridian, starting at the capital and working south to the Pyrenees for some four hundred miles. They reported the results to the Academy in 1701. As they finished the surveys and began their calculations, they saw that the length of a degree of latitude they measured in the south of France appeared noticeably longer than the one Picard had measured in the north in 1670. Cassini reported this fact with little fanfare.17
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Figure 1.2 Triangulation. Illustration: Eliecer Vilchez Ortega.

 



Bernard de Fontenelle, long a Cartesian supporter, seized on Cassini’s longer degree of latitude as a riposte to Newton’s flattened Earth, claiming that Cassini had clearly showed the Earth to be elongated toward the poles. Fontenelle was resting his argument on the well-understood principle that, in order to determine if the Earth were flattened or elongated, one could compare the lengths of a degree of latitude at two widely separated points on the globe, one near the equator, the other closer to the poles (see Figure 1.3). If the Earth were flattened (oblate), the length of a degree of latitude would be greatest at the poles; if it were elongated (prolate), the length of a degree of latitude would be greatest at the equator and diminish toward the poles. Since Cassini had showed that the northernmost measurement of latitude was smaller than the southern one, argued Fontenelle, the Earth must be prolate, making Newton wrong.18
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Figure 1.3 Comparative are measurements of a degree of latitude on an elongated (prolate) Earth and a flattened (oblate) Earth, after James R. Smith, From Plane to Spheroid (1986). Illustration: Eliecer Vilchez Ortega.

 



Jacques Cassini, who took over the Paris observatory after his father’s death in 1712, reinforced Fontenelle’s argument with a strongly worded historical examination of the figure of the Earth. He noted that various measurements of latitude taken since ancient times showed a distinct pattern of decreasing toward the north, clearly proving that the Earth was prolate. In 1718, Cassini was commissioned by the Academy to extend the original chain of triangles northward to the coast at Dunkirk, thus completing the full geodesic survey of France. When all the measurements were in, Jacques Cassini announced that a degree of latitude at Dunkirk in the north of France was about 900 feet shorter than in the Pyrenees, eight hundred miles to the south, thus firmly (and finally, in his view) concluding that the Earth was noticeably prolate.19


During this time, sentiment in Britain was shifting from Cartesianism to Newtonianism. Many of Descartes’ original ideas did not hold up to close scrutiny. His vortex theory, as Newton had noted, predicted that planets farther away from the sun would revolve in their orbits much faster than they actually do. Even the Cassinis’ elongated Earth was held in doubt by the Royal Society, which pointed out that their survey instruments were not nearly accurate enough to account for a difference of nine hundred feet in a degree of latitude, over the surveyed distance  of eight hundred miles—equivalent to the width of a human hair in the quadrant’s eyepiece.20


By 1720, a fissure had developed between British and French science. On one side of the Channel, where Newton’s theory of universal attraction held sway, the Earth was flattened at the poles. On the other side, where Descartes’ vortices had long swirled, the French Academy had apparently proven their countryman right; based on the hard physical evidence of surveys, they had determined that the Earth indeed seemed to be elongated. While French scientists at the Academy continued to debate the issue, their colleagues’ research—and the vociferous arguments of such Cartesian advocates as Jacques Cassini and Fontenelle—appeared more convincing than the strange theories emanating from a lone professor in Cambridge.

Even as they gravitated toward opposing notions of the Earth’s shape, the British and French camps had yet to decisively prove that either system was correct. The problem facing British science was the lack of any observations that could prove Newton’s theory. The problem for French scientists was that nothing in Descartes’ theory suggested an elongated Earth; in fact, Christiaan Huygens, using purely Cartesian mechanics, had independently predicted a flattened Earth to explain Richer’s pendulum clock results.21 Lacking evidence that would lay the issue to rest once and for all, each side glowered warily at the other across the Channel.

Just when the debate over the earth’s shape seemed to be reaching a deadlock, a political sea change offered new hope to scientists in both countries. The Anglo-French Alliance, which had begun in 1716 as a military and political treaty designed to avoid the continuation of costly fighting between the two nations as well as to check the resurgent ambition of Spain, was blossoming into a wider cultural détente between the two superpowers. This relaxation allowed an unprecedented exchange of people and ideas, fostering renewed scientific cooperation between erstwhile foes. Travelers crisscrossed the Channel for long stays on either side, and the exchange of letters between the Royal Society and the French Academy of Sciences grew warmer and more frequent .22


While the détente between Britain and France allowed scientists in the two nations to compare notes on their findings about the figure of  the Earth, it did not mean that they were in any way agreed on the debate. During the first years of the Anglo-French Alliance, scientists on both sides of the Channel exchanged volleys on the discrepancies between Cassini’s arguments for an elongated Earth and Richer’s pendulum clock experiments, the latter of which both Newton and Huygens claimed as proof for a flattened Earth. The first broadside, a memoir by Jean-Jacques de Mairan delivered before the French Academy of Sciences, argued both sides of the debate by suggesting that the Earth was prolate, as Cassini said, but that the original stationary Earth must have been even more elongated than Newton claimed, somehow squeezed into an egg shape as a result of the pressure of the celestial vortex. The spinning of the Earth, Mairan said, caused the centrifugal force that explained Richer’s results. The Royal Society returned fire a few years later, with a paper that vigorously disputed this logic. John Desaguliers, a French émigré living in London, argued that a stationary Earth would be spherical like a drop of water, and trotted out a machine composed of spinning hoops to show that the Earth’s rotation would cause it to bulge out at the equator and flatten it at the poles.23


Up until the mid-1720s, supporters of Descartes seemed to have the upper hand in the culture war that was swirling around the scientific debate. Bernard de Fontenelle, now the French Academy’s chief Cartesian apologist, went beyond merely contrasting the two sets of physical observations. He called into doubt Newton’s theory on both physical and philosophical grounds, questioning the whole idea of attraction. “If Gravity is an attraction,” he asked, “if at the center of the Earth there is some virtue [physical property] that attracts bodies . . . then what is that virtue? What is attraction?” The fact that the theory of universal attraction led to the notion of “variable gravity” was, for him, beyond “intelligible.” 24 Fontenelle continued to flourish his rhetorical pen in the pages of the Academy’s annual memoirs, defending his beloved Descartes while smoothly erasing any serious consideration of “attraction” in his brisk summaries of scientific papers. Fontenelle’s wit and style seemed to carry the day.

In May 1726, an unexpected ally appeared on the Newtonian front. Like Fontenelle, he would deploy his well-honed literary skills in defense  of a bewildering scientific theory. François-Marie Arouet, a French poet and playwright who made a highly successful career out of poking the aristocracy in the eye, had brashly insulted one too many members of the nobility. Rather than serving yet another jail sentence, Arouet decamped to London. Word of his new smash-hit play Oedipus had already reached the British capital, so when he arrived, Arouet was welcomed under his nom de plume—Voltaire.25


During his almost two-year exile in England, Voltaire imbibed English, becoming fluent not only in the language but also in its way of thinking. He was endlessly fascinated by the nation’s freedom of religion and of commerce, which were closely controlled in France. He was struck by the openness of scientific debate in the Royal Society, which, unlike the French Academy, was not an official government institution. Here in London, scientific arguments and disagreements were quite openly discussed in public forums. Back in Paris, Fontenelle, the former playwright, carefully stage-managed the dispute, allowing debate within the chambers but keeping a tight lid on public spectacles and editing papers to remove any appearance of discord. Voltaire was amazed by the adulation given to Isaac Newton, all the more so since Newton did not frequent cafés and salons the way well-known French scientists had to in order to stay in the public eye. Indeed, although they never met, Voltaire was the first to report the story of the falling apple that had inspired Newton’s thoughts on gravity. When Newton passed away in March 1727, Voltaire was still ensconced in London’s cultural milieu and witnessed firsthand the adulation given to the noted scientist that would normally have been reserved for kings.

Voltaire would soon become the Newtonians’ public mouthpiece, as Fontenelle was for the Cartesians. Voltaire found that, like Fontenelle, he could translate technical jargon into prose that was accessible to everyone. He became increasingly interested in doing so and therefore put his skills to use explaining Newton’s science and mathematics. When he returned to France in November 1728, the year following Newton’s death, Voltaire was brimming not just with new ideas for plays and poems but also with the notion that the universe could be precisely, even mathematically, described. This was a great leap from Descartes’ hand-waving  philosophy and was difficult to explain to the more conservative French public, so when, five years later, Voltaire finally published his description of these new British ideas, he first did so not in his native French, but in English. In 1733 Voltaire published in London a small but widely read book titled Letters Concerning the English Nation. In this series of essays describing his impressions of the nation, its people, and its ideas, Voltaire was openly admiring of the British philosophies he found so different from French ones. His work naturally garnered accolades in London.

When Letters Concerning the English Nation was published in French the following year, in 1734, it had the opposite effect. Voltaire had again raised the ire of the Paris elite that had driven him from the country some eight years before. Yet for many of those French intellectuals, it was their first thoughtful exposure to the new physics of Newton. “A Frenchman in London finds everything different, in philosophy as in all else,” noted Voltaire. “He left behind a world that was full; here it is empty. In Paris one sees a universe composed of vortices of subtle matter; in London one sees none of that.... For our Cartesians, everything is done by impulsions that they barely understand; for Mr. Newton, it is by an attraction whose cause is not any better known. In Paris you figure the Earth as shaped like a melon; in London it is flattened on both sides.” Voltaire, by publicly favoring Newtonianism, was once again sticking a finger in the eye of the Parisian elite.26


Voltaire knew a good bet, and Newton was clearly the man to follow. If he could explain the arcane philosophies of this Englishman to the French, Voltaire would be placed to take the mantle of Fontenelle as the leading popularizer of science in the cafés and salons of Paris. Fontenelle, after all, was now seventy-five years old, and Descartes’ ideas were even older; a change was needed, not just of the messenger but of the message. But Voltaire knew he could not do this alone—he needed to expand his circle of friends and acquaintances beyond the literary and into the scientific.

In order to find someone who could strengthen his advocacy of Newton’s ideas, Voltaire began cultivating the friendship of Pierre-Louis Moreau de Maupertuis. Maupertuis, an up-and-coming mathematician, had been an accomplished musician before turning to mathematics and becoming a member of the Academy of Sciences in 1723. As part of this growing interest in the physical sciences, he had gone to London for several  months while Voltaire was in exile there, although they apparently never met during that time. Like Voltaire, Maupertuis had been on an intellectual adventure in Britain, wanting to see how things were done in a different way; also like Voltaire, he had stumbled on Newton’s system and found its attraction palpable. On his return to the continent, he had traveled to Basel to study with the great Swiss mathematician Johann Bernoulli, who, although he vigorously rejected many of Newton’s ideas, gave Maupertuis the mathematical tools to evaluate them for himself.27


It had taken Maupertuis several years, but he eventually became convinced that Newton had it right. In 1732, after forewarning Johann Bernoulli, he outlined his views of the effect of gravity and centrifugal force on rotating bodies in a paper to the Royal Society, instead of in a memoir to the French Academy, because, as he acknowledged to his mentor, “it would be better received in England than here.” A few months later, knowing he could write reasonably freely about Newton’s theories in a book, whereas a French Academy memoir would first have to pass muster with Fontenelle, Maupertuis explained his Newtonian theories to his countrymen in a work published independently in France, Discourse on the Different Figures of Celestial Bodies.28


His book gave Maupertuis scientific notoriety, which immediately attracted Voltaire’s attention. In late 1732, while he was drafting his Letters Concerning the English Nation, Voltaire wrote to Maupertuis to ask for clarification on the concept of gravitational attraction, and Maupertuis replied by patiently explaining the relevant parts of Newton’s Principia. Voltaire, who knew how to sweet-talk a fellow artist, compared Maupertuis to Newton and gushed, “your first letter baptized me in the Newtonian religion; your second gave me my confirmation. I thank you for your sacraments.”29 Their growing friendship was mutually beneficial; Voltaire now had a scientifically literate colleague who could interpret Newton for him, and Maupertuis had a writer who could give popular voice to his ideas. Together with the brilliant Emilie du Châtelet, their mutual friend and lover who would later write the standard translation of the Principia, they became the principal force behind the popularization and eventual acceptance of Newtonianism on the Continent.30


The combined force of Voltaire and Maupertuis was needed to keep Newton’s ideas alive in France, for the political relationship between  France and Britain had changed considerably since the two men were in London in the 1720s. For almost a decade, the Anglo-French Alliance had given rise to an almost unheard-of level of cordiality between the scientific elite. Although Fontenelle had continued to dismiss many of Newton’s ideas when he eulogized him in 1727, he nevertheless put the Englishman on the same plane as Descartes, the highest compliment Fontenelle could give. Within a few years, however, a political rift developed between the two nations, as Britain entered into a new alliance with Austria, at the time France’s long-time adversary. The Anglo-French Alliance collapsed in 1731, followed by the cultural détente and, within a few years, the decades-long peace itself.31


The strains of the political rupture between France and Britain quickly showed in the debate over the figure of the Earth. The correspondence between the scientists of both nations dropped off, and the scientific debate between Newtonian and Cartesian advocates at the French Academy of Sciences took on increasingly strident tones. Fontenelle now shifted his stage directions, from sweeping the dispute under a rug to wrapping it in the white fleur-de-lys flag of the monarchy. Whereas previously the war of words had been directed at opposing conceptual and mathematical systems, it now took on a distinctly political overtone—a change that had the effect of stifling scientific discussion. In 1731, Maupertuis specifically referred to the “dispute between the English and the French” when describing Mairan’s earlier paper to Johann Bernoulli. Fontenelle cast suspicion on Maupertuis’ patriotism, wondering if he cared to “claim a glory for his fatherland, or justify the English at the expense of the French.”32


Voltaire frequently commented on the Newtonian-Cartesian debate in letters to his influential friends who helped shape public opinion. He was quick to notice the nationalistic language that now entered the argument. He observed that the very word “attraction” was politically charged; because it arose in London, he said, it was now considered “a ridiculous idea in Paris.”33 Sensing that a great plot line was emerging, he cast the conflict as between the old Cartesians (represented by Fontenelle) and the young Newtonians, led by Maupertuis. He wisely chose to frame the debate in terms of the figure of the Earth, on the grounds that most people would find the mathematics of planetary motion  far too obscure. There was one glaring hole in Voltaire’s otherwise lucid summation of the controversy: No one had yet been able to clearly articulate why the Newtonian-Cartesian debate had anything to do with the problem of the Earth’s shape. While Newton’s theories clearly pointed to a flattened Earth, it was still a leap to say that Descartes’ system of vortices implied that it was elongated.

It was Maupertuis’ mentor, Johann Bernoulli, who finally provided the mathematical “proof” to the already widely held conjecture that Descartes’ vortices implied an elongated Earth. In a 1734 memoir that won a French Academy of Sciences prize, Bernoulli likened the figure of the Earth to the elongated shape of a sailing ship, arguing that the Earth, pushed by Descartes’ vortices, drifted at an angle to the plane of the solar equator for the same reason that a ship drifts at an angle when pushed by the wind. Bernoulli calculated that the drift of the Earth’s orbit confirmed that the planet was elongated at the poles and not at the equator. Europe’s greatest living mathematician thus gave his firm support to the “egg-shaped Earth” results of Cassini’s geodesic surveys, linking his results directly to Cartesian physics.34 The fissure between Newtonians and Cartesians had now widened to a chasm.

 



Perhaps the one man in the entire French Academy who remained unconvinced by either side was Pierre Bouguer. A supremely self-confident and ambitious young mathematician, Bouguer, like Maupertuis, hailed from Brittany (and thus pronounced his name “boo-GAYR” in the Breton manner). He was the son of Jean Bouguer, a former pilot who had lost a leg during the aborted French invasion of Ireland in 1689 and who later became a professor of hydrography, the art of navigation and piloting. Pierre was born in the pleasant coastal town of Le Croisic in Brittany on February 16, 1698, and from an early age was surrounded by his father’s students—Jean’s “school” was simply one room in their modest home—and their astronomical and nautical instruments, which he played with as toys. His childhood and lifelong friend Paul Desforges-Maillard (who lived just around the corner) would later become a famous poet, publicly duping Voltaire in the process.35


From the beginning, Pierre Bouguer was recognized as a child prodigy. Although he attended the Jesuit college in nearby Vannes, his father also taught him a great deal about mathematics, hydrography, and astronomy. Pierre would soon make good use of this knowledge. In 1714 Jean Bouguer died, leaving the family without income. Pierre, just sixteen years old, applied for his father’s now-vacant post, and after passing a rigorous exam he was made royal professor of hydrography at Le Croisic, teaching hundreds of students, often twice his age, the fundamentals of navigation, astronomy, and piloting.
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Figure 1.4 Pierre Bouguer, age fifty-five. Pastel by Jean-Baptiste Perroneau (1753), Louvre. Credit: Art Resource, New York.

 



While still in his early twenties, Bouguer was introduced to the French Academy of Sciences after impressing a professor of mathematics with his self-taught knowledge of the calculus. He was introduced to Academy member Jean-Jacques de Mairan, who had just finished his paper attempting to reconcile Cassini’s geodesic measurements with Richer’s pendulum experiments. Even while Bouguer was still teaching in Le Croisic, Mairan enthusiastically engaged the young professor to work on naval problems such as the ideal placement of masts and sails, for which Bouguer won an important Academy prize in 1727. His work netted him a new, more prestigious posting at Le Havre, leaving his brother Jan to continue the family school at Le Croisic. Pierre Bouguer  continued to win prizes, and in 1731 he was given the mid-level position of associate mathematician at the Academy, replacing Maupertuis, who had been promoted to the highest position, that of pensioner.

Bouguer entered a French Academy divided between the opposing Newtonian and Cartesian theories, and he quickly realized he could not rise in its ranks simply by becoming one of Maupertuis’ Newtonian acolytes. At the same time, he saw that the Cartesian camp was running out of steam. Bouguer therefore sought greater recognition—and more upward mobility—by casting himself as a skeptical neutral in the Newtonian-Cartesian debate. He addressed that debate in two papers that appeared in 1734, at the height of the conflict. The first paper, examining the path of the Earth in its orbit, competed for (but lost) the Academy prize that Johann Bernoulli won by linking vortices with an elongated Earth. The next paper modeled the shape of a spinning Earth as a fluid sphere. In both papers Bouguer took new and bold lines of reasoning that, by giving equal considerations to both Newton and Descartes, marked him as an intelligent and objective observer, and the man to watch in the ongoing debate.

Bouguer’s auspicious entrance into the Academy won him the admiration of many of its members—but not all. Maupertuis clearly detested the young upstart who had occupied his old position and appeared to threaten the older man’s standing in the Academy. Maupertuis attempted to undermine Bouguer by taking his results and reformulating them as his own, without crediting Bouguer. Bouguer returned the sentiment if not the actions.36 While certainly quick to undercut perceived opponents like Bouguer, Maupertuis was a strong leader of the Academy Newtonians, and actively cultivated his protégés, inviting them to lively dinners at which they strategized on how to stand up to Fontenelle and his old guard Cartesians.37


One of Maupertuis’ closest friends in his circle of protégés was neither mathematician nor astronomer, but he was easily one of the most interesting and charismatic members of the entire Academy. Charles-Marie de La Condamine was several years younger than Bouguer and came from a considerably more well-to-do family. The product of a happy May-December marriage, La Condamine was born in Paris on January 27, 1701, to a prosperous tax collector and wanted for nothing. Charles-Marie  was unusually close to his younger sister Anne-Marie; in later years he would marry her daughter, his niece, which at the time was not seen as particularly aberrant. Raised in a doting family, he was not driven to excellence and did not closely follow any one subject at Louis Le Grand, the elite Jesuit college he attended (the equivalent of a modern-day preparatory school), opting rather to pursue whatever interested him at the moment.

La Condamine’s professional career had followed the same capricious path as his early life. At age seventeen he had joined his uncle in the Army of Roussillon in the southwest of France; Britain and France became allied in war against Spain soon after, so in August 1719 La Condamine and his fellow troops marched across the Pyrenees to besiege the Catalan city of Rosas. During the siege he had demonstrated the combination of curiosity, bravery, and sheer idiocy that would mark his entire career. As the combined land and sea assault unfolded, he climbed to a high vantage point to “amuse himself by observing [the enemy] firing rounds from an artillery battery, whose shells fell around him,” ignoring the fact that his bright purple cape stood out against the landscape and made him an obvious target. Despite the bombardment, La Condamine only descended when finally ordered to do so.38


Although no records remain to indicate when, exactly, La Condamine resigned his military commission, the regimented life of an officer could not keep him interested for long, and he apparently returned to Paris after peace was declared in 1720. He probably contracted smallpox during the city’s 1723 outbreak, and the disease scarred and roughened his lively but delicate features. He and his father both became caught up in the Mississippi Company scheme invented by the Scottish-born economist John Law, who had been appointed by the bankrupt French government as controller-general of finances during the period of improved relations between France and newly expanded Britain. As it would turn out, Law’s appointment was one of the more unfortunate consequences of the Anglo-French Alliance. He had created a government-backed investment scheme around the apparently limitless resources of French Louisiana, with the predictable result that many French speculators, including the La Condamines, lost their shirts when the bubble burst in 1720.
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Figure 1.5 Charles-Marie de La Condamine, age fifty-two. Pastel by Maurice Quentin de la Tour (1753). Credit: Frick Art & Historical Center, Pittsburgh.

 



Despite the failure of the Mississippi Company scheme, La Condamine could not resist underfunded government-backed speculations, and he more than regained his fortune—and also won a noteworthy new ally—on the next one. In 1728 the city of Paris defaulted on municipal bonds that had been issued to cover the Mississippi Company debts, and many wealthy Parisians who had bought the bonds were now holding piles of worthless paper. The city held yet another lottery for these bondholders with a promise of large payout to the winners, in hopes they would reinvest. At some point in late 1728, the idea struck La Condamine that if he were to buy up all the bonds at their cut-rate prices, he would have a lock on winning the lottery, which promised to pay out far more than the bonds were worth. At a dinner at the house of the Academy chemist Charles du Fay, La Condamine met Voltaire, who had recently returned from Britain. Both were graduates of the Louis Le Grand college, though as Voltaire was six years La Condamine’s senior, the two had probably not known each other well at the time. Nevertheless, their shared experience drew them together, and La Condamine discussed his lottery idea with Voltaire. From February 1729 to June 1730, the two bought up all the available bonds and easily won the lottery, with a net  gain of around 500,000 livres; each man now had the equivalent of over $2 million in his coffers. La Condamine and Voltaire were now inseparable, and Voltaire would often look to his friend’s exploits as inspiration for his plays and writings.39


La Condamine’s friendships landed him not only in Voltaire’s oeuvre but also in the French Academy of Sciences itself. Through his friendship with du Fay, La Condamine was appointed to the Academy as adjunct chemist in 1730. Of course he did absolutely no chemistry, instead convincing the Academy to sponsor his expedition to accompany the famous corsair René Duguay-Trouin, who was escorting French merchant ships around the Mediterranean. From May 1731 to June 1732, La Condamine rode with Duguay-Trouin on what would be the privateer’s last voyage; they visited the historical sites of Carthage, Alexandria, Jerusalem, and Constantinople (Voltaire immortalized his friend’s voyage by setting his latest play, Zaïre, in Constantinople). La Condamine did not see any military action on his journeys but rather took astronomical measurements and made copious notes on the geography, botany, and natural history of the regions, all of which he duly reported back to the Academy.40 Soon after La Condamine’s return to Paris, du Fay and Voltaire introduced him to Maupertuis. La Condamine almost immediately sensed that the debate over the figure of the Earth would become his next great adventure.

Besides La Condamine, Maupertuis also recruited another young Academician into his ever-widening circle of acolytes. Louis Godin was something of a sensation at the Academy of Sciences, only twenty-nine and having risen all the way to the top level of pensioner astronomer in just eight years. He had been born in Paris in 1704 and groomed to become a lawyer in the family tradition, but he had other ideas. In his eulogy many years later, it would be remembered that he had decided to study astronomy at the Royal College “despite the protests of his father . . . sacrificing all other occupations to this favorite study, to which he gave everything without reserve.” But the Royal College offered far more than mere instruction; many of its professors were members of the French Academy of Sciences, able to pick and choose among their students for entry into that privileged body. Godin, in spite of his youth, was possessed of “the fire of imagination . . . married with the justice of reason,” and was marked early for admission.41


 [image: 009]

Figure 1.6 Louis Godin, about age fifty-two. Oil by Nicolas Henri Jeaurat de Bertry (circa 1756). Credit: Bibliothèque de l’Observatoire de Paris.

 



Godin had demonstrated stunning ambition upon entering the Academy in 1725 and had risen quickly through its ranks. From his first position as an adjunct astronomer—the lowest rung on the Academy’s ladder—he was soon promoted to editor in chief of the Academy’s historical memoirs for 1666–1699, which had been gathering dust for a generation without being published. Despite this administrative workload he carried on his astronomical observations, carefully reporting on various eclipses and meteors, and updating astronomical tables that were used for navigation. Godin showed himself to be a competent practitioner and even invented several novel instruments to take sun and star sightings.

Godin did not live for science alone, for he was very much a ladies’ man. Tall and handsome, with well-hewn features and penetrating eyes, he wooed and married the strong-willed Rose Angélique Le Moine in 1728, shortly after his admittance into the Academy, and together they had a son and daughter. The family lived in the well-to-do Left Bank  district near the Sorbonne University on the rue de Postes, a fashionable address for many members of the Paris scientific community. Godin’s privileged birth and early, comfortable position at the Academy meant that he had never needed to leave the observatory to do any astronomical fieldwork—or, for that matter, much of anything that required teamwork. He was used to setting and carrying out his own agenda, and he did not brook anyone questioning his judgment.

By the time Godin, La Condamine, and Bouguer were beginning their careers at the French Academy, the Newtonians and the Cartesians had reached a dead end in their arguments over the differing theories of gravity. The problem wasn’t simply that the opposing sides had worn each other out; even Bouguer, in his even-handed examination of the subject, had not arrived at any definitive conclusions. Maupertuis, however, was determined to win the debate for the Newtonians, and he decided that they could make headway against the Cartesians by changing the terms of the discussion.

Maupertuis now switched his argument to geodesy—the shape of the earth—to prove the validity of the broader Newtonian system. If he could prove that, contrary to the Cassinis’ findings, the length of a degree of latitude actually increased as one moved northward, Maupertuis could show that the earth was slightly flattened—a shape that could be explained by Newton’s theory of gravity. Maupertuis’ strategy was to cast doubt on the Cassinis’ triangulation from Dunkirk to the Pyrenees, completed back in 1719, which had shown a miniscule shortening of a degree of latitude going south along the north-south meridian. But Maupertuis did not wish to simply remeasure the Paris meridian; the Cassinis’ original results had been roundly criticized for being flawed in their fundamental assumption that the flattening of the Earth could be detected over such a short distance.

The Newtonians knew that their best chance of successfully contesting the Cassinis’ measurement would be to measure the length of a degree of latitude at some distant part of the globe, to compare with the length of a degree in France. This would ideally be done at the equator, where (in theory) the difference would be most pronounced. Such a far-flung journey appeared impossible; France’s sole possession near the equator  was Guyana, where Richer had made his measurements, but its jungle was thought to be impenetrable. Besides, it was several degrees north of the line, and the exacting academicians preferred that their measurements be taken right at the equator. Spain and Portugal were thought to be too possessive of their South American colonies (Peru and Brazil) to allow a French expedition there. Africa’s equatorial coast was well-known to the French for slave trading, but apart from a few widely scattered fortifications, it was a mysterious and hostile land. The Asian islands of Borneo and Sumatra were almost never visited by Europeans. The equator seemed hopelessly out of reach.

With the ideal surveying route cut off to French scientists, Maupertuis’ best option to determine the Earth’s true figure would be to take a measurement within France. Since the Cassinis had exhausted the latitudinal measurements, Maupertuis and his brightest disciples, Godin and La Condamine, jointly developed a plan to measure the length of a degree of longitude on an east-west line though Paris. Appearing before the French Academy of Sciences in June 1733, they read three papers in quick succession, describing the practical points of this method. Using the same principles as those commonly held about the correlation between latitude and spherical shapes, they argued that, if the Earth were egg-shaped, the length of a degree of longitude would be shorter than for a perfectly spherical earth; if flattened, a degree would be longer.

Maupertuis, Godin, and La Condamine knew Jacques Cassini had already begun an east-west longitudinal survey of France when they presented their papers, but they believed they would have time to complete their procedure before he did. Unfortunately for them, by November 1733 Cassini had finished his measurements and determined that a degree of longitude through Paris was in fact shorter than for a perfect spheroid—not a surprising conclusion, as it confirmed his previous calculations that the Earth was egg-shaped. This was not at all the answer that Maupertuis and his cohorts were looking for, and it should have dashed their hopes for any further geodesic surveys that could prove Newton correct.42


Just as Cassini’s results were being discussed in Paris—just as it seemed as if the Cartesians had found even more empirical evidence to  strengthen their case—a new and unexpected ally emerged on the Newtonian side of the debate. The new player, Minister of the Navy Comte de Maurepas, would provide the scientists with the critical support for their dream of going to the equator to conduct a geodesic survey unlike any other to date. While the previous measurements in France had seemed to raise more questions about the shape of the Earth than they had answered, this new survey had the potential to resolve the debate once and for all.






II

Preparations for the Mission


With the collapse of the Anglo-French Alliance in 1731, France had been left without a powerful ally to face a newly hostile world. King Louis XV knew his position was untenable. Immediately across the Channel to the north, Britain had entered into an alliance with Austria, with the intentions of checking France’s power on the European continent. Spain, France’s neighbor to the south, had found its own ambitions checked time and again by these same powers. It was perhaps inevitable that the two nations, sharing a border and united by a common adversary and family ties (King Felipe V of Spain was the uncle of France’s Louis XV, the two having been descended from Louis XIV in the royal House of Bourbon), would join forces.

On November 7, 1733, the Bourbon Family Compact between the two nations was signed in the Spanish king’s palace of El Escorial outside Madrid. The agreement would be the first of three family compacts that France would sign with Spain, and it would allow the two nations to gain  new territories—the Duchy of Lorraine and the kingdoms of Naples and Sicily, respectively. The Treaty of El Escorial (the official title of the first compact) was quite far-reaching, providing, among other things, that France would support Spain’s claim on Gibraltar, if war with Britain should occur. This was a particularly sensitive issue for the British and marked France’s clear break with its former ally. It also meant that any French ships sailing across the Atlantic would now have to keep a weather eye open in case hostilities with Britain suddenly flared up. But the treaty had far more immediate consequences for the scientists in both nations, who were still embroiled in the debate over the figure of the Earth.

Late in November 1733, the same month that Jacques Cassini’s east-west survey had once again shown that the Earth was egg-shaped, news of the Bourbon Compact arrived in Paris. Scientists at the French Academy immediately grasped the implication of the treaty. It had long been clear that, in order to most decisively ascertain the true shape of the Earth, the Academy would need a latitudinal measurement from the equator to compare against the ones taken in France. Spain had prime real estate right on the equator: The Viceroyalty of Peru, long fabled for its riches, sat astride the line. But while France and Britain were allied against Spain, Peru had been inaccessible to the Academy, and none of the other known equatorial sites—in Africa, Brazil, or Asia—were considered feasible, either. Most French scientists, therefore, had dismissed the idea of an expedition to the equator as a pipe dream. Now, with the political landscape dramatically changed, an expedition to the equator had suddenly become a real possibility.
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