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This book is dedicated to those who, from the deep past to the far future, try to figure out how it all works, and then who try to make it work better . . .


 


“The top of Mount Everest is marine limestone.”


—Author John McPhee, when asked to sum up all of geology in one compelling sentence.


“Look again at that dot. That’s here. That’s home. That’s us. On it everyone you love, everyone you know, everyone you ever heard of, every human being who ever was, lived out their lives . . . on a mote of dust suspended in a sunbeam.”


— Carl Sagan, Pale Blue Dot, 1994
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The famous “Pale Blue Dot” photo of the Earth, floating in a beam of scattered sunlight, taken by the Voyager 1 space probe on February 14, 1990 from a vantage point beyond the orbit of Neptune, more than 40 times the distance from the Earth to the Sun.




















Introduction


It’s a daunting task to set out to chronicle the history of the world in a single book. And I don’t mean just the history of human beings and our various achievements and downfalls, I mean the entire history of the planet, from its formation in the spinning clouds of gas and dust from which our Sun and solar system came to be some 4.5 billion years ago, to the inevitable destruction of our planet in the eventual death throes of that same benevolent star some 5 billion years from now. Of all the things that have happened on, in, and around our world, which of them warrant consideration as being among the 250 most important milestones in the history of Earth?


I’ve taken a stab at answering that question, based on my own training as a geologist and planetary scientist; my own background and experience in field work, remote sensing, and computational analysis of data; and my own biases. For example, much of my professional teaching and research work focuses on planetary and space science—studies of other planets and solar system bodies, such as Mars and the Moon, using earth science and the study of our own planet as a basis for studying others (and vice versa!). So, I tend to think of the Earth not just as our home and the home of millions of other species, but as a member of a family of planets, moons, asteroids, and comets that orbit the Sun in our cosmic neighborhood. Indeed, studying the Earth from space, and studying other planets to learn about our own, is a major way that we’ve learned much of what we know about our home planet.


When I teach earth science, I make sure to point out that studying the Earth is like studying a series of nested, intertwining spheres. There is the lithosphere, the rocky surface and interior of our planet; the atmosphere, the thin layer of gases that warms the surface and sustains life; the magnetosphere, the magnetic bubble that protects our world from harmful solar radiation; the hydrosphere, a thin surface shell of water mostly in the oceans but also in seas, lakes, rivers, glaciers, and polar caps; and finally the biosphere, the collection of all living things on our planet. Each of these spheres has been critically important to the history of our planet, and they are all interrelated in complex ways that cannot easily be untangled. To truly understand the Earth as a system requires one to understand all these spheres of influence.


Thus, the history of the Earth spans topics in physics, chemistry, biology, astronomy, astrobiology, geology, mineralogy, planetary science, life science, public policy, atmospheric science, climate science, engineering, and many other scientific and social disciplines and subfields. I’ve tried to capture milestone events and discoveries that span all these fields, and to thus hopefully give a sense of the breadth of experience and expertise that goes into figuring out how our world came to be the way it is, and what will happen to it in the future.


Along the way, I’ve singled out about 120 individuals—out of the many thousands of scientists, explorers, inventors, and others who have made it a career to learn about our planet—who have made or contributed significantly to events and discoveries that I have flagged as notable milestones. Some of these people are well known (like Plato, Leonardo da Vinci, Magellan, Newton, Pasteur, Lewis & Clark, Darwin, Cousteau, and Goodall), others are famous within their academic or exploration circles but not so well known to the general public (like Steno, Hutton, Bowen, Wegener, Carrington, Agassiz, Humboldt, Dobson, Amundsen, Peary, and Van Allen). And still others have made critical contributions to the understanding of our world but for some reason have been left relatively obscure in the sometimes-fickle annals of history (like Chladni, Brock, Anning, Nadar, Dokuchaev, Bascom, Griggs, Angel, Norgay, and Lehman, all of whom you will learn more about soon).


As part of my research into these milestones, I was especially impressed by the significant role that many women have played in advancing our understanding of the planet. For most of the history of science, it has been a male-dominated career, with active traditions and other barriers established to keep women out of the club. That began to change—slowly—in the nineteenth and twentieth centuries, although the obstacles were huge early on. Pioneering research and discoveries about the Earth as well as its inhabitants made by women such as Florence Bascom, Dorothy Hill, Inge Lehman, Mary Leakey, Rachel Carson, Dian Fossey, Kathleen Sullivan, Sylvia Earle, and many others attest to the fact that women are just as capable as men in the pursuit of, and success in, science. Still, the fact that women do not yet make up 50 percent of the world’s population of professional scientists means that many gender-based barriers and biases—conscious and unconscious—still exist in earth science and other fields. There is still much work to do.


Another aspect of diversity that I have attempted to capture among these milestones is geographic diversity, both on and within the planet. For example, I point out examples of major mountain belts on all the continents, sampling and celebrating the many different styles of mountain-building (orogenesis) that have occurred throughout our planet’s history. I also point out examples of the major kinds of rocks and minerals that make up our planet, including how they are formed and what role(s) they may also have played in human history. The onion-skin-like layers of the interior of our planet—core, mantle, and crust—also each deserve special attention, for they each play a specific role in the way our planet gives off its internal heat, the way Earth generates a strong magnetic field, and the way the continents and oceans change over time. And you’ll see a major thread run through the book related to the theory of plate tectonics—the way the Earth’s crust is divided into a few dozen major pieces and the ways that they interact with each other to form new continents, ocean basins, and islands, as well as potentially catastrophic earthquakes and volcanic eruptions. Plate tectonic theory provides the foundation of our modern understanding of the way Earth’s surface changes over time.


I also thought it important to mark, as major milestones, the boundaries of Earth’s major periods of geologic time, as reconstructed by modern geologists. These boundaries are part of the internationally accepted Geologic Time Scale, a copy of which is included in an Appendix here for handy reference, courtesy of the Geological Society of America. For example, by far most (almost 90 percent) of the history of our planet was in a single geologic time span called the Precambrian, about which we know relatively little because there are so few rocks and fossils preserved on the surface of our dynamic planet from more than about 550 million years ago. Starting around then, however, in a significant milestone known as the Cambrian explosion, marine organisms began to create hard exoskeletons that remained preserved as fossils after the organisms died and fell to the seafloor. Fossils have provided key milestone markers in Earth’s geologic history ever since, including evidence for at least five episodes of mass extinctions, where huge fractions of all the species on Earth died off, rather quickly. One of these milestones, the disappearance of the ancient dinosaurs and many other species around 65 million years ago, has been linked to the climatic and food chain catastrophe created by the impact of a large asteroid. The other mass extinction milestones remain mysteries, however, with multiple hypotheses like impacts, extensive volcanism, and rapid climate change being explored for their origin in ongoing research and debate.


Yet another daunting task for this research was trying to assign specific chronological dates to many of the discoveries and events chosen here as milestones. When did the Atlantic Ocean form, exactly? When did flowers first appear on the Earth? When will the next ice age begin? In the case of many events in Earth’s history, especially in the deep past (or far future), there is considerable uncertainty or debate about the timing. Thus, in cases where the chronological timing of key events is uncertain or broad or both, I have indicated the best-known approximate date or range of dates with a “c.” (the Latin abbreviation for circa, meaning about) in front.


I’ve also chosen, in some cases, relatively modern milestone dates for past events or features about the Earth that might not be amenable to precise pinning down. For example, the discussion of many of Earth’s biomes (specific ecological zones) as important aspects of the Earth system comes up throughout the book, but when did tundra first appear on the planet? Or the first tropical rainforest? Or for that matter, when was the first hurricane, tornado, wildfire, or landslide? For those kinds of temporally nebulous milestones, I’ve picked important dates that we humans have since related to those specific events or ecological zones, such as the hurricane that devastated Galveston, Texas in 1900, the 1973 creation of the Monteverde Cloud Forest Reserve in Costa Rica, or the United Nations designation as 2011 as the “International Year of Forests.”


Finally, you might notice that many of the milestones that I’ve chosen have to do not just with the Earth, but more specifically with the development of life on our planet. When did life appear? How and when did photosynthesis originate? When did the first mammals appear? How about the first Homo sapiens? All of these and many other highlights in life sciences are milestones worthy of mention, not just for our species, but for our planet. While we now know that there is a short list of other places in our solar system which might be or might have been habitable at one time (places like Mars, Jupiter’s large moon Europa, or Saturn’s small moon Enceladus, for example), Earth is the only place that we know of so far that is not only habitable, but also inhabited.


For all we know, the origin and evolution of life on Earth could be a completely unique occurrence in the entire universe. Or, because we now know that there are likely countless Earth-like worlds in our galaxy and beyond, and that the components and conditions that make a planet like Earth habitable and inhabited are relatively common in the cosmos, perhaps the universe is teeming with life on similar habitable worlds, with each occurrence supremely tuned and adapted to its own unique environment following universal principles like evolution and natural selection. Either way, life on Earth is still special, and understanding the milestones related to life here will help us in the search for life elsewhere. As my mentor and hero Carl Sagan was fond of saying, “We are a way for the universe to know itself.”


It is perhaps more important now than it has ever been in human history for us to understand our home world as a complex, interdependent set of systems, and especially for us to understand the special role that our species plays in that set of systems. We are not the first species on Earth to change the overall climate of our planet (the first were the cyanobacteria—blue-green algae—that developed the remarkable ability to “poison” the early Earth’s atmosphere with massive amounts of oxygen via a brand-new innovation called photosynthesis, starting around 3.4 billion years ago). However, we are the first species with the ability to recognize that we are doing so, and with the power to do something about it. What will we collectively do with that knowledge? How will we collectively wield that power, if at all? These are profound questions that are at the heart of our relationship with our home planet.


Yes, it is indeed daunting to try to sum up everything there is to know about our planet in such a limited space. But just think of what we’ll learn. Read about our planet, follow the Notes and Further Reading links and pointers to learn more, and ponder your role in it all. . . . Enjoy!
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c. 4.54 Billion BCE



Earth Is Born


Evidence from both meteorites and stellar astrophysics tells us that the Sun and all the planets of our solar system were born around the same time, some 4.5 billion years ago, from the collapse of a huge spinning cloud of hot interstellar gas and dust. Earth, our home world, is the largest of the rocky, terrestrial planets that orbit relatively close to the Sun, and is the only terrestrial planet with a large natural satellite. To a geologist, it’s a rocky volcanic world that has separated its interior into a thin low-density crust, a thicker silicate mantle, and a high-density partially molten iron core. To an atmospheric scientist, it’s a planet with a thin nitrogen-oxygen water-vapor atmosphere buffered by an extensive liquid-water ocean and a polar ice-cap system, all of which participate in large climate changes on seasonal to geologic time scales. To a biologist, it’s heaven.


Earth is the only place in the Universe where we know life exists. Indeed, evidence from the fossil and geochemical record says that life on Earth began almost as soon as it could, when the early solar system’s violent rain of asteroid and comet impacts quieted down. Earth’s surface conditions appear to have remained relatively stable over the past four billion years; this stability, combined with our planet’s favorable location in the so-called habitable zone, where temperatures remain moderate and water remains liquid, has enabled life to thrive and evolve into countless unique forms. Earth’s crust is divided into a few dozen moving tectonic plates that essentially float on the upper mantle. Exciting geology—earthquakes, volcanoes, mountains, and trenches—occurs at the plate boundaries. Most of the oceanic crust (70 percent of Earth’s surface area) is very young, having erupted from mid–ocean-ridge volcanoes spanning the time from a few hundred million years ago to today.


The high amounts of oxygen, ozone, and methane in Earth’s atmosphere are signs of life that could be detected by alien astronomers studying our planet from afar. Indeed, these gases are exactly what Earth’s astronomers are looking for today among the panoply of newly discovered earth-like extrasolar planets orbiting other Sun-like stars. Are there more Earths out there, waiting to be found and explored?


SEE ALSO Birth of the Moon (c. 4.5 Billion BCE), Late Heavy Bombardment (c. 4.1 Billion BCE), Plate Tectonics (c. 4–3 Billion BCE?), Life on Earth (c. 3.8 Billion BCE?)



[image: ]



In the violent early inner solar system of 4.54 billion years ago, small rocky bodies grew relatively quickly by accretion—crashing into each other and sometimes sticking together—into protoplanets, and eventually full-fledged planets. Mercury, Venus, Earth, and Mars all formed this way early on.




















c. 4.54 Billion BCE



Earth’s Core Forms


Frequent collisions in the early history of the solar system no doubt resulted in the catastrophic disruption and even vaporization of many asteroids and planetesimals (small protoplanetary objects that could grow into full-size planets). Sometimes these collisions must also have led to the accretion (growth) of some of these bodies. And as some of these lucky survivors grew, their gravity became stronger, helping them to attract even more incoming materials to help them grow even larger. Above a certain size (usually thought to be around 250–375 miles or 400–600 km across), a planetesimal’s self-gravity pulls it into a relatively spherical shape. The resulting overlying pressures cause the temperatures inside those bodies to start to increase with depth, while at the same time considerable energy is continuing to be added from additional impact events at the surface.


The result of this accretion and internal heating is that growing bodies can differentiate, or segregate, with denser elements and minerals (like those dominated by iron) sinking to the interior and less-dense elements and minerals (like those dominated by silicon) floating to the top. Geophysical models show that this process—which ultimately led to the formation of the typical core/mantle/crust structure that we see in rocky and icy planetary bodies today—happened relatively quickly to many growing planets early in the history of the solar system.


In growing rocky planets like our own, additional internal heat was provided by the radioactive decay of certain elements (such as certain isotopes of aluminum or uranium, for example) that release heat as they decay. The resulting internal buildup of heat eventually entirely melted the iron-rich cores of some of these planets. Spinning, molten, electrically conducting cores led to the formation of strong magnetic fields on some of these worlds; on Earth, those fields would ultimately help to make the surface habitable by shielding the surface from much of the most harmful radiation from the Sun.


The Earth’s core has continued to evolve with time. While the outer core is still molten, the inner region of the core is thought to have cooled and solidified about 1 to 1.5 billion years ago.


SEE ALSO Earth’s Mantle and Magma Ocean (c. 4.5 Billion BCE), Continental Crust (c. 4 Billion BCE), Magnetite (c. 2000 BCE), Solar Flares and Space Weather (1859), Earth’s Core Solidifies (~2–3 Billion)
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Artist’s concept cutaway view of the very young Earth early in the history of the solar system, continually bombarded by impacts but still segregating into a core, mantle, and crust.




















c. 4.5 Billion BCE



Birth of the Moon


Earth is unique among the terrestrial planets in having a very large natural satellite. But where did our Moon come from? One idea is that the Moon formed in orbit around our planet at the same time and in the same way the Earth formed: by the slow growth from collisions (“accretion”) of rocky and metallic planetesimals condensed out of the warm inner regions of the spinning cloud of gas and dust known as the solar nebula. Another idea is that the early (molten) Earth was spinning so fast that a blob of it shed off (fissioned) and went into orbit, forming the Moon. Yet another hypothesis proposes that the Moon was formed somewhere else in the inner solar system and was later captured by Earth’s gravity.


These ideas competed for supremacy until the Apollo missions of the late 1960s and early 1970s brought Moon rocks and other information back to Earth and revealed that none of those hypotheses fit the Moon’s actual physical and compositional data. The accretion model predicted that the Moon would have the same basic age and composition as Earth, but it does not: the Moon has a much lower density, much less iron, and appears to have formed 30–50 million years after Earth and the other planets formed. The fission model required the early Earth to be spinning too fast, and the capture model suggested that there was no way to dissipate all the energy a free-flying Moon would have had to lose in order to get captured into Earth orbit.


In the 1990s, planetary scientists proposed another idea: the giant impact model. If the early Earth had been struck just right—at an oblique angle—in a giant impact by a Mars-size protoplanet, computer simulations showed that enough of Earth’s low-density, iron-poor mantle could have been melted and ripped off into orbit to eventually cool, grow, and form the Moon. The proto-Earth’s entire surface would have been melted in that giant impact as well, causing a major catastrophe for our young planet. Even though it seems rather ad hoc, the giant-impact model is still the best explanation for the origin of our Moon, because the composition, density, and even age of the Moon match the model’s predictions.


SEE ALSO Earth Is Born (c. 4.54 Billion BCE), Late Heavy Bombardment (c. 4.1 Billion BCE), Leaving Earth’s Gravity (1968), Geology on the Moon (1972), Last Total Solar Eclipse (~600 Million)
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Artist’s conception of the grazing impact of a Mars-size body with the proto-Earth around four and a half billion years ago. Debris from a giant impact like this is believed to have led to the formation of our Moon.




















c. 4.5–4 Billion BCE



Earth’s Mantle and Magma Ocean


The interior of the early Earth was heated to extreme temperatures by a variety of factors, such as the heat created from super-high pressures deep beneath the surface, the heat released by the decay of radioactive elements like uranium, and the heat brought in by frequent impacts from comets, asteroids, and young growing planetesimals. All this heat eventually melted at least parts of Earth’s interior, leading to differentiation into the basic core/mantle/crust structure that Earth still exhibits today. Many geophysicists think that the melting of the early Earth’s interior could have been much more extensive, however. Specifically, evidence exists that the early Earth’s mantle might have been wholly or partially molten, forming a sort of underground “magma ocean” beneath our planet’s thin crust (“magma” is the geologic term for molten subsurface rock, as opposed to “lava,” which is the geologic term for molten rock on the surface).


The evidence for an early-Earth magma ocean comes from lab experiments on the kinds of dense iron and magnesium silicate minerals that occur deep in the Earth. The mineral bridgmanite was studied extensively, in particular, because it is the most abundant mineral in Earth’s mantle. Scientists using special diamond anvils designed to reproduce the high pressures of Earth’s interior found that when bridgmanite melts, it turns into a denser iron-magnesium silicate that sinks below the less-dense crystalline bridgmanite. The melted material doesn’t sink below Earth’s even-denser molten iron-nickel core, however, helping to maintain the basic core/mantle/crust interior structure.


Earth’s early magma ocean would not have been a calm and static place. Melting of the upper mantle would have created denser blobs that sank down to the core, and intense heating of the lower parts of the ocean from core-supplied heat would have created less-dense, buoyant blobs that worked their way up through the ocean. These motions could have set up convection cells that would have kept the mantle in constant motion for hundreds of millions of years as the mantle and magma ocean slowly cooled and solidified. The surface expression of all that violence in the mantle was likely to have been a bone-dry world with frequent volcanic eruptions. Certainly not a pleasant environment for life to take hold in!


SEE ALSO Earth Is Born (c. 4.54 Billion BCE), Earth’s Core Forms (c. 4.54 Billion BCE), The Hadean (c. 4.5–4 Billion BCE), Continental Crust (c. 4 Billion BCE), Olivine (1789)
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Top: Heat from the continuing barrage of asteroids and comets like in this artist’s rendering helped a “magma ocean” form during our planet’s early history. Bottom: A tiny chip of volcanic rock heated inside a diamond anvil reveals evidence that the young Earth’s interior was mostly molten.




















c. 4.5–4 Billion BCE



The Hadean


The young planet Earth was a violent, hellish place—partially or perhaps even wholly melted in the interior, constantly bombarded by high-speed impactors that imparted even more heat, and with a hot, dry surface crust continually disrupted by volcanic eruptions. Geologists have a name for this first 500 million years of Earth’s history: the Hadean eon (from Hades, the Greek god of the hellish underworld).


Because of the constant impact bombardment and the eruption of new materials from the hot interior, the crust of the Hadean Earth was constantly being renewed and recycled. Once the impact rate abated and the volcanism slowed down, the cooled crust was relatively quickly modified through weathering and erosion, much of it related to the subsequent formation of Earth’s oceans. Thus, very little evidence of the Hadean still exists. Nonetheless, geologists have found some evidence for heavily metamorphosed Hadean rocks preserved in some of the oldest remnants of Earth’s continental crust. Minerals preserved in these rocks point to hellish conditions in the early Hadean, but also to a transition to a more habitable world over time.


Volatile materials such as hydrogen, water vapor, and carbon dioxide that were incorporated into the growing early Earth were released from the interior by melting and convection, likely forming a thick, hot, steamy early atmosphere on our planet. Some areas of hot liquid water may have been stable on the surface because of the high atmospheric pressures, but it would take significant cooling of the surface and condensation of the atmospheric water vapor to eventually lead to the kind of global liquid-water ocean that characterizes the Earth to this day.


The fact that very little evidence remains on the surface from the first 500 million years of Earth’s history is one motivator for studying the ancient surfaces of other bodies in our solar system. The Moon, for example, preserves evidence of the violent impact history of Earth’s Hadean eon (including evidence for the Late Heavy Bombardment), as do the ancient highland regions of Mars and the ancient crust of Mercury. By examining information gleaned from those worlds, we may yet be able to piece together the details of Earth’s Hadean puzzle.


SEE ALSO Earth Is Born (c. 4.54 Billion BCE), Earth’s Core Forms (c. 4.54 Billion BCE), Earth’s Mantle and Magma Ocean (c. 4.5 Billion BCE), Late Heavy Bombardment (c. 4.1 Billion BCE), Continental Crust (c. 4 Billion BCE), Earth’s Oceans (c. 4 Billion BCE)
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Artist’s impression of the surface of the Earth during the Hadean. The Moon was much closer to the Earth back then, and thus it appeared much larger in the early Earth’s sky.




















c. 4.1 Billion BCE



Late Heavy Bombardment


All the planets and other bodies in our solar system, including Earth, have been hammered by a veritable rain of asteroids and comets throughout geologic history. The rate of such catastrophic-impact events back in the early days of the solar system was many orders of magnitude higher than it is now. The record of that early cosmic impact history is not preserved on Earth, however, because most of our planet’s surface is covered by younger volcanic deposits or has been eroded away by the action of wind, water, ice, or plate tectonics. The surface of the Moon, on the other hand, is much more revealing, and the huge number of lunar impact craters and large impact-created basins provides a stark reminder of just how battered Earth’s surface must have once been.


One of the major legacies of the Apollo missions is the ability to determine the absolute ages of specific impact-cratering events using radioactive dating of lunar samples. The results indicate ages for large lunar impact events of around 4.1 to 3.8 billion years BCE—a surprisingly “young” discovery, considering that all the major planets formed significantly earlier than that, around 4.5 billion years ago. Many planetary scientists believe that the simplest explanation is that the Moon—and, by inference, the Earth—went through a period of intense impact-cratering about 400 to 700 million years after their initial formation. But why?


Some have speculated that Jupiter is to blame. As the largest planet in the solar system, Jupiter exerts the most gravitational influence on the other planets, asteroids, and comets. Planetary scientists have recently hypothesized that slow changes in the orbits of Jupiter and the other giant planets early in the solar system’s history caused occasional “resonances” among the planets, especially when Jupiter and Saturn were aligned just right in their orbits. These resonances “pumped” gravitational energy throughout the early solar system, disrupting the orbits of other planets and especially of smaller asteroids and comets. Many of those small bodies could have been diverted into the inner solar system. If this model is right, the resulting cataclysm certainly wreaked havoc on the terrestrial planets and no doubt had a profound influence on the development and stability of life on our home world.


SEE ALSO Plate Tectonics (c. 4–3 Billion BCE?), Life on Earth (c. 3.8 Billion BCE?), Radioactivity (1896)
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Enormous impact basins, like the 578-mile-wide (930 km) Orientale Basin on the Moon shown here, provide evidence for a renewed period of intense planetary bombardment some 400 to 700 million years after the Earth formed. The colors here show lower (blue) and higher (red) gravity on the inner and outer parts of the basin.




















c. 4.5 Billion BCE



Continental Crust



Norman L. Bowen (1887–1956)


The rocks that erupted onto Earth’s surface in the Hadean came from the dense, molten magnesium- and iron-rich rocks that made up the early mantle. Geologists call these kinds of rocks mafic basalts, where mafic is a hybrid of “magnesium and iron (Fe) rich,” and basalt is a kind of fine-grained volcanic rock that is relatively low in silicon, sodium, and potassium relative to other kinds of volcanic rocks. The rocks were constantly re-melted, re-processed, and re-cycled through the Hadean crust.


When basaltic rocks are re-melted, especially if they are in a confined underground volume such as within a magma chamber under a volcano, or within a large subsurface volume oozing or “intruding” into other surrounding rocks (what geologists call a batholith), they can start to undergo a mini-version of the differentiation process that happened within the Earth’s interior as a whole: that is, the heavier elements sink to the bottom and the lighter elements rise to the top. This is because as the melt begins to cool and solidify, minerals crystallize out in a specific way, with more mafic minerals like olivine coming out of the melt first and settling to the bottom, and higher silicon minerals such as feldspar and eventually even quartz crystallizing out of the melt at the end, and thus concentrating near the top of the chamber or batholith. Geologists call these high-silica components felsic minerals (from “feldspar rich”). The order that these minerals undergo fractional crystallization out of subsurface melts was first figured out by Canadian petrologist Norman L. Bowen in 1928; this is now known as Bowen’s Reaction Series.


The result of the recycling of mafic rocks is the creation of younger felsic rocks that are less dense and thus “float” on the denser mafic basalt crust. Over time, felsic rock “islands” floating on the mafic crust built up to form the first pieces of the Earth’s protocontinents. Geologists call these ancient, earliest-formed central cores of the continents cratons or, where widely exposed, shields. Only a dozen or so major shield regions have survived from the early history of our world; but, via plate tectonics, these regions helped seed the growth and accretion of much more continental crust, which now covers about 40 percent of the surface of our planet.


SEE ALSO Earth’s Core Forms (c. 4.54 Billion BCE), Earth’s Mantle and Magma Ocean (c. 4.5 Billion BCE), The Hadean (c. 4.5–4 Billion BCE), Late Heavy Bombardment (c. 4.1 BCE), The Archean (c. 4–2.5 Billion BCE), Plate Tectonics (c. 4–3 Billion BCE?), Feldspar (1747), Olivine (1789)
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Fractured, metamorphosed remnants of ancient continental crust found along the eastern shores of Hudson Bay, in the Canadian craton. These rocks formed by the re-melting of basaltic rocks originally erupted in the Hadean.




















c. 4 Billion BCE



Earth’s Oceans


During the Hadean (hellish) eon between about 4.5 and 4 billion years ago, huge quantities of molten volcanic lava erupted onto Earth’s surface. Along with that liquid rock, a lot of gases were also “erupted,” including hydrogen, ammonia, methane, carbon dioxide (CO2), sulfur dioxide (SO2), and water vapor, forming Earth’s steamy earliest atmosphere. As the Earth cooled and transitioned into the Archean eon around 4 billion years ago, the pressure and temperature conditions began to allow large quantities of water to routinely be stable as a liquid on the surface (rather than as steam in the atmosphere). Earth’s oceans were born.


Where did all these volatile gases come from? Perhaps the comets and especially asteroids/planetesimals that collided and eventually grew to become the Earth contained water, which became trapped in the subsurface as the Earth grew, but slowly escaped via Hadean volcanism. Or perhaps the steady rain of comets and asteroids that have been crashing into our planet during and since the Hadean delivered a so-called “late veneer” of water to the Earth, which condensed and became the oceans. Both ideas have merit. Even today, for example, large quantities of water (and CO2, SO2, and other gases) can be measured coming out of active volcanoes. Comets and asteroids also continue to strike the Earth (though rarely); studies of surviving meteorites show that some of them are indeed water-rich. Perhaps Earth’s oceans came from both internal and external sources of water.


CO2 and ammonia dissolve in water, and Earth’s early oceans quickly became a “sink” for dissolving enormous quantities of these compounds, removing most of them from the atmosphere. Many scientists believe that the result was an Archean atmosphere that could have had abundant hydrogen and methane and much less free oxygen (much like the atmosphere of Saturn’s large moon Titan today). Scientists refer to this as the reducing (as opposed to oxidizing) model of early Earth’s atmosphere. Experiments dating back to the 1950s have shown that when liquid water in contact with such an atmosphere is exposed to energy sources like lightning or solar UV radiation, the result can be the formation of abundant organic molecules, including simple amino acids and other essential building blocks of life.


SEE ALSO The Hadean (c. 4.5–4 Billion BCE), The Archean (c. 4–2.5 Billion BCE), Plate Tectonics (c. 4–3 Billion BCE), Earth’s Oceans Evaporate (~1 Billion)
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Artist’s concept of the Earth near the end of the Hadean/beginning of the Archean, when liquid-water seas and oceans began to be stable on the surface. Large impact basins, just like those still preserved on the Moon today, provide evidence of continuing bombardment by asteroids and comets.




















c. 4–2.5 Billion BCE



The Archean


The second-oldest of Earth’s four major eons of geologic time is known as the Archean (sometimes spelled Archaean, from the Greek for “beginning” or “origin”). The beginning of the Archean around 4 billion years ago, or about 500 million years after the Earth formed, marks the approximate age of the oldest radioactively datable rocks still preserved on the surface of our planet.


The early Archean Earth would be almost unrecognizable to us. Our planet was probably almost completely covered by a hot, mildly acidic ocean, broken up only occasionally by small regions of early continental crust (protocontinents) formed via the re-melting and re-working of older, denser oceanic crust. The atmosphere probably had little free oxygen, and likely kept the surface quite hot because of the presence of abundant greenhouse gases such as water vapor, CO2, and others. The surface was also heated from below, as internal radioactive heating—as well as the residual heat from the accretion of the planet—drove a much higher rate of volcanism than today. In the early Archean, life on Earth was rare or perhaps even nonexistent.


In contrast, the changes to the Earth over the span of 1,500 million years, by the time of the late Archean around 2.5 billion years ago, were among the most dramatic ever experienced by our planet. The rates of impact cratering and volcanic eruptions slowed significantly. Plate tectonics began, and, partly as a result, continental landmasses began to grow from the roots of the older protocontinental cratons. Erosion from the new continents into the oceans helped to increase the salinity (salt content) and neutralize the acidity of the ocean. The atmosphere cooled, became more oxidizing, and the essential components of the modern ocean-land hydrologic cycle—evaporation, condensation, precipitation—began to develop. And by the end of the Archean, life was thriving on planet Earth.


Among the most profound (for us, at least) events in the Archean was the rise of a class of single-celled microorganisms called cyanobacteria (formerly blue-green algae) that developed the remarkable ability to generate oxygen via a brand-new innovation: photosynthesis. Over time, the buildup of free oxygen that started in the Archean would provide a potent energy source for more complex forms of life.


SEE ALSO The Hadean (c. 4.5–4 Billion BCE), Continental Crust (c. 4 Billion BCE), Earth’s Oceans (c. 4 Billion BCE), Plate Tectonics (c. 4–3 Billion BCE?), Life on Earth (c. 3.8 Billion BCE?), Stromatolites (c. 3.7 Billion BCE), Photosynthesis (c. 3.4 Billion BCE), The Greenhouse Effect (1896)
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With stable liquid water on the surface, abundant sources of heat and energy, and a rich supply of organic molecules building up over time, the Archean Earth (depicted here in an artist’s conception) appears to have been a fertile environment for the formation of life.




















c. 4–3 Billion BCE?


Plate Tectonics


Earth’s crust and upper mantle in the Hadean eon (4.5–4 billion years ago) were hot, mostly molten, violent, and unstable places. As the planet cooled and the seemingly endless rain of asteroid and comet impacts slowed considerably in the Archean (4–2.5 billion years ago), the outer layers of our planet began to take on their more familiar appearance. This included the formation of the oceans, the formation of the first pieces of lower-density continental crust that could “float” on the higher-density volcanic lavas that make up the seafloor, and the division of the upper mantle into a rigid, cooler outermost section called the lithosphere, and a hotter region just beneath that called the asthenosphere.


The asthenosphere (Greek for “weak” and “sphere”) starts somewhere on average about 30 to 60 miles (c. 50 to 100 kilometers) beneath the surface, and varies in thickness from around 10 to more than 300 miles (a few tens to more than 500 kilometers), depending on temperature. The rocks there are ductile, meaning that they can easily deform or even slowly flow, unlike the colder, stiffer lithosphere above. Rocks in the warm asthenosphere are compelled to move by enormous convection plumes that carry molten rock and heat from the deep interior of the Earth up toward the surface. “Blobs” of hotter (or even molten) mantle rocks cause the asthenosphere to bulge, bend, and move laterally as the plumes ascend. This places enormous stress on the rigid rocks of the lithosphere.


During the Archean, sometime between 4 and 3 billion years ago (the timing is controversial and the subject of much active research), the rigid lithosphere fractured under the stress and broke into numerous (possibly hundreds or thousands) of individual plates, each of which remained semi-anchored to the moving asthenosphere below. These puzzle pieces were then free to move about, crashing into one another to create early mountain belts, or one diving underneath the other to create enormous trenches.


As the continents grew into larger plates, they became more formidable obstacles to the denser seafloor volcanic plates, which are also continuously growing at mid-ocean ridges. Earth now has about two dozen of these large lithospheric plates, and many of their boundaries mark zones of strong earthquakes and extensive volcanic eruptions.


SEE ALSO Earth’s Mantle and Magma Ocean (c. 4.5 Billion BCE), The Hadean (c. 4.5–4.0 Billion BCE), Continental Crust (c. 4 Billion BCE), Earth’s Oceans (c. 4 Billion BCE), The Archean (c. 4–2.5 Billion BCE), Island Arcs (1949), Mapping the Seafloor (1957), Reversing Magnetic Polarity (1963), Seafloor Spreading (1973)
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The famous San Andreas fault, seen here running through southern California, is one of the most famous boundaries between Earth’s lithospheric plates (the Pacific and North American).




















c. 3.8 Billion BCE?


Life on Earth


No one knows exactly how, when, or why life first appeared on planet Earth, but we know that almost as soon as it could, it did. The oldest signs of life on Earth are chemical, not fossil, and are inferred as evidence because all known life on this planet is based on a common chemical architecture. Specifically, certain biogeochemical processes and reactions that are common to all life on Earth create recognizable patterns in certain chemical elements. For example, changes in the relative abundance of isotopes (different forms of the same element that contain equal numbers of protons but different numbers of neutrons) of carbon, hydrogen, nitrogen, oxygen, phosphorus, and other trace elements can provide unique fingerprints implicating the presence of past life in ancient rock and mineral deposits, even if no actual fossils are preserved there.


Life prefers to use (and create) certain building blocks. Anomalous kinds of chemistry, such as the occurrence of extra amounts of the isotope carbon-12 (12C) compared to the isotope carbon-13 (13C), as found in some 3.8-billion-year-old rocks from Greenland or other extremely old preserved parts of Earth’s crust, provide circumstantial but controversial so-called “chemofossil” evidence for life very early in our planet’s history.


Recent studies of the very earliest period of Earth’s history, the Hadean (4.5–4 billion years ago), provide evidence that oceans and at least protocontinents formed very early in Earth’s history, and that conditions may have been suitable for life just a few hundred million years after our planet formed. However, the cataclysmic rain of asteroid and comet impacts during the Late Heavy Bombardment of 4.1 to 3.8 billion years ago could have killed off earlier life forms, or perhaps just frustrated their attempts to flourish.


Whatever the case may be, very soon after Earth’s crust cooled, the oceans formed, the Late Heavy Bombardment ended, and Earth’s surface environment became stable enough to consistently support life. The fact that it thrived and began to evolve into so many niches is remarkable. Now that we understand many of the starting conditions, as well as many of the requirements for habitability on a terrestrial planet, astronomers, planetary scientists, and astrobiologists are searching for evidence of life on other earthlike worlds.


SEE ALSO Earth Is Born (c. 4.54 Billion BCE), The Hadean (c. 4.5–4 Billion BCE), Late Heavy Bombardment (c. 4.1 Billion BCE), Continental Crust (c. 4 Billion BCE), Earth’s Oceans (c. 4 Billion BCE), The Archean (c. 4–2.5 Billion BCE)
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Research into the origin and evolution of life on Earth encompasses astronomy, astrophysics, biology, chemistry, geology, and many other scientific domains.




















c. 3.7 Billion BCE



Stromatolites


The oldest known fossil evidence of microbial life on our planet is dated at around 3.7 billion years old and is preserved in the layers of ancient Archean stromatolites, which are rock and mineral structures built up by coordinated groups of simple single-celled organisms, especially cyanobacteria (formerly called blue-green algae).


While the details of stromatolite formation are the subject of active research, the basic outline seems to be that coordinated groups of microorganisms form threadlike biofilm structures called microbial mats that trap and ultimately cement together sedimentary grains, usually in shallow-water environments. Stromatolites built by organisms that rely on photosynthesis for their energy actively grow toward shallower water and more intense sunlight. The mobility and growth patterns of the microorganisms and the cemented grains that they build up over time vary with temperature and other environmental factors, tidal cycles, and/or sea level rise and fall, resulting in a variety of stromatolite shapes and sizes, including layers, domes, cones, branches, and columns.


The fossil record of stromatolites reveals that coordinated groups of microbes were among Earth’s most prolific and successful life forms from about 3.7 billion years ago right up through the so-called Cambrian Explosion around 550 million years ago, when predatory shallow-water grazers appear to have significantly culled the stromatolite herd. During their heyday in the Archean and early Proterozoic (the second-youngest of Earth’s four major geologic eons, from 2.5 billion years ago to the Cambrian Explosion), stromatolites formed by photosynthetic cyanobacteria were responsible for a massive increase in oxygen in the Earth’s atmosphere.


The presence of actual fossilized microbes within ancient stromatolites is extremely rare, which leads to some controversy about the origin of many of these structures in the fossil record because there are a variety of non-biologic ways to create layered, domical, or other similar cemented sedimentary grain structures. Ultimately, strong similarities between the detailed shapes of ancient fossilized stromatolite structures and modern-day living stromatolites provide the strongest evidence for a biologic origin of specific ancient deposits. Indeed, stromatolites, also referred to more generally as microbialites in modern geobiology, still form in places such as Shark Bay in Western Australia or on the shores of the Great Salt Lake in Utah, making them among the oldest extant life forms on our planet.


SEE ALSO Earth’s Oceans (c. 4 Billion BCE), The Archean (c. 4–2.5 Billion BCE), Photosynthesis (c. 3.4 Billion BCE), The Great Oxidation (c. 2.5 Billion BCE), Cambrian Explosion (c. 550 Million BCE)
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Main image: Modern-day stromatolite domes in shallow water at Shark Bay, Western Australia. Inset: Cross-sectional view of a 2.4-inch-tall (6 cm) stromatolite fossil from the Old Range of Western Australia.




















c. 3.5 Billion BCE



Greenstone Belts


The Archean geologic eon spans an enormous range of the early history of our planet, from about 4 to 2.5 billion years ago. Because of this great age, very few Archean rocks are preserved on the surface of the Earth today, with most of them concentrated within about a dozen major shields (ancient continental crustal regions with low topographic relief) that represent about half of Earth’s continental crustal surface area.


How exactly these ancient shields grew from their original late Hadean protocontinental cores is the subject of active geologic research, but the basic outline is that an early form of still poorly understood plate tectonics appears to have caused chunks of ancient oceanic crust to collide into and accrete (grow) onto the original cratons, over time forming larger and larger regions of lower-density continental crust.


The accreted terrains are called greenstone belts by geologists: “greenstone” because they contain green-hued metamorphic minerals such as chlorite, and “belts” because they often occur in multiple linear bands that appear to have been pasted on over time to pre-existing cratonic terrains. The mafic oceanic crustal rocks were heated or even completely melted during the collision with the craton, sometimes forming distinctive structures such as pillow lavas—blobs of lava erupted under water and formed into pillow-like shapes by being so rapidly cooled. While these rocks were being crushed, squeezed, and/or melted during the collision, they were also being mixed with more felsic, lower-density sedimentary rocks that were eroding off the continental crust and onto the adjacent seafloor.


Greenstone belts are a sort of geologic mess of rocks and minerals. Since, on average, these belts still have a lower density than the oceanic crust surrounding them, they have helped to grow the overall mass of continental crust over time. Putting together the pieces of the geologic puzzle is often daunting because greenstone belts are ancient Archean rocks that have been heavily modified during their formation as well as subsequently. Nonetheless, since so little of the Archean Earth is still around for us to study and explore, the fifty or so greenstone belt regions identified around the world so far have become an important focus for geologists trying to understand the earliest part of our planet’s history.


SEE ALSO Continental Crust (c. 4 Billion BCE), The Archean (c. 4–2.5 Billion BCE), Plate Tectonics (c. 4–3 Billion BCE?)
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Glacially smoothed Archean greenstone (metamorphosed basaltic pillow lava) from the Upper Peninsula of Michigan. The scene here is about 10 feet (3 meters) across.




















c. 3.4 Billion BCE



Photosynthesis


Life on Earth requires liquid water, organic molecules, and a reliable source of energy. It is perhaps not surprising, then, that one of the most important innovations made by early life forms evolving on our world was the ability to turn readily available and reliable sunlight into energy to drive their internal biologic processes. Photosynthesis—the ability to turn sunlight into energy—has literally changed the world.


Geobiologists aren’t sure exactly when photosynthesis began, because evidence for several kinds of similar precursor chemical reactions is preserved either in the fossil record or in the functioning cells of a number of existing organisms. However, fossilized remains of 3.4-billion-year-old microorganisms known as Filamentous Anoxygenic Phototrophs (FAPs) provide some of the earliest evidence for what we consider photosynthesis today. This early form of photosynthesis was “anoxygenic” because the byproduct of the harvesting of sunlight did not include free oxygen.


Via anoxygenic photosynthesis, Archean organisms such as FAPs and green sulfur bacteria took advantage of the hydrogen-rich, highly reducing atmosphere of the early Earth. Specifically, sunlight initiates the release of electrons in clusters of proteins, pigments, and other molecules called reaction centers, focusing especially on the breakdown of carbon dioxide and hydrogen sulfide to form more complex organic molecules that are ultimately processed into usable “food” in the form of glucose. Byproducts of anoxygenic photosynthesis are primarily water and elemental sulfur.


Later, toward the end of the Archean, other organisms such as cyanobacteria developed oxygenic photosynthesis—a similar process involving sunlight-induced electron transfers in molecular (including chlorophyll) reaction centers, but using carbon dioxide and water as inputs and yielding glucose and oxygen as byproducts. Over time, photosynthesis was incorporated into the cells of eukaryotes—organisms with complex internal cell structures—including, eventually, plants, via a process known as endosymbiosis.


The rise and rapid proliferation of oxygenic photosynthesizing cyanobacteria around the end of the Archean led to what geologists call “The Great Oxidation,” the first (but not the last) example of life on Earth profoundly changing the atmosphere of our planet.


SEE ALSO Life on Earth (c. 3.8 Billion BCE?), Banded Iron Formations (c. 3–1.8 Billion BCE), The Great Oxidation (c. 2.5 Billion BCE), Eukaryotes (c. 2 Billion BCE), Advanced C4 Photosynthesis (c. 30–20 Million BCE), Endosymbiosis (1966), Rising CO2 (2013)
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In places like this shallow-water kelp forest off the coast of southern California, plants use oxygenic photosynthesis to convert sunlight into internal energy, such as glucose.




















c. 3–1.8 Billion BCE



Banded Iron Formations


The evolutionary development of photosynthesis (extraction of energy from sunlight), and in particular of oxygenic photosynthesis, resulting in free oxygen as a “waste” product, began toward the end of the Archean eon. Until that time, oxygen was relatively rare in the Earth’s atmosphere.


Free oxygen is not a particularly stable molecule in Earth’s atmosphere. As the term implies, oxidation of many common rocks and minerals occurs rapidly in the presence of oxygen and relatively quickly depletes the supply. Indeed, evidence for such oxidation and subsequent depletion can be seen around the world in Banded Iron Formations, or BIFs, which are outcrops or beds of rocks exhibiting striped, semi-regular layers of reddish and then non-reddish rocks, stacked together like layers of meat and cheese in a sliced sandwich.


Reddish BIF layers are thought to form when enhanced local oxygen levels oxidize the dissolved or shallow-water sediment known as “pristine” iron—formed from volcanically erupted rocks—to form red or orange iron oxides. After the oxygen supply runs out, new beds that form retain the white, gray, or black tones characteristic of unoxidized precursor minerals.


Geologists have identified small numbers of BIF outcrops dating back to the early- to mid-Archean, potentially reflecting rare and local early periods of oxygen saturation. However, BIFs appear most abundantly in the geologic record in the period from about 2.5 to 1.8 billion years ago. This time span corresponds to the appearance and rise of photosynthetic cyanobacteria, which produce free oxygen. Oxygen would have built up in oceans and seas populated by abundant cyanobacteria until it reached a tipping point and oxidized the abundant and relatively anoxic (oxygenless) muds and other sediments on the seafloor, turning the exposed parts of them red. The process may have continued cyclically for millions of years of sedimentation, resulting in alternating oxidized and anoxic layers.


Many details of the formation and timing of BIFs are still poorly understood. Still, the relatively rapid appearance of extensive and almost rhythmic oxidative/anoxic episodes peaking from about 2.5 to 1.8 billion years ago, followed by the ubiquitous occurrence of thick red beds of rocks since then, strongly implicates the cyanobacteria as major players in this important geologic and atmospheric enigma.


SEE ALSO The Hadean (c. 4.5–4 Billion BCE), Earth’s Oceans (c. 4 Billion BCE), The Archean (c. 4–2.5 Billion BCE), Photosynthesis (c. 3.4 Billion BCE), The Great Oxidation (c. 2.5 Billion BCE)
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Photo showing stripes of iron-rich and silica-rich rocks known as Banded Iron Formations at Fortescue Falls, Karijini National Park, Western Australia.




















c. 2.5 Billion BCE



The Great Oxidation


The rise and proliferation of photosynthetic organisms in the Archean, and especially of the oxygen-producing cyanobacteria (formerly known as blue-green algae) in the late Archean, had a profound impact on the composition of the Earth’s atmosphere and oceans. Before the appearance of oxygenic photosynthesizing organisms, free oxygen (O2) was a minor trace gas in the atmosphere, and a toxic poison to most forms of life on Earth. Since the rise of the cyanobacteria, however, oxygen has become a significant atmospheric component (now representing about 20 percent of Earth’s atmosphere), and entirely new species of aerobic organisms (those that survive and thrive in an oxygenated environment) have appeared.


Evidence from the geologic record suggests that this change from Earth’s reducing atmosphere (with abundant hydrogen-bearing molecules such as methane and little oxygen) to its current oxidizing atmosphere began rather abruptly around 2.5 billion years ago. “The Great Oxidation” fundamentally and permanently changed the chemistry of the oceans as well as, eventually, the land. Some geobiologists also refer to this change as “the Oxygen Catastrophe,” because the ever-increasing levels of the oxygen that was dissolved in the oceans led to the mass extinction of enormous numbers of species of anaerobic organisms.


The global increase in Earth’s atmospheric oxygen was not a sudden event, however. As oxygen levels slowly began to increase, oxygen was periodically removed from the ocean and atmosphere by the oxidative chemical weathering of seafloor and land sediments. Iron-bearing minerals in fine-grained sediments were particularly susceptible to weathering, and these episodes of rusting led to a peak in the creation of Banded Iron Formations also around 2.5 billion years ago. Only over another 2 billion years, after the rate of oxygen production by microbes (and eventually plants) outstripped the rate of its depletion by oxidation, could atmospheric oxygen abundance rise more rapidly to the present level. The detailed time history of atmospheric oxygen increases (and decreases) is the subject of much research and many competing hypotheses.


The presence of so much oxygen in Earth’s atmosphere is a signal that could easily be interpreted as evidence of life on Earth by alien astronomers studying our planet. Indeed, oxygen is a key biosignature that astronomers on Earth are searching for on other worlds.


SEE ALSO The Hadean (c. 4.5–4 Billion BCE), Earth’s Oceans (c. 4 Billion BCE), The Archean (c. 4–2.5 Billion BCE), Photosynthesis (c. 3.4 Billion BCE), Banded Iron Formations (c. 3–1.8 Billion BCE), Snowball Earth? (c. 720–635 Million BCE)
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High-resolution microscope view of filamentary strands of cyanobacteria, viewed through a green filter.




















c. 2 Billion BCE



Eukaryotes


From its origin perhaps 3.8 billion years ago and throughout the entirety of the Archean eon, life on Earth consisted of a modest variety of simple, single-celled, prokaryotic organisms. Prokaryotes are single-celled organisms that lack a cell nucleus or any of the other enclosed organelles (specialized structures) found in more complex organisms. Despite their relative simplicity, prokaryotes have still been quite capable of using relatively complex chemical reactions (like photosynthesis) to survive and evolve.


Around 2 billion years ago, however, in an innovative evolutionary step that would become a milestone in the history of life on Earth, some prokaryotes developed a membrane-enclosed nucleus and other membrane-enclosed organelles, becoming eukaryotes. For example, the nucleus of a eukaryotic cell became a special place to store the genetic material (such as DNA and RNA) needed for reproduction. Compartmentalized mitochondria inside eukaryotic cells became special places to generate chemical energy for the cell.


Eukaryotes represent a third unique branch on the tree of life on Earth. The other two kinds of life, bacteria and archaea, are prokaryotes with enough distinctive differences in their DNA, RNA, and structure to warrant separate branches on the tree. While existing bacteria and archaea have not evolved as much since their origin early in the history of our planet, eukaryotes would evolve into multicellular organisms of stunning form and complexity, including algae, plants, fungi, and animals. You, for example, are a eukaryote.


No one knows exactly how eukaryotic cells came into existence, but there are many competing hypotheses. In one model, indentations in large precursor prokaryotic cells closed in on themselves to house specialized structures within the cell. A related idea is that some kinds of predator prokaryotic cells that surrounded others as prey could incorporate the prey into their structures to become specialized organelles—a process called endosymbiosis. For example, chloroplasts, the organelles within eukaryotic cells where photosynthesis occurs, could have evolved from the endosymbiotic synthesis of precursor cyanobacteria. Another hypothesis involving endosymbiosis is that precursor bacterial and archaean cells fused or merged somehow (chimerically) to become eukaryotic cells. Evolutionary biologists continue to search for the answer.


SEE ALSO The Archean (c. 4–2.5 Billion BCE), Life on Earth (c. 3.8 Billion BCE?), Photosynthesis (c. 3.4 Billion BCE), Complex Multicellular Organisms (c. 1 Billion BCE), Endosymbiosis (1966)
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Tiny fossilized remains of microfossils called Eosphaera, found within the more than 3.4-billion-year-old Gunflint chert formation in Pilbara, Western Australia. These enigmatic microorganisms might represent transitional forms between prokaryotes and eukaryotes.




















c. 1.2 Billion BCE



The Origin of Sex


Eukaryotes were the first class of single-celled and multi-cellular organisms to appear on Earth to have complex internal structures such as a nucleus, mitochondria, and other similar organelles. For hundreds of millions of years after they appeared, eukaryotes reproduced asexually, using the biologic process of mitosis. In mitosis, chromosomes replicate inside a cell’s nucleus, and the cell then divides into two daughter cells, each with one genetically identical nucleus from the mother cell. Asexual reproduction via mitosis is an efficient survival strategy because it ensures that every organism can bear its own young. It has its downsides, too, however, such as the inability to prevent the accumulation of genetic mutations in offspring.


Around 1.2 billion years ago, eukaryotes evolved a different kind of scheme for procreation. Using a new biologic process called meiosis, some organisms began engaging in sexual reproduction. In meiosis, chromosomes replicate inside a cell’s nucleus, and the cell then goes through two rounds of cell division—first so that the replicated chromosome pairs can exchange genetic information, and then second to split up the replicated pairs into four new cells called gametes that each contains half the number of chromosomes as the original parent cell does. The key next step, then, is for gametes from one parent to fuse with the gametes from another parent—fertilization. And thus, sex was born.


It almost seems counterintuitive that sexual reproduction (involving the need to find a mate) would be evolutionarily more advantageous than asexual reproduction (which can be done all alone). In addition to being less efficient, sexual reproduction allows a parent to transmit only half its genetic material to its offspring. However, that might be part of the key to the success of sex. That is, splitting the chromosomes from the parents provides a mechanism not only to prevent the accumulation of deleterious genetic mutations, but also to enable the accumulation of advantageous mutations.


Sexual reproduction also turns out to be a powerful agent of natural selection—long-term changes in inherited traits of a population in order to increase (or decrease) their chances of survival. Propagation of advantageous mutations or competitive advantages, for example, can substantially increase a species’ rate of adaptation to changing environments.


SEE ALSO Life on Earth (c. 3.8 Billion BCE?), Eukaryotes (c. 2 Billion BCE), Natural Selection (1858–1859), Endosymbiosis (1966), Genetic Engineering of Crops (1982)
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The novel idea of merging the genetic information from two parents (like the male sperm and female egg shown here) to create unique offspring—sexual reproduction—was pioneered by early eukaryotic organisms around 1.2 billion years ago. It’s turned out to be a pretty useful evolutionary innovation!




















c. 1 Billion BCE



Complex Multicellular Organisms


For about 3 billion years after it first formed, almost all life on Earth was composed of single-celled organisms. First were the prokaryotes (simple single-celled organisms with no internal cellular structures), and then after a few billion years came the eukaryotes (more complex single-celled organisms with a cell nucleus and other specialized internal structures). According to the geochemical and fossil record of life, multicellular prokaryotes and eukaryotes appear to have evolved only rarely during life’s first 3 billion years.


The first appearance of more complex and truly multicellular organisms, where an outer membrane encloses a diverse variety of different kinds of cells, appears to have occurred only about a billion years ago, but widely across the eukaryotic branch of the tree of life. Some of the best preserved fossils come from the 650-million-year-old Doushantuo Formation in southern China, including embryo-like clusters of fossilized cells that exhibit evidence for many different kinds of cells within the same overall structure. Other evidence indicates that only six distinct classes or clades of eukaryotes have separately evolved to exhibit complex multicellular structures: animals, land plants, two kinds of algae, and two kinds of fungi.


Just as evolutionary biologists are puzzled by the origin of the transition from prokaryotic cells to eukaryotic cells in the evolution of life, they are also challenged to develop hypotheses for the origin of complex multicellularity in eukaryotes. Nonetheless, details of the physical structures of preserved microfossils, as well as the evolutionary connections of the genes of ancient organisms and their more modern descendants, have allowed for a number of hypotheses. For example, one idea is that complex multicellular organisms formed from the fusion of single-celled colonies of the same organism. A similar hypothesis is that complex multicellular organisms formed from the fusion of single-celled organisms of different species that exhibited symbiotic functions. Another idea is that some single-celled organisms developed multiple nuclei, which then evolved to serve different specific functions.


New microfossil finds by paleontologists occasionally help to test these (and other) hypotheses, but the fact that these ancient organisms were small, simple, and lacking shells or other hard body parts makes their occurrence in the fossil record extremely rare, and thus the search for clues to their origins is extremely daunting.


SEE ALSO Life on Earth (c. 3.8 Billion BCE?), Eukaryotes (c. 2 Billion BCE), Endosymbiosis (1966)
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Artist’s concept of aggregated collections of multicellular eukaryotes. Enclosed within the outer membrane are many different kinds of cells designed to carry out different specific functions.
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