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INTRODUCTION



For many of us, the missions of NASA’s Project Apollo are synonymous with lunar exploration. Yet Apollo is only part of a history of the Moon that weaves all through human history—and still further back in time. In this book, we begin our exploration a little more than 4.5 billion years ago, with the formation of the Moon itself, and then work our way forward, focusing on a hundred “moments” in the history of the Moon. In selecting moments to describe, I considered current knowledge, theories, hypotheses, and thinking in lunar science; factors that had a major impact on human civilization, such as the Moon’s role in calendars, ancient religions, and the emergence of astronomy and science; and, of course, the exploration of the Moon in the mid-twentieth century and the several decades of technological development leading up to that exploration. In researching the topics, I came across some interesting cultural tidbits, such as the 1929 German film Frau im Mond (Woman in the Moon), featuring a technical adviser who was key in the development of rocket technology.


As you read through this book, you’ll notice that many of the moments fall into groups. The early moments describe geological events. Later, a large collection covers the influence of the Moon on humans of ancient civilizations, particularly in Mesopotamia and the Greek world. Next comes a series of related moments set during the Middle Ages, when the focal point of lunar astronomy, astronomy in general, and really the pursuit of knowledge lay within Arabic civilization, encompassing various nations and individuals that had in common the fact that they used Arabic as the language of intellectual activity. We then move through the European Renaissance to early modern times, when the advent of the telescope revealed details of land features on the Moon, as well as other phenomena, such as the fact that the planet Venus goes through phases just like the Moon. First seen by Galileo Galilei, the phases of Venus constituted one of several turning points in an ongoing debate as to whether the Sun and planets orbited Earth, or Earth orbited the Sun, a debate that emerged in ancient Greece, with various discoveries in which the Moon played a supporting role.


Entries involving the formation of lunar craters and other land features billions of years ago also introduce several heroes from human history whose work is related to the Moon and for whom craters have been named. One example, coming into our story so many times that we could call him a protagonist of the early portion of the book, is Aristarchus of Samos. Eponym of the Aristarchus crater, which is roughly 450 million years old, Aristarchus used a very creative, but simple, method to figure out the Moon’s size and distance from Earth, and the distance and size of the Sun. Computing that the Sun was much bigger than the Earth, he then deduced that Earth must orbit the Sun, not the other way around. Known as the heliocentric (Sun-centered) model, the cosmology of Aristarchus won only a handful of followers in ancient times, and for many centuries a geocentric (Earth-centered) model dominated. Partly related to astronomical measurements of the Moon’s motion, hints that there were problems with the geocentric model popped up during the Arabic period, leading ultimately to a revival of the heliocentric model in the work of Nicolaus Copernicus, Galileo, and Johannes Kepler, all of whom have lunar craters named for them.


Blocks of entries become increasingly linked together in the twentieth century as we look at the emergence of rocket propulsion, which ultimately would lead to NASA’s Saturn V booster and the Space Race between the United States and Soviet Union. The resulting underlying story thus brings forth additional personalities, one being Sergey Korolyov, architect of the early Soviet space program. US president John F. Kennedy emerges as a protagonist in the race to the Moon because of his influence during his short time in office, whereas President Richard Nixon may strike you as more of an antagonist. You’ll see why.


As noted above, there is a strong emphasis not just on events that happened prior to Apollo 11 and the first human landing on another world, but also on the missions that followed it—particularly the science that the astronauts and the Earth-based researchers carried out. Much of what we know about the Moon, and a lot of what we know about the early history of the Earth and other inner planets, comes from the studies carried out on the Moon during Project Apollo, and from the study of the 382 kilograms (842 pounds) of lunar material that those astronauts returned to Earth. The twelve astronauts who collected those samples knew what they were doing, having received hundreds of hours of training in field geology—enough training to equal a master’s degree in geology, except in the case of one lunar astronaut, Harrison Schmitt, who held a PhD in geology when he arrived on the Moon during Apollo 17.
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The unmanned Apollo 4 launched on November 9, 1967. It was the first flight of the Saturn V rocket, which eventually took astronauts to the Moon on the Apollo 8 mission.





Regarding units of measurement, particularly in the Apollo-era moments, you’ll notice that I employ metric, British Imperial, and nautical measurements. I did this to keep with a practice of Project Apollo: engineering values, pressure, and thrust for example, were expressed in Imperial units; distances, such as travel distance to the Moon, altitudes of orbits, and so forth were expressed in nautical miles; and measurements related to science (quantities of lunar material collected, for instance) were expressed using the metric system. (Earlier in the book, I also mention another type of unit, the stadion, an ancient Greek unit of distance, corresponding to the length of an Olympic stadium.)


The final phase of this book contemplates the near future, focusing on topics such as industrialization, solar power from the Moon, and the potential of building a large human base by the 2040s. These and other developments are on the horizon. This book’s publication coincides with the fiftieth anniversary of Apollo 11 and the first human landing on the Moon, as well as the Apollo 9 and 10 missions preceding that landing, and the Apollo 12 landing that followed, also in 1969. But what will the Moon look like on the seventy-fifth anniversary of these missions? Some of that future has already begun to pan out in this new age of lunar exploration.




MOON FACTS


Mass: 7.35 × 1022 kg (approximately 1/100th of Earth’s mass)


Density: 3.34 g/cm3


Surface Gravity: 1.62 m/s2 (approximately 16 percent that on Earth’s surface)


Diameter: 3,475 km (2,159 mi)


Average Orbital Distance: 384,400 km (207,343 nautical miles, 238,607 statute miles)


Perigee (minimum distance from Earth): 362,600 km


Apogee (maximum distance from Earth): 405,400 km


Sidereal Month (average time for the Moon to orbit 360° around Earth relative to the “fixed” stars): 27.32 days


Synodic Month (average time for the Moon to make one orbit around Earth with respect to the line joining the Earth and Sun): 29.53 days


Surface Temperature: –233°C to 123°C (–387° F to 253° F)
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4.5 Billion Years Ago



FORMATION OF THE MOON


How did Earth’s moon come into exis-tence, and when did it happen? Lunar samples and lunar probes have given us a precise answer to the “when” question. Analysis of rock fragments brought from the Moon’s Fra Mauro highlands by astronauts on Apollo 14 suggests that the Moon is about 4.51 billion years old. The answer to the “how” question is more complex and always changing.


One idea, proposed by Édouard Albert Roche in 1873, is that the Earth and Moon formed next to each other in space. The two worlds contain vastly different proportions of iron, however; Earth contains much more iron, most of it concentrated in the planet’s large, metallic core. Okay, let’s try another one: What if the Moon formed far away and was captured later by Earth’s gravity? Proposed by Thomas Jefferson Jackson See in 1909, the capture hypothesis also has problems, one being that ratios of isotopes of oxygen and certain other elements in the rocks of the two worlds match, almost like fingerprints, as if the Moon were made of the same materials as Earth’s outer parts. Might Earth thus have flung a chunk of itself into orbit? George Darwin, son of naturalist Charles Darwin, proposed this scenario in 1879, but it too presents problems.


There is also the Giant Impact hypothesis. Proposed by William Hartmann and Donald Davis in 1975, the scenario is that a Mars-sized planet, which scientists call Theia—named for the mother of Selene, goddess of the Moon—struck Earth soon after both planets had differentiated into crust and core. Such a history fit well with findings from Project Apollo that the Moon lacked water and other volatiles (substances that boil easily). It also fit with findings from Apollo and the Lunar Prospector probe that the Moon has at most a very small iron-sulfur core, but the matching of the isotopes between the worlds and issues involving the Earth’s spin and the Moon’s orbit have led scientists to propose variations as well as entirely different scenarios. This includes a multiple small-impact hypothesis that was described in 2015 by Oded Aharonson and colleagues of the Weizmann Institute and that took shape in 2017.


SEE ALSO: Scientists Consider Lunar Origins (1873–1909), Return to the Moon (1971), Elucidating Lunar History (1970s–80s), Preparing for New Missions (2018)
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Since the 1870s, scientists have proposed several hypotheses to explain the Moon’s origin.























4.5 Billion Years Ago



MOON–EARTH PULLING BEGINS


When the Moon formed, a day on Earth may have taken just four hours, and the Moon was at a fraction of its current distance. It would have looked huge in Earth’s skies. But Earth’s spin has slowed, while the Moon has moved farther away.


This cosmic dance comes down to tidal forces. Gravity between two objects decreases with distance, making the Moon’s gravity stronger on the closer side of Earth and weaker on the opposite side. Earth is thus stretched, slightly in its rocky structure, and substantially in the more flexible oceans. This makes a bulge on the side of the planet facing the Moon, and another bulge on the side facing away from the Moon. Halfway between the two ocean bulges, perpendicular to the Earth–Moon axis, the oceans flatten. As Earth spins, this geometry causes two high tides, alternating with two low tides, each day. The difference between high and low tide changes because the Moon’s distance changes over the course of each orbit, and because the Sun’s gravity also produces tidal bulges. Solar tides strengthen or weaken the lunar tides, depending on the angle between the Moon, Earth, and Sun. But the lunar tides dominate, because the Sun is much farther away.


Because the water shift lags behind the gravity changes, Earth’s rotation puts the Moon-facing water bulge slightly ahead of the Moon’s position. Since water has gravity, the Moon is pulled forward, and the increased speed drives it farther from Earth, roughly four centimeters per year. As the ocean pulls the Moon forward, the Moon pulls back, slowing the Earth’s spin.


Earth also causes tidal stretching of the Moon’s rocky structure. Billions of years ago, this forced the Moon’s spin to be the same duration as the Moon’s orbit around Earth. This is called tidal locking. It’s the reason why just one side of the Moon is visible from Earth. Billions of years from now, Earth could become tidally locked to the Moon, leaving the Moon visible from only one side of the planet, but the Sun will actually prevent this by swelling to engulf both worlds.


SEE ALSO: The Moon and the Origin of Earth Life (4.3–3.7 Billion Years Ago), Applying Math to the Lunar Orbit (2nd Century BCE), Improving Instruments Advance Lunar Astronomy (18th Century), Scientists Consider Lunar Origins (1873–1909)
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 This engraving from 1891 shows how the ocean bulges during a spring tide and neap tide. Spring tides occur when the Moon, Earth, and Sun are aligned, while neap tides happen when the Moon and Sun are perpendicular to each other. Both types of tides occur twice per lunar month.























4.3–3.7 Billion Years Ago



THE MOON AND THE ORIGIN OF EARTH LIFE


Scientists estimate that billions of years ago, the Moon could have orbited as closely as 25,000 kilometers (15,500 miles) on average from Earth, about fifteen times closer than its current distance. This made the Moon’s tidal forces about 225 times stronger than they are today. Interaction between water and land was intense. Today, the coastline shifts by distances measured in meters or feet between high and low tide. Billions of years ago, the shifting coast would have been measured in kilometers or miles.


In recent years, scientists have identified microscopic structures, assemblages of miner-als, and chemistry suggestive of microscopic life in Earth rocks dated as far back as 3.95 billion years. In one study, published in 2017, possible microfossils were described in rocks from Quebec, Canada, whose date range may extend to 4.28 billion years ago. Controversy surrounds the latter date, but microorganisms were established on Earth by 3.7 billion years ago. Analysis of the lunar surface shows that this time frame corresponds roughly to the end of a period of intense bombardment of the Moon, Earth, and other inner planets by rocks from space. This raises a question of whether life took hold on Earth because the crust cooled enough for life to thrive as bombardment subsided, or because the bombarding rocks carried biologically important molecules to the Earth’s surface.


We do not know exactly how life emerged from non-living chemical systems. Scientists are not even certain that the origin of life took place on Earth at all. Microorganisms could have transferred through space to the early Earth within rock material that is frequently ejected into space by impact events on planets, moons, dwarf planets, and other bodies. Nevertheless, there are several plausible hypotheses about how life could have started from the chemistry present on our home planet.


In each chemical scenario, the presence of a system for concentrating various organic molecules turns out to be immensely helpful. Enormous tides caused by Earth’s huge—and at that time very close—Moon would have met the requirements. Thus, it’s plausible that the Moon stimulated the origin of life on Earth, although the jury is still out.


SEE ALSO: Moon–Earth Pulling Begins (4.5 Billion Years Ago), Applying Math to the Lunar Orbit (2nd Century BCE)
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 The close proximity of the Moon to the Earth billions of years ago generated huge tides. These tides may have concentrated organic chemicals that eventually allowed life to emerge on Earth.























4.3–3.9 Billion Years Ago



IMPACTS CARVE INTO LUNAR CRUST


Observing a full Moon from Earth, yo u’ll always see the same, distinct patterns of darker and lighter areas. People know these patterns as the “Man in the Moon,” and by the designations terrae (Latin for “lands”) for the lighter regions, and maria (“seas”) for the darker regions; the largest sea is even called an “ocean,” though none are actually bodies of water. The patterns don’t change from our vantage point, because tidal locking keeps the same lunar hemisphere, the “nearside,” pointing toward Earth continuously. Over each month, we actually see a little more than a hemisphere, about 59 percent of the lunar surface, because of the shape and inclination of the Moon’s orbit. Occasionally, some wobble makes still more of the Moon’s “farside” visible, but the bulk of the farside is visible only to individuals and probes that travel to the Moon and fly around it.


For humanity, the Moon’s nearside patterns have been a constant, familiar presence, but only in the past few decades have scientists gotten a grip on what could have produced them. The short answer is big impacts from space rocks—meteoroids, asteroids, and comets. The exact dating is not yet certain, but sometime between 4.3 and 3.9 billion years ago two enormous impacts are thought to have carved out extremely large chunks from the crust. One of these carvings, called the South Pole–Aitken Basin (SPA), covers an area about 2,500 kilometers wide (1,550 miles) on the Moon’s farside. The other carving, located on the nearside, is even bigger, with a width of roughly 3,200 kilometers (2,000 miles). Known as the nearside megabasin (NSB), this ancient carving of the lunar crust is centered on Oceanus Procellarum (Ocean of Storms) on the western part of the nearside. It also encompasses two seas called Mare Imbrium (Sea of Showers) and Mare Serenitatis (Sea of Serenity), plus parts of other maria. But this enormous section of the Moon did not acquire the notable shapes visible from Earth until it was altered further by more impacts and volcanism.


SEE ALSO: A Lunar Facelift (3.9–3.1 Billion Years Ago), Peak of Lunar Volcanic Activity (3.8–3.5 Billion Years Ago)
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 An artist’s conception of a space rock impacting the surface of the Moon.























3.9–3.1 Billion Years Ago



A LUNAR FACELIFT


Scientists divide lunar history into periods that relate partly to timing of impacts that have altered the Moon’s surface by creating craters, larger holes called basins, and other features. A lunar feature is called Pre-Nectarian if it was formed prior to the carving of a basin called Nectaris. The latter was formed by a strong impact that is thought to have occurred roughly 3.9 billion years ago. One suspected Pre-Nectarian structure is the Tranquillitatis basin, corresponding to the Sea of Tranquility, where the astronauts of Apollo 11 would make history. Another is the Hipparchus crater, whose namesake, Hipparchus of Nicaea (c. 190–120 BCE), is considered one of antiquity’s most important astronomer-mathematicians. Still another crater from this time period is named for Archimedes of Syracuse (c. 287–212 BCE), a mathematician-physicist who is remembered as the greatest mechanical genius of antiquity.


Formation of the Nectaris Basin marks the beginning of the Nectarian Period, which ended roughly 3.85 to 3.77 billion years ago, when another big impact carved the Imbrian basin, corresponding to Mare Imbrium, right smack in the middle of the nearside megabasin (NSB). Formation of the Imbrian basin also marks the beginning of the Moon’s Imbrian Period. Lasting until 3.2 billion years ago, this period also was the setting for other impact events that formed other notable features, including the Serenitatis basin.


In lunar science, the term basin connotes a hole greater than 300 kilometers (roughly 185 miles) in diameter, as opposed to a crater, which is smaller than 300 kilometers. A megabasin is an enormous basin that has other basins carved within it. This is the case with the NSB, which contains the Imbrium and Serenitatis seas. This is because the basins of those seas were carved by impacts into the floor of the NSB. But the carving of these basins was only the first step in the process that would lead astronomers of the past to call them seas.


SEE ALSO: Impacts Carve into Lunar Crust (4.3–3.9 Billion Years Ago), Peak of Lunar Volcanic Activity (3.8–3.5 Billion Years Ago)
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 An image of the Moon taken from the Galileo in December 1992 shows some of its most prominent lunar basins.























3.8–3.5 Billion Years Ago



PEAK OF LUNAR VOLCANIC ACTIVITY


Why do the maria on the Moon look darker than the highlands? After the Moon formed, its outer layer cooled and solidified as the lunar crust. Deeper down, molten rock, or magma, formed the mantle, which remained molten for billions of years. Sometimes, impacts that formed basins, or even large craters, were strong enough to crack through the crust, down to the molten mantle, creating volcanoes, through which magma could escape.


In its youth, the Moon was volcanically active, with two peaks of intense volcanism about 3.8 and 3.5 billion years ago. In 2017, scientists from NASA’s Marshall Space Flight Center and the Lunar Planetary Institute published research conducted on volcanic glass samples brought from the Moon by astronauts in the 1970s. The study revealed that magma of the early lunar period was so loaded with carbon monoxide, gaseous sulfur compounds, and other volatile agents that for roughly 70 million years the Moon actually had an atmosphere—a true atmosphere, not the scant gathering of non-interacting particles that it has today.


When volcanic activity sent magma up through cracks produced by impact events, the magma flowed over the cracked basin as basaltic lava, similar to the lava that flows in Hawaii. Soon, the lava cooled and hardened into basalt, a type of igneous rock. High concentrations of iron made this particular type of basalt less reflective of sunlight compared with the rocks and dust of lunar highlands. This is why the lunar maria look dark. Although lunar volcanic activity began subsiding about 3 billion years ago, it was a gradual slowing that took 2 billion years, and some maria basalt surfaces are esti-mated to have formed only 1.2 billion years ago.


Maria cover about a third of the lunar nearside, but less than 2 percent of the farside—yet the farside has received just as much pounding from space. This asymmetry is due to the crust being much thicker on the farside, so it rarely has cracked deeply enough to release magma. Discovering why the crust is thicker on the farside than the nearside is one of many scientific motivations for returning humans to the Moon.


SEE ALSO: A Lunar Facelift (3.9–3.1 Billion Years Ago), First Pictures of the Moon’s Farside (1959)
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 This sequence of images shows the progression of lunar volcanic activity in half-billion-year time increments. The red areas denote where lava has most “recently” erupted.























3.2–1.1 Billion Years Ago



ERATOSTHENIAN PERIOD OF LUNAR GEOLOGICAL TIME


Prior to the Space Age, astronomers could distinguish older from newer regions of the Moon by counting craters. More craters means that a region solidified from molten rock farther back in time. But analysis of lunar rocks brought by astronauts has provided actual ages of certain regions. This has allowed calibration of crater numbers to estimate ages of lunar sites from which we do not have samples, and also crater-covered regions of other planets.


Lunar craters formed by impacts occurring between 3.2 and 1.1 billion years ago represent an intermediate phase of lunar history. Whereas craters and basins older than 3.2 billion years have accumulated smaller craters made by impacts within them, intermediate-aged craters tend not to contain other craters. Their time of formation is called the Eratosthenian Period, named for the quintessential intermediate-aged crater Eratosthenes.


Crater Eratosthenes is named for Eratos-thenes of Cyrene (c. 276–194 BCE), chief librarian at the Museum of Alexandria, in Egypt, who earned the nickname “Beta,” after the second letter of the Greek alphabet. This was because he was considered to be the second-smartest person in the world, second to Archimedes, but the astronomer Carl Sagan (1934–96) once remarked, “It seems clear that in almost everything Eratosthenes was ‘Alpha.’ Sagan had multiple reasons for saying this, one being that Eratosthenes was a polymath credited with discoveries in multiple fields. In mathematics, he invented a kind of sieve, an algorithm for picking out prime numbers. He essentially invented geography. Lines of latitude and longitude come from Eratosthenes, who also is remembered for calculating the tilt of Earth’s axis of rotation.


Most important to our story of the Moon is that Eratosthenes found a way to measure the size of the Earth. Since another scientist of the era, Aristarchus of Samos (c. 310–230 BCE), had computed the size of the Moon as a proportion to the sizes of the Earth and Sun and to the distances between all of these bodies, Eratosthenes’s measurement allowed these proportions to be converted into absolute distances.


SEE ALSO: Library of Alexandria (Early 3rd Century BCE), Aristarchus Measures Lunar Diameter and Distance (3rd Century BCE), Quarter Phase Moon and Heliocentrism (3rd Century BCE), Eratosthenes Calculates Earth’s Circumference (3rd Century BCE)
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 Eratosthenes Teaching in Alexandria (1635) by Italian painter Bernardo Strozzi (c. 1581–1644) depicts the librarian instructing an attentive pupil.
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