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PREFACE

The earth is not a mere fragment of dead history, stratum upon stratum like the leaves of a
book, to be studied by geologists and antiquaries chiefly, but living poetry like the leaves
of a tree, which precede flowers and fruit—not a fossil earth, but a living earth.

Henry David Thoreau, Walden

In this excerpt from Walden, Thoreau inadvertently touched on something
geologists and other scientists who study the Earth have appreciated for a
long time but that has become increasingly important for understanding
our planet in recent years: the Earth, far from being static, is dynamic and
ever changing. Not a living Earth, exactly, but an Earth with different parts
that continually interact in ways that have produced monumental changes
over its long history. One way to read that history is through Thoreau's
strata, “like the leaves of a book™; there are other ways, too, as will
become apparent in the chapters that follow.

“History repeats itself” is an adage usually invoked to remind us that by
studying history we may be able to avoid mistakes of the past. That may
even be true, at least some of the time. Yet there are those—Ilike Nassim
Taleb, author of The Black Swan—who argue just the opposite, that history
is not a good guide to the future and that the world is shaped by events that
are rare or unprecedented and therefore largely unpredictable. Still, even
proponents of this point of view don't advocate that we all become
fatalists, just that we learn to expect the unexpected. But if that is so,
should we study history at all?

For the Earth, that is an easy question to answer, because only by
understanding our planet's past can we anticipate its future. It is true that
Nature can confront us with the unexpected: a “freak” storm, a devastating
earthquake or tsunami, an asteroid impact. But these are only unexpected
because they are rare in human experience. They are all things that have



happened repeatedly during the Earth's history, and they obey the natural
laws of physics and chemistry. That is why decoding the Earth's past is so
important: the same physical and chemical principles that have governed
our planet since its formation will also apply in the future. History really
will repeat itself—if not in precise detail, then at least in general terms.
Geology students are often taught that “the present is the key to the past.”
But earth scientists also recognize that in many ways the past is the key to
the future.

The span of the Earth's history is immense: 4.5 billion years. It is hard
to comprehend such a vast stretch of time, but with so much time
available, even geological processes that operate at a snail's pace—Ilike
erosion of a mountain or movement of a tectonic plate—will eventually
accomplish equally vast changes to our planet. It will take millions of
years, but the Alps will be worn down to a flat plain, and Los Angeles will
one day slide past San Francisco, heading north along the San Andreas
Fault.

Such forecasts are interesting to contemplate, but they obviously don't
have an immediate impact. No one reading this, or even their great-
grandchildren, will witness these things. We are far more likely to
experience the effects of some of the geoscience-related issues we hear
about almost daily: floods, hurricanes, volcanic eruptions, earthquakes,
deforestation, endangered species, mineral shortages—the list goes on,
and I haven't even mentioned the big one, climate change. The problem is,
most people without a background in the geosciences don't have a clear
understanding of how Earth processes that affect our daily lives and our
futures work, and this is true even for many of those who must manage
society's response to these kinds of issues. Unfortunately, earth science
subjects are usually given short shrift in the educational system. Recent
data from the American Geological Institute, for example, show that in
Texas—a state where the geosciences play an important role in the
economy—only 2 percent of ninth-grade students are enrolled in earth
science courses. For biology, the figure is 95 percent. My hope is that this
book will, in some small way, stimulate a deeper interest in the field
among its readers, and perhaps help to improve this situation.

Because knowledge of the Earth's past is such an important part of
understanding how our planet works today and will in the future, this



book, in addition to dealing with specific topics such as earthquakes and
asteroid impacts, examines in a chronological way some of the important
events that have affected the Earth over the past 4.5 billion years. Chapters
exploring the Earth's history are interspersed with chapters devoted to
specific events and processes; I hope that this structure, while a bit
unconventional, proves both interesting and stimulating. As much as
possible, I have tried to avoid getting bogged down in complex scientific
discussions while still adhering to the main messages of the underlying
research.

The twenty-first century is an exciting time to be a geoscientist. The
stereotypical geologist trudging up a mountain with a pick still exists—
and plays an important on-the-ground role. But the pick is now
supplemented with an array of tools that make it possible to study the
Earth and the solar system in unprecedented detail: satellites,
supercomputers, electron microscopes, mass spectrometers, wireless
communication, submersibles, and spacecraft, to name just a few. A
geoscientist, Harrison Schmitt, was among the Apollo astronauts who
visited the Moon (and brought back rock samples). Geoscientists regularly
descend miles under the sea in research submersibles, don protective
clothing to sample the gases escaping from active volcanoes, send off
autonomous drifters and gliders to roam the oceans collecting data, or
brave the rigors of the Antarctic to collect ice cores holding records of
past climates. Some work in clean labs with samples so small that a single
dust particle or fingerprint can contaminate an analysis; others feed their
collected data into supercomputers to produce three-dimensional
visualizations of parts of the Earth. Many of these scientists would not
automatically think of themselves as geologists—their training is as likely
to be in mathematics or oceanography as geology. But they are all part of
an interdisciplinary effort to understand our planet's past, present, and
future. It 1s in that sense that the word geology is used in the title of this
book: geology is the study of the Earth, broadly construed.

The impetus for writing this book came partly from a desire to share
some of the excitement about what geoscientists have learned about our
amazing planet in recent decades. It also came from my conviction that, in
a crucial way, earth science research really does matter for our future.
Managing water, mineral, and energy resources sustainably, protecting
biodiversity, planning for climate change and geological hazards—all of



these things depend upon understanding how the Earth works as a system,
and how it has responded to different conditions in the past. I hope that
this book will bring that message home, and at the same time provide a
glimpse of how earth scientists go about gaining that understanding.
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CHAPTER ONE

Set in Stone

In 1969, when I was a student in California, there was a rash of predictions
from astrologers, clairvoyants, and evangelists that there would be a
devastating earthquake and the entire state—or at least a large part of it—
would fall into the ocean. The seers claimed this would happen during
April, although they were not in agreement about the precise date. A few
people took the news very seriously, sold their houses, and moved
elsewhere. Others, a bit less cautious, simply sought out high ground on
April 4, the date of the Big One according to several of the predictors.
Cartoonists and newspaper columnists had a field day poking fun at the
earthquake scare, and for us geology students the hubbub was amusing but
also seemed a bit bizarre. Police and fire stations, along with university
geology departments, got thousands of anxious telephone calls from
nervous citizens. Ronald Reagan, then the state's governor, had to explain
that his out-of-state vacation that month had been planned long in advance
and had nothing to do with earthquakes. The mayor of San Francisco
planned an anti-earthquake party for April 18, the sixty-third anniversary
of the great 1906 San Francisco earthquake. He assured the public that it
would be held on dry ground.

California didn't fall into the sea in 1969, of course, nor was there a
huge earthquake (although there were earthquakes, as there are every year,
most of them quite small). Astrologers can't predict earthquakes (or much



else). Even earth scientists, with the best geological information and most
up-to-date instrumentation, find precise earthquake prediction elusive, as
we will see later in this book. However, the prognosis is much better for
many other geological phenomena. And at the core of this geological
prediction lies the kind of work geologists have traditionally done:
decoding the past.

But how, exactly, do they do that? Where do earth scientists look to find
clues to the details of our planet's history, and how do they interpret them?
Those questions are at the heart of this book, and the answers are hinted at
in the title of this chapter: the clues are found, for the most part, in the
stones at the Earth's surface. (There are also many other natural archives
of Earth history, such as tree rings and Antarctic ice. Ice cores in particular
provide invaluable information about past climates. But these other
records tell us only about the relatively recent geological past. Rocks
allow us to probe back billions of years.)

To the uninitiated a rock is just a rock, a hard, inanimate object to kick
down the road or throw into a pond. Look a little closer and ask the right
questions, however, and it becomes more—sometimes much more. Every
single rock on the Earth's surface has a story to tell. How did the rock
form? When did it form? What is it made of? What is its history? How did
it get here, and where did it come from? Why is this kind of rock common
in one region and not in another? For a long time in the predominantly
Christian countries of the West, answers to questions like these were
constrained by religion. The biblical flood was thought to have been
especially 1important in shaping the present-day landscape, and
explanations for many geological features had to be built around the
presumed reality of this event. However, as the ideas of the Enlightenment
took hold during the seventeenth and eighteenth centuries, and as close
observation of the natural world became ever more crucial for those
seeking to understand the Earth, the sway of religion diminished and more
rational explanations began to emerge. For geology especially, a field with
its roots in the search for and extraction of mineral resources from the
Earth, the pressure of commerce was also important. Those with the best
understanding of how gold veins formed, or with the best knowledge of the
kinds of geological settings likely to contain such veins, had the best
chance of finding the next gold mine.



I will not dwell at length here on the history of geology's development
as a science, or on the details of how early geological ideas evolved; these
things have been dealt with in many other books. But it is worth pointing
out a few key early concepts that revolutionized the way everyone—not
just scientists—thought about our planet. Most of these intellectual
breakthroughs arose in Europe (especially in Britain) in the eighteenth and
early nineteenth centuries, and although there had been independent
thinkers in the Middle East and elsewhere who had arrived at similar
conclusions much earlier, the FEuropean versions would form the
bedrock(!) of the emerging field of earth science.

What were these ideas and how did they come about? Without exception
they stemmed from examination of rock outcroppings in the field together
with observations of ongoing geological processes. One of the new
concepts was that different rock types have quite different origins,
something that seems obvious enough to us today. But in the eighteenth
century a popular concept was that all rocks were formed by precipitation,
either from a primordial global ocean or from the waters of the biblical
flood. Those who championed this idea were dubbed—for obvious reasons
—Neptunists, and they did not give up their theory easily. However,
observations like those of Scottish geologist James Hutton, who described
outcrops showing clear evidence that some rocks had once been molten,
eventually turned the tables. The rock outcrops told Hutton a vivid story:
flowing liquid material, now solid rock, had intruded into, and disrupted
and heated up, preexisting rock strata. Hutton's descriptions of these once-
molten rocks—not to mention the presence of active volcanoes like
Vesuvius and Etna in southern Europe—Iled to the realization that there
must be reservoirs of great heat in the planet's interior.

A second important early concept was that slow, inexorable geological
processes that can readily be observed (rainwater dissolving rocks, rivers
cutting valleys, sedimentary particles settling to the seafloor) follow the
laws of physics and chemistry. Once again this seems an obvious
conclusion in hindsight, but its implication—this was the revolutionary
part for early geologists—was that geological processes in the distant past
must have followed these very same laws. This meant that the physical
and chemical characteristics of ancient rocks could be interpreted by
observing present-day processes. Charles Lyell, the foremost British
geologist of his day, promoted this idea as a way of understanding the



Earth's history in his best-selling book Principles of Geology, first
published in 1830. (The book was so popular it went through numerous
editions and is still in print today in the Penguin Classics series.) Lyell
himself was not the originator of the concept, but he called it the
“principle of uniformitarianism,” and the name stuck. Although the phrase
itself 1s no longer in vogue, generations of geology students have learned
that it really means “the present is the key to the past.” And although the
early geologists were primarily interested in working out the Earth's
history, Lyell's principle of uniformitarianism can also be turned around:
using the same logic, it 1s true that—to a degree—the past is a key to the
future.

Finally, the most revolutionary of the new concepts was that the Earth is
extremely old. This flew in the face of both the conventional wisdom of
contemporary scholars and the religious dogma of the day. Once again, as
with so much early geological thought, the idea of an ancient Earth was
formalized by James Hutton, who wrote (in a much-quoted pronouncement
about geological time), “we find no vestige of a beginning, no prospect of
an end.” No single observation led Hutton to the concept of a very old
Earth; it was instead a conclusion he drew from a synthesis of all his
examinations of geological processes and natural rock outcroppings—
observations of things like great thicknesses of rock strata made up of
individual sedimentary particles that could only have accumulated slowly,
grain by grain, over unimaginably long periods of time.

With a foundation built on these new ideas, which were popularized and
widely disseminated through Lyell's book, and with an ever-increasing
demand for minerals and resources from the Earth, geology, now mostly
free of religious fetters, exploded as a science during the nineteenth
century. Countries developed geological surveys to map the terrain and
discover resources, and universities founded departments of geological
sciences. Decoding the past became a full-time occupation for a legion of
geologists.

Today geology is subsumed into the much broader field of earth science,
which includes everything from oceanography to mineralogy and
environmental science. In a modern university earth science department, it
i1s not uncommon to find researchers in the same building probing subjects



as diverse as climate change, biological evolution, the chemical makeup of
the Earth's interior, and even the origin of the Moon.

Let's return, however, to those clues to the Earth's past that are inherent
in the physical and chemical properties of the planet's rocks—the clues
that are set in stone. The challenge for earth scientists is to find ways to
extract and interpret them, and in recent years very sophisticated
techniques have been developed to do this. Nevertheless, there are also
some very simple examples, long used by geologists, that illustrate how
the approach works. Take the igneous rocks, those that form from molten
material welling up from the Earth's interior. They come in many flavors,
from common varieties familiar to most people, like granite or basalt, to
more exotic types you may never have heard of, with names like
lamprophyre and charnockite. The chemical compositions of these rocks
can provide information about how they originated, but chemical analysis
requires sophisticated equipment. On the other hand, there is a very simple
feature—one that can be assessed quickly by anyone—that provides
evidence about where the rocks formed. That characteristic is grain size.

Igneous rocks are made up of millions of tiny, intergrown mineral
grains that crystallized as the liquid rock cooled down. How big these
grains grow depends crucially on how fast the rock cools; lava flows that
erupt on the Earth's surface cool rapidly, and the resulting rocks are very
fine-grained. But not all lava makes it to the surface. Some remains in the
volcanic conduits, perhaps miles deep in the ground. Well insulated by the
overlying rocks, it takes this material a long time to cool, and the slowly
growing mineral grains get much bigger than their surface equivalents. For
this reason, rocks with exactly the same chemical makeup can have
contrasting textures and /ook very different, depending on how quickly
they congeal. This simple characteristic can be used to say something
about the depth in the Earth at which the rocks formed.

Less obvious characteristics require more ingenuity to decode, but
because the payoff—in terms of what can be learned about the Earth's
history—is so great, earth scientists are continually searching for new
ways to probe rocks. As we will see in later chapters of this book,
geochemistry, especially the fine details of a rock's or an ice core's
chemical composition, has become especially important. The behavior of
chemical elements such as iron, or sulfur, or molybdenum, for example,



depends on the amount of oxygen in their environment. As a result, the
minerals formed by these elements are sensitive indicators of oxygen
levels when they formed—and in some cases can be used to determine the
amount of oxygen in the ancient ocean or atmosphere.

Similarly, analysis of isotopes has become one of the most important
ways to extract information about the Earth's past. (Isotopes are slightly
different forms of a particular chemical element; almost every element in
the periodic table has several isotopes.) Often the conditions that prevailed
when a sample formed can be deduced by measuring the abundances of
different isotopes of a particular chemical element; we will encounter
many examples of this approach in later chapters of this book. In an ice
core, for example, oxygen or hydrogen isotope abundances might tell us
about the temperature 100,000 years ago; in an ancient rock, isotopes
might fingerprint the process that formed the rock, and allow us to
investigate how similar or different that process was to those that occur
today.

The very first application of isotopes in the earth sciences—aside from
the use of radioactive isotopes for dating—still evokes admiration among
geochemists and sometimes amazement from those who know nothing
about geochemistry. It is a good illustration of how ordinary rocks can be a
treasure trove of information about the past when the right questions are
asked. In the late 1940s Harold Urey, a Nobel Prize—winning chemist at the
University of Chicago, discovered from theoretical considerations that in
some compounds the proportions of the different isotopes of oxygen
depend on the temperature when the compound formed. In a flash of
insight, he realized that this property could be used to deduce the
temperature of the ancient ocean—a groundbreaking idea. Urey proposed
that measurements of oxygen isotopes in the calcium carbonate shells of
fossil marine organisms could be used to calculate the water temperature
when these creatures grew. He and his students then verified the theory by
making those measurements, and in doing so they pioneered the field of
“paleotemperature” analysis. Since that early work, tens of thousands, if
not hundreds of thousands, of oxygen isotope measurements have been
made to document in fine detail how seawater temperatures have
fluctuated in the past. In my humble opinion—perhaps with a slight bias
because my own background is in geochemistry—Urey's paleotemperature
work ranks among the all-time great advances in the earth sciences.



Different rock types raise different questions about the past, of course,
or at least allow different questions to be asked, but well-defined
approaches for extracting evidence have been worked out by earth
scientists for most rock wvarieties within the three great categories:
igneous, sedimentary, and metamorphic. These familiar subdivisions of
the rock kingdom are based on mode of formation: igneous rocks such as
granite are formed from molten precursors, as James Hutton was one of
the first to realize; sedimentary rocks result from the deposition or
precipitation of particles, usually from water; and metamorphic rocks
arise when any preexisting rock is changed chemically and/or physically,
typically when heated or stressed during a process like deep burial or
mountain building. Current theories about how the outer part of the Earth
formed and has evolved rest on evidence derived mainly from the
chemical properties of igneous and metamorphic rocks, which are the
primary components of both the continents and the seafloor. But in many
ways sedimentary rocks are the most important for decoding the Earth's
history.

Why should that be? There are at least two reasons. First, they form at
the Earth's surface, mostly in the sea but sometimes (as in the case of
sandstones composed of desert sand) in contact with the atmosphere. This
means that, potentially, these rocks incorporate information about the
Earth's surface environment in the distant past. And second, many
sedimentary rocks contain fossils, the primary record of how life on Earth
arose and evolved. Without fossils, our understanding of evolution would
be rudimentary.

By putting together thousands upon thousands of stories from studies of
individual 1igneous, sedimentary, and metamorphic rocks and rock
outcroppings, earth scientists have gradually woven together a history of
the Earth. As for most histories, the details become less sharp the farther
back one probes. Some of the most ancient evidence is missing entirely, or
made difficult to interpret because geological processes operating over the
Earth's long history have altered the rocks’ characteristics and muddled
the clues they contain. Nevertheless the narrative of our planet's evolution
as we know it today is a superb scientific achievement. It is also a story in
revision, continually updated as new discoveries are made and
improvements in analytical capabilities allow new questions to be asked.



But what about chronology? How have earth scientists determined the
timescale of this narrative? Events need to be ordered in time if we are to
understand their significance; it isn't very helpful to know the temperature
of the seawater in which a fossil animal grew if you have no idea when it
lived. Ever since Hutton's “no vestige of a beginning, no prospect of an
end”—and even before that—earth scientists have sought ways to
determine the ages of rocks and the Earth as a whole. The ultimate goal—
the development of techniques that could provide the “absolute” age of
rocks in years—came within reach only with the discovery of radioactivity
near the end of the nineteenth century. We will come to that shortly. But
long before radioisotope dating methods were devised, earth scientists had
already developed early versions of the geological timescale, placing
important events from the Earth's history in a time sequence (see figure 1
for a modern version; if you are not already familiar with the names of
geological eons, periods, etc., you may want to refer to this figure
repeatedly as you read this book). How did they do this?

As early as the 1660s Nicolas Steno, a Danish anatomist who had an
insatiable curiosity about the natural world, realized that rocks at the
bottom of a stack of sedimentary layers must be older than those at the
top. Steno was living in Italy at the time, and his observations were made
while he was examining sedimentary rocks in the Alps. His insight was
that the Alpine sedimentary strata—and the fossils they contain—have
time significance. It is only relative time significance, to be sure; Steno
could say whether a particular layer was older or younger than neighboring
layers, but he couldn't determine its actual age. All this may seem obvious
now, but at the time it was a breakthrough. By studying the inert rock
layers of the Alps, Steno was able to visualize the nature and timing of
their formation. Today he is generally regarded as the founder of the field
of stratigraphy, the scientific study of sedimentary rock strata.

From Steno's time onward, his simple principle of ordering sedimentary
layers in time was used to work out the relative chronology of geological
events. This was easy enough to do in local areas where distinctive
individual layers could often be traced from one rock outcrop to another.
But long-distance correlation was difficult. Was a limestone layer in
France the same age as one in England or Sweden, or across the Atlantic in
the United States? It was difficult to say. Regional relative timescales
could be constructed, but a global one seemed beyond reach.



However, there were clues in the sedimentary rocks that helped resolve
this dilemma. Long before Charles Darwin wrote about evolution, earth
scientists recognized that life on Earth had changed through time.
Wherever they looked, they found the same story. Fossils in the youngest
rocks near the top of sedimentary sequences looked similar to living
forms, but in lower, older layers, the fossils were often small and quite
different from any known plants or animals. And in some places, below
(and therefore even older than) the rocks containing the old, unfamiliar
fossils were strata completely barren of any sign of animal or plant life.
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Figure 1. The geological timescale, with dates in millions of years before the present. Note
the change of scale at 700 million years, during the Proterozoic eon. Only the major
subdivisions of the timescale are illustrated here; geologists have defined many finer



intervals within these. (Based on the most recent data from the International Commission on
Stratigraphy.)

An English surveyor named William Smith was one of the first to
recognize the practical significance of this changing sequence. Surveying
was his trade but geology was his passion, and as he traveled around the
British Isles in pursuit of his profession he took notes about the local
geology and collected fossils. He noticed that the sequence of fossils, the
way the assemblages of organisms changed as he proceeded from older to
younger rocks, was always the same—even if the rocks themselves looked
quite different. Half a century or more before Darwin published his Origin
of Species, Smith organized his fossil collection, which he proudly
displayed to friends, according to relative age, not in groups of similar-
looking organisms as most contemporary collectors did. Although he
didn't know it, he was using evolution, as recorded by the fossils, as a way
to make correlations among sedimentary rocks formed at the same time
but in far-flung localities. The goal of a global relative timescale was a
step closer.

Those who followed in the footsteps of Steno and Smith gradually built
up the geological timescale until they had filled in most of the
subdivisions shown in figure 1, from the Cambrian period to the present.
The names they gave to the major subdivisions of this timescale,
particularly the names of the geological periods, usually referred to
geographical regions where fossil-containing rocks of that particular time
were abundant and first described in detail—for example, Jurassic after
the Jura Mountains of Switzerland, or Ordovician and Silurian after two
ancient tribes that lived in different parts of Wales. All of this was done
before the discovery of radioactivity, and there was no real sense of the
great span of time represented. And because the relative timescale was
based on fossils, it was blank below the base of the Cambrian period. As
far as early geologists could tell, rocks older than this did not contain any
fossils at all (as we will see, there was life on Earth long before then, but
most of the fossils from those earlier times are rare, small, and easy to
overlook). The ancient, apparently barren rocks were simply referred to as
“Precambrian.”

This early relative timescale was in reality a record of the evolution of
marine life. Although there were geographical variations in life forms in



the past, just as there are today, the general pattern of evolution is clear
enough in the fossil record that sedimentary rocks anywhere in the world
could be placed in the correct sequence, as long as they contained fossils.
Devonian rocks in Europe, for example, contain fossil assemblages that
are recognizably similar to those in Devonian rocks from America or
Africa. This helped greatly in the construction of the timescale because
there is no single locality on Earth where rocks spanning the entire time
from the Cambrian period to the present—or even a significant portion of
it—occur in a continuous, uninterrupted sequence of sedimentary layers.
The timescale had to be constructed bit by bit through detailed
examinations of small portions of the geological column (as it is often
called) in different places, coupled with correlation between localities
where there was obvious overlap. This might seem at first to be an ad hoc
approach, but it has been extremely successful, as the timescale in figure 1
attests. So complete is our understanding of evolution that an experienced
field geologist can walk up to an outcrop of sedimentary strata anywhere
in the world and, if he can find a few fossils, place it quite precisely in the
geological timescale.

All of this has been accomplished in spite of the fact that only a very
small fraction of all species that have ever existed on Earth occur as
fossils. It 1s simply not very easy to become a fossil. Most estimates
suggest that fewer than 1 percent of species have been preserved in rocks,
and it is easy to understand why. Even in the most favorable environments
—a quiet sea bottom with slowly accumulating muddy sediments, for
example—most dead organisms are consumed by scavengers or simply rot
and dissolve away before they can be preserved. Usually only the hard
parts—shells, bones or teeth—are preserved, and even then it may be only
a fragment. Adding to the challenge is the fact that it is sometimes
difficult to deduce the whole from the parts, especially for unfamiliar
organisms. Sharks’ teeth are relatively common as fossils, but for a long
time—in spite of the fact that sharks were well known—nobody knew
what the fossils were because they were isolated objects, not obviously
associated with anything else. And even if complete fossils are preserved,
the sedimentary rocks that contain them may later be destroyed by erosion
or metamorphism. Darwin was one of the many scientists concerned about
the resulting gaps in the fossil record.



Nonetheless, even with the limited available sample of fossil species,
sedimentary rocks have yielded up in amazing detail the story of how life
on Earth has changed. The early geologists placed boundaries between
individual eras and periods, and even between finer subdivisions of the
timescale, at places in the geological column where they observed rapid
changes in the types of fossils preserved. The names of the three eras
shown in figure 1—Paleozoic, Mesozoic, and Cenozoic—are derived from
Greek for “ancient life,” “middle life,” and “recent life,” because of the
abrupt and truly radical changes in fossil species that occur at the
boundaries between them, with the preserved life forms becoming
increasingly familiar toward the present. The boundaries can be readily
identified everywhere on Earth where rocks of these ages occur, and we
now know that they record short periods of widespread extinctions, when
large fractions of the organisms inhabiting the oceans were wiped out
through catastrophic environmental disruption. The extinctions were
followed relatively quickly (in geological terms) by evolution and
radiation of new life forms. Less drastic but still major changes in the
nature of marine life mark the boundaries between the geological periods.

The timing of these changes was, for a long time, elusive. As the
nineteenth century drew to a close, scientists of all stripes were working
on ways to measure geological time. Physicists wanted to know the age of
the Earth; geologists wanted to know the ages of individual rocks and the
duration of different parts of the timescale. Many ingenious approaches
were tried, but most of them rested on questionable assumptions and all
had very large associated uncertainties. The most extreme estimates of the
Earth's age were in the range of a few tens of millions of years up to
perhaps 100 million years. There was simply no reliable way to know how
much time was represented by Precambrian rocks, or to work out anything
about the rate of evolution.

That all changed with the discovery of radioactivity in 1896. Once it
was understood that radioactive isotopes decay at a constant rate, their
potential for geological dating became clear. One of the early pioneers of
radioactivity research, Ernest Rutherford, was the first to make that leap.
He was a physicist and an experimentalist, and he asked his geologist
colleagues to give him rocks they thought were very old. From
measurements of the radioactive isotopes in these samples, he calculated
that they were about 500 million years old. This was a startling result, and



it shook up the scientific establishment. If Rutherford's result was
accurate, it meant that the Earth as a whole was even older than 500
million years, and therefore much older than was generally thought.

By today's standards, Rutherford's experiments were crude.
Geochronology, the science of dating rocks, has made huge advances over
the century or so since he made his initial measurements. The approach is
still the same, based on the knowledge that radioactive isotopes decay at a
known, constant rate. But today's analytical instruments are capable of
making very precise measurements on small amounts of material, and the
dates that result are also very precise. All of the boundary ages shown in
figure 1 are based on radiometric dating (as the process is usually called),
and the same techniques have shown that the Earth is between 4.5 and 4.6
billion years old. Time is such an important part of decoding the past that
it 1s worth spending a few pages examining just how radiometric dating
works.

The first thing to say is that geological time is immense. Four and a half
billion years is a very long time, hard to comprehend from a human
viewpoint. In this era of billionaires and trillion-dollar bailouts, the
number itself is not unusual, but its enormity becomes apparent when it is
put into perspective. Our species, Homo sapiens, has been around for about
200,000 years or perhaps a bit less, a very long time by most standards.
But that is a minuscule fraction, just a few millionths, of the Earth's age. A
commonly used analogy is a hypothetical three-hour movie depicting the
Earth's history. Three hours is very long for a movie, but even so Homo
sapiens would appear only in the last half second.

One of the implications of the enormous span of geological time is that
even though many geological processes seem to operate at insignificantly
slow speeds, they can wreak huge changes. Tectonic plates, as we will see
in a later chapter, move at speeds of only a few inches per year, yet
multiply that by hundreds of millions of years and whole new ocean basins
can open up and then disappear again. Over similar timescales great
mountain ranges can be thrust up, then worn down to a flat plain by
erosion.

But to return to the details of the dating methods used to measure these
great swaths of geological time: fortunately, there are many elements in
the periodic table that have naturally occurring radioactive isotopes, and



many natural materials contain small amounts of one or more of them.
This means that in principle, and with judicious sample selection, almost
anything can be dated. However, each of the dating procedures that has
been developed has its own limitations. For example, radiocarbon dating,
which is probably the most widely known of all the geochronological
methods, can only be used to date organic material that was once part of a
living plant or animal, and is also restricted to material younger than about
fifty thousand years. This limited time span results from the fact that the
method is based on the radioactive decay of the isotope carbon-14, which
decays away very quickly. (Isotopes are labeled according to the number
of neutrons plus protons in their nucleus—fourteen in the case of carbon-
14. In scientific writing this is usually shown as a superscript to the

chemical symbol, i.e., 14C, but here T'll use the longer and easier to read
format, i.e., carbon-14.)

The radiometric dating methods most commonly used for rocks employ
isotopes of elements that are relatively abundant and familiar, like
potassium and uranium, and also some that are more exotic, such as
rubidium, rhenium, and samarium. Each of the methods has its own
advantages and disadvantages, and often the circumstances—things like
the geological setting of the sample to be dated—dictate which method is
most likely to be useful. The most commonly used technique for ancient
rocks, one that we will encounter repeatedly in this book, is based on the
decay of uranium to isotopes of lead. One of the reasons uranium-lead
dating is so useful is that a wide range of rock types contain a mineral that
can be easily extracted for analysis and is both naturally rich in uranium
and very resistant to alteration: the mineral zircon.

As you might guess from its name, zircon is rich in zirconium, and from
its chemical formula, ZrSiO,, it is apparent that silicon and oxygen are its

other major constituents. Uranium is present only in trace quantities but
still at much higher concentrations than in most other minerals, because
uranium atoms easily take the place of zirconium in the mineral's
structure. Zircon is a hard and dense mineral that is usually reddish in
color; small grains of it are ubiquitous in igneous rocks. Rarer large
crystals are sometimes sold as semiprecious gemstones, but for geologists,
zircon's real value lies in its usefulness for dating. It is so resistant to
alteration that even when rocks are buried, heated, and undergo significant



metamorphism, the zircon crystals often remain unscathed—and retain the
age of the original rock. When rocks like granite are weathered at the
Earth's surface, many of the minerals they contain dissolve away or are
turned to clay, but zircon crystals survive. Because of this, beach sands
invariably contain grains of zircon.

Alongside uranium-lead dating, a second widely used radiometric
dating technique that we will encounter involves the decay of potassium to
an isotope of the gas argon. There is no potassium-rich equivalent of the
mineral zircon, but because potassium is a relatively common element at
the Earth's surface, many common minerals—for example, certain types
of mica and feldspar—can be dated using this technique. For various
technical reasons, potassium-argon dating is especially useful for the
younger parts of the geological record.

Most of the dates for the modern geological timescale were measured
using either uranium-lead or potassium-argon dating. In cases where the
right samples were available, both methods were used; such cross-
checking using independent techniques ensures that the results are
accurate. But there is an issue concerning the ages shown in figure 1 that
needs to be addressed: there are significant difficulties in applying both
the potassium-argon and uranium-lead dating methods to sedimentary
rocks, and as we saw earlier, fossils in sedimentary rocks are the basis of
the timescale. How, then, were these ages obtained?

The problem becomes clear if we consider how sedimentary rocks are
formed. Many of the mineral grains that comprise them were originally
part of other rocks on the continents; they were eroded from their parent
rocks, carried to the sea, and deposited. Dating these minerals would give
the ages of the parent rocks, not the sedimentary rocks themselves.
Furthermore, the minerals in sedimentary rocks that are directly
precipitated from seawater (and thus would be appropriate for dating these
rocks) don't contain enough uranium or potassium or other radioactive
i1sotopes to make them useful for age determinations. Calcium carbonate, a
widespread component of ocean sediments, falls into this category. This is
one instance in which Mother Nature has not been very kind to earth
scientists.

But obviously the problem has been circumvented; accurate radiometric
dates do exist for many sedimentary rocks. What was the solution? The



answer has to do with the fact that the Earth is a very active planet, with
volcanoes spewing out volcanic ash almost continuously. This was brought
home with a jolt early in 2010 when an ash cloud from the Eyjafjallajokull
volcano in Iceland shut down air travel across Europe. (Pronouncing the
name of this volcano may seem daunting to most native English speakers
—but I understand that “I forgot the yogurt” is not a bad approximation.)
The Eyjafjallajokull eruption was tiny by global standards, but it
illustrated how ash from a single volcano can spread over a wide region.
The largest eruptions disperse ash globally, and when this material settles
to the seafloor it forms layers that are easily recognizable. The ash layers
are markers of essentially instantaneous geological events, and are
therefore ideal candidates for dating. Fortunately, they often contain zircon
crystals, or minerals that can be dated using the potassium-argon method.

Volcanic ash layers are so abundant that they have become by far the
most important material used for dating sedimentary rocks. The most
explosive volcanoes—the ones that produce the most ash—occur mainly
along the margins of ocean basins as a result of plate tectonic processes.
Think of the volcanoes of Indonesia, or the Andes. Even if individual
volcanoes erupt only sporadically, sediments accumulating in these
regions are laced with ash layers. If it is important to know the age of a
particular level in the sediments—say, a level that marks a geological
boundary—and there doesn't happen to be a convenient ash layer in
exactly the right position, it is usually possible to interpolate between
closely spaced layers.

A case in point is a sequence of limestone beds in southern China that
extends across the boundary between the Permian and Triassic periods.
Fossils show that this boundary—which is also the divide between the
Paleozoic and Mesozoic eras (figure 1)—marks the most extensive mass
extinction event in the Earth's history, a time when more than 90 percent
of the species living in the oceans quite suddenly disappeared. Accurate
dating was a high priority, but the limestone couldn't be dated directly.
Fortunately, though, it was deposited in a volcanically active region and
contains numerous interbedded ash layers. In the 1990s a team of
geochronologists from the Massachusetts Institute of Technology (MIT)
sampled ash layers from above and below the boundary, painstakingly
separated out the small zircon crystals they contain, and measured the
zircon ages using uranium-lead dating. The results are shown in figure 2.



They show that a segment of the sediment sequence several yards thick
and spanning the boundary was deposited over a time period of just two
million years. The dates for the ash layers also pin down the age of the
boundary precisely to 251.4 million years. Perhaps equally important, by
dating closely spaced ash layers these researchers were able to conclude
that the great pulse of extinctions occurred over a short time span, less
than a million years.
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Figure 2. Sedimentary layers spanning the Permian-Triassic (P-T) boundary in southern
China. The predominant rock type here is limestone; ash layers are shown as gray bands.
Ages for the ash layers, based on uranium-lead dating of zircon crystals, are given in
millions of years. The ash layer immediately below the formally defined position of the P-T
boundary provides the age of the boundary. The locations of Permian (“p”’) and Triassic
(“t”) fossils are shown. Note that there is a small interval of mixed fossils immediately above
the P-T boundary; this is a common feature of sedimentary rocks, and is caused by
burrowing organisms and currents that stir the sediments as they are laid down. The column
shown here represents just over sixty feet of rock layers. (Based on data in Bowring et al.
1998.)

I have not yet said anything about the Precambrian part of the timescale.
Radiometric dating has uncovered its true extent; the scientists who
worked out the early versions of the timescale from fossils would be
astounded to know that it comprises more than 85 percent of the Earth's
history. Lacking fossils, rocks from the Precambrian can only be placed in
a time context by direct radiometric dating. Figure 1 shows only a few
major divisions of this part of the timescale: the Hadean, the Archean, and



the Proterozoic. Ages for the boundaries between these subdivisions are
partly arbitrary, and partly based on recognized events that have affected
the Earth globally. In spite of the antiquity of the Precambrian rocks, they
have revealed a rich tapestry of sometimes surprising information, as we
will see in later chapters. They depict a world that for billions of years was
very different from the one we know today.

This brief introduction is meant to provide an overview of how earth
scientists use different types of information stored in rocks to decipher
events from the Earth's past and to work out their chronology. That effort
is ongoing, and new discoveries continually sharpen or modify different
aspects of the story. In recent years special emphasis has been put on
identifying times and events in the past that have relevance to what may
occur in the future. This has become particularly important for issues that
will affect the near-term future of human societies, such as global
warming. Before we turn to such concerns, however, the following chapter
goes back to the very beginning, 4.5 billion years ago, to explore our
planet's origin and its very earliest days. We have no earthly rocks left
over from that time; any that once existed have long since been destroyed
by geological processes. What we do have, however, are rocks from space.
Like Earth rocks, they too have stories to tell.



CHAPTER TWO

Building Our Planet

In 1969, the same year astrologists were predicting a big earthquake in
California, another event was unfolding at the other end of the world that
caught the attention of earth scientists. Its consequences were far-
reaching. Japanese scientists working in Antarctica came across small,
dark-colored rocks scattered across the surface of the ice. That might not
seem unusual except that the scientists were working in a region that was
completely blanketed in snow and ice; there was no obvious local source
for the rocks. As it turned out, they were not from anywhere nearby—they
had arrived from space. The rocks were meteorites.

That posed yet another puzzle. It has long been known that large
quantities of extraterrestrial material fall on the Earth; most estimates put
the amount at about one hundred tons per day. But most of that is in the
form of tiny dust particles that burn up in the atmosphere—the “shooting
stars” we see in the night sky—and only a very small fraction of the total
arrives as recognizable meteorites. With two-thirds of the Earth covered
by oceans, the majority of meteorites simply fall into the sea and are never
recovered. Very few people have ever witnessed one landing, and you
certainly don't find them lying around in your garden or the local park. So
the numerous meteorites sitting on the Antarctic ice seemed to defy
explanation. What was so special about the southern continent that it
collected more meteorites than anywhere else on Earth?



As wusual with initially puzzling phenomena, there was a rational
explanation. It soon became clear that a fortuitous process was at work:
meteorites that had fallen in the Antarctic over tens of thousands of years
were being gathered up and delivered to small, concentrated areas known
as “blue ice” regions (the Japanese scientists were working in one of
these). The blue ice occurs in places where thick glaciers, slowly flowing
outward from the continent's interior, encounter a buried topographical
barrier such as a mountain range and are forced upward. As fast as the
flowing ice reaches the surface, the constant high winds and dry air of the
Antarctic ablate it away, and the meteorites carried within the glaciers are
left as a deposit on the surface. The concentrations are similar to the so-
called lag deposits often found in deserts, where wind blows away the
finest grains and leaves behind a layer of coarse, heavy material. Like a
gigantic conveyor belt, the Antarctic ice transports thousands of years of
meteorite falls to a few small areas where the ice simply disappears and
the space rocks remain. Since the 1969 discovery, regular expeditions have
been organized during the Antarctic summer to collect meteorites from the
blue ice regions. Scientists from around the globe descend on the continent
to join the search. Over just a few decades, tens of thousands of new
meteorite samples have been recovered, increasing the size of the world's
collections many times over.

Why such an interest in meteorites? Because they are, many earth
scientists will tell you, keys to understanding how the Earth and the solar
system formed. Superficially many meteorites don't look significantly
different from most Earth rocks. But close study shows that they are very
different, and the differences hold clues to their distant origin. Some
ancient cultures venerated meteorites because they were thought to have
been sent by the gods; now they are venerated by scientists because they
bring information from the earliest parts of solar system history. Nearly
every meteorite dated by the radiometric techniques described in the
previous chapter has an age close to 4.5 billion years, significantly older
than the Earth's oldest rocks. And the most common type of meteorite—
known collectively as the “chondrites”—contains clues about the kinds of
material that went into the construction of our planet. Indeed, the mineral
assemblages in some chondrites are probably a good representation of the
ones in the rocks that were swept up to form the Earth.




The chondrites are just one of a variety of meteorite types, all ancient,
but each with a different history—and each containing clues about how the
Earth and other planets formed and evolved. For example, the members of
one group, the iron meteorites, are made up of solid iron metal, alloyed
with a modest amount of nickel. All the evidence indicates that these
meteorites are analogs of the metallic cores that inhabit the interiors of
planets (more on the Earth's iron core later in this chapter). If you have an
opportunity to visit the American Museum of Natural History in New
York, you can put your hand on a piece of one of these iron meteorites,
probably once part of the core of a small asteroid. Dating to 4.5 billion
years ago, it will undoubtedly be the oldest thing you have ever touched.
This massive piece of iron metal, weighing about thirty-four tons, is from
one of the largest meteorites known, the Cape York meteorite, named (as
are all meteorites) after its finding place, in this case Cape York in
northwestern Greenland. It was “discovered” in 1894 by the American
explorer Robert Peary (Inuit people had known about it for centuries
before, and had used it as a source of iron). Dating studies show that the
Cape York meteorite fell to Earth about ten thousand years ago, breaking
up into numerous pieces as it crashed through the atmosphere. The
specimen at the Museum of Natural History is the largest of the many
samples of this meteorite displayed in museums around the world.

In contrast to the iron meteorites, the chondrites are made up of a
jumble of mineral grains, many of them familiar constituents of rocks on
Earth, but also including iron metal—which does not occur in terrestrial
rocks—and small, marblelike spherical objects called “chondrules” (it is
from these that the chondrites take their name). The chaotic texture of
chondrites indicates that they were formed in a process that randomly
swept together their different components and cemented them together.
The texture is also an instant clue to one of their most important
characteristics: they have never been melted. Furthermore, mineral grains
in the chondrites have provided the oldest ages ever measured by
radiometric dating; they date from the very earliest days of the solar
system. These two properties have led the geochemists who work on these
intriguing objects to conclude that chondrites bring us something we
cannot find on Earth or among other meteorite varieties: an unprocessed
sample of the original material from which the Earth and our neighboring
planets were made. They appear to be unaltered samples of the solid



matter that was floating around in the solar system just as the Earth was
being born; there is strong evidence that they come from small asteroids
that never grew big enough to heat up and melt, as larger objects did.

The primitive nature of the chondrites has made them a cornerstone for
information about the Earth's overall chemical composition. You might
wonder why these rare rocks from space should play such a key role when
the whole Earth is right below our feet, ready for us to analyze. You might
also wonder why it is important to know the Earth's overall composition in
the first place. The answer, in brief, is that if we want to understand how
the Earth got to its present state, we have to know something about its
initial, overall composition. That is not easy to discover when we only
have access to rocks from our planet's thin, outermost skin—which is very
different from the inaccessible interior. However, by using information
from the chondrites as a kind of reality check, and integrating that data
with direct measurements on surface rocks and information about the
interior obtained using remote sensing methods, geochemists have been
able to work out models for the Earth's overall composition that satisty
independent evidence such as the density of our planet.

An important concept in formulating these models 1s that the
composition of the Earth and the other “terrestrial” planets (the solar
system's inner, rocky planets, Mercury, Venus, and Mars) depends on the
proportions of the main minerals found in the chondrites that each planet
incorporated. A good example is iron, which is so abundant and so heavy
that the well-known density variations among the terrestrial planets can be
attributed almost entirely to differences in their iron contents. Grains of
iron metal are abundant in the chondrites, but different chondrites contain
different amounts. The reason the Earth is much denser than Mars,
according to the models, 1s that its chondritelike building blocks happened
to contain more iron. Similarly, other differences among the terrestrial
planets can be understood in terms of different planets incorporating
different amounts of the various constituents of chondrites. This is
undoubtedly an overly simplistic description of what actually happened,
but that doesn't invalidate the chondrites as a good starting point for
understanding the composition of the Earth and other planets. The
different planets just ended up incorporating different amounts of the
various constituents of these meteorites.



But even if these meteorites give us a good understanding of the Earth's
chemical composition, they don't tell us much about the process of planet
formation. What happened 4.5 billion years ago that caused our planet to
come into existence? A few clues come from meteorites, but most of the
evidence derives from other sources, especially astronomical theory and
observations.

In 1990 NASA launched the now-famous Hubble Space Telescope.
Although there were early problems with its optics, these were eventually
corrected and the instrument has since sent back clear, stunning images of
other worlds deep in space. Some of the most arresting of these are
pictures of enormous, towering clouds far out in what we usually think of
as “empty” space. The clouds were well known to astronomers from
ground-based telescopes before the launch of Hubble, but the space
telescope images are especially beautiful. They depict huge, irregular,
wispy, chaotic, and sometimes menacing-looking clouds made up of gas
and dust. These awe-inspiring features, it turns out, are where new stars
and planets are born.

Using telescopes like Hubble, astronomers have been able to observe
star formation in interstellar clouds directly. Other kinds of astronomical
observations show that many stars have planets orbiting around them.
(These latter observations are difficult, and so far only planets far bigger
than the Earth have been detected, but hundreds of them have been found
since the first one was discovered in 1995. Most astronomers are confident
that it is just a matter of time and improvements in technology before
smaller, rocky, Earth-like planets are discovered orbiting distant stars.) All
the evidence, then, suggests that solar systems like our own are not
unusual, and that the material that now makes up our Sun and planets was
once part of an interstellar dust-and-gas cloud like the ones imaged by
Hubble. Direct observations show that the main components of the clouds
are gaseous hydrogen (the most abundant chemical element in the
Universe) and helium. But they contain other things too, including a wide
variety of solid “dust” particles: microscopic crystals of frozen, hydrogen-
rich compounds such as methane, ammonia, and ordinary water; tiny
particles of clay; and grains of several other minerals that are common on
Earth.



But how does one of these vast clouds get transformed into stars and
planets? The first thing to note is that the interstellar clouds are not
homogeneous; they are turbulent, and some regions are much more
matter-rich than others. Either on their own or because of some external
trigger, these denser regions begin to pull surrounding material into their
centers through gravitational attraction. Once started, this process of
gravitational collapse is self-sustaining; as the central region gets denser,
its gravitational attraction increases. Soon a portion of the dispersed cloud
has been transformed into a very dense and hot central body—the
beginnings of a new star—surrounded by a spinning disk of cooler,
leftover material that will eventually form planets. The interstellar clouds
are so huge that multiple solar systems can form from just a part of them.

Clues found in some meteorites suggest that a nearby supernova
explosion may have been the trigger for the gravitational collapse that led
to the formation of our own solar system. Supernovae are exploding stars,
and although astronomers recognize several different types of supernovae,
all of them involve stars larger than the Sun. When a large star runs out of
nuclear fuel in its core, it collapses catastrophically; its central region
heats up to such a high temperature and is compressed to such an immense
pressure that a sudden burst of nuclear fusion occurs, generating a gigantic
explosion that literally rips the star apart and sends its contents hurtling
out into space. The explosion also sends gigantic shock waves rippling
outward, waves with the potential to compress already dense parts of an
interstellar cloud and initiate the star- and planet-forming process.

Astronomers estimate that a supernova explosion occurs somewhere in
the Universe roughly every second. Even if you read fairly quickly, half a
dozen or more stars have exploded in the Universe since you started
reading this paragraph. In spite of their abundance, however, the Universe
is so vast that supernovae explosions in our own cosmic neighborhood are
relatively rare. The last one close enough to be visible to the naked eye (it
was nevertheless very far away) occurred in 1604. When they do appear,
they suddenly light up in the sky, looking like a new star; they glow
brightly for a few weeks or months, then gradually fade away. Chinese
astronomers recorded sightings of supernovae (although they didn't know
what they were) almost two thousand years ago.



The intense burst of energy that accompanies a supernova explosion
initiates further nuclear reactions that create an array of radioactive
isotopes. These, like other material from the exploding star, are spewed
out into space. Nuclear physicists have calculated in great detail which
isotopes are produced during these explosions, and in what quantities.
Remarkably, mineral grains in some chondritic meteorites contain traces
of these isotopes. These grains, which other evidence indicates grew in the
disk around the nascent Sun, evidently captured material from a supernova
as they formed. The specific radioactive isotopes they incorporated decay
away so quickly that they would not have been present (they would have
completely decayed away) if more than a few million years, at most, had
elapsed between the explosion and formation of the minerals. The story
that the meteorites tell is that a nearby supernova explosion injected its
products into the dust and gas cloud just before the solar system began to
form. It is possible, and even likely, that the shock wave spreading out
from this explosion was the trigger for the gravitational collapse that
quickly led to the formation of our Sun, the chondrites, the planets, and,
eventually, to us.

Computer simulations indicate that once collapse begins in part of an
interstellar cloud, formation of the flat, rotating disk of matter with a
protostar—in our case the protosun—at its center is rapid. As the material
surrounding a protostar gets compressed into a disk, it heats up to high
temperatures—so high that most or all of the dust particles from the
interstellar cloud are vaporized. These conclusions from theory are
confirmed by observations: astronomers have detected disks of gas and
solids surrounding forming stars, and studies of chondritic meteorites
show that many of their mineral constituents precipitated from the hot
vapor of the disk as it cooled. Only minuscule amounts of unaltered dust
particles left over from the interstellar cloud have ever been identified in
meteorites.

There are few observations to guide us through the processes that
transformed the protosun and its surrounding hot disk into our present-day
solar system; for the most part we have to rely on computer simulations.
What follows is a very brief outline of how scientists think it may have
happened. First (and this is one of the more certain parts of the story) the
protosun sucked up nearly all surrounding material and became so hot and
dense that nuclear fusion reactions ignited in its interior. That was the real



birth of our Sun; the fusion of hydrogen (by far the most abundant element
in the Sun) into helium was, and still is, the source of its energy. The Sun
contains about 99.9 percent of all material in the solar system, but
obviously the matter remaining in the surrounding disk was sufficient to
create all the other inhabitants of today's solar system: planets, their
various moons, asteroids, and comets.

As the disk around the young Sun cooled down, mineral grains started to
precipitate from the vapor, and as the grains became more numerous they
began to collide with one another in their orbits around the Sun. Small
grains, computer simulations show, usually stick together when they
collide, so the average size of objects in the disk increased rapidly. Soon
most of the small grains had been transformed into rocks—probably fist-
to boulder-sized. But getting from boulders to a planet like the Earth is
problematic: colliding boulders are more likely to fragment than to stick
together, and gas remaining in the disk creates a drag that slows down
boulders in their orbits and causes some to spiral in toward the Sun—
ending up not as a planet, but as part of the Sun. Recent work suggests that
turbulence in the disk may have played an important role in the
agglomeration of boulders into larger bodies by swirling together clumps
of boulder-sized rocks without violent collisions. When the clumps
became big enough, gravity took over and the boulders coalesced to form
“planetesimals”—loosely coherent precursors of the planets, perhaps a
hundred miles or so across.

The best estimates from current research indicate that it took about ten
million years, or less, to go from a cloud of gas and dust in space to an
early Sun surrounded by planetesimals. As the planetesimals continued to
grow by attracting more material from their surroundings, the largest of
them out-competed their neighbors and swept up everything in their
vicinity to become planets. The constant rain of rocks, boulders, and larger
planetesimals onto the surfaces of the growing planets heated them up
rapidly, and the outer parts of some of them may have completely melted.

Amidst this chaotic and violent process, the Earth, which would become
the largest of the inner terrestrial planets, was growing quickly. It too was
heating up as impacting bodies deposited large amounts of energy onto it.
Our planet became so hot, in fact, that iron metal in the accreted material
(recall that the chondrites contain abundant grains of iron) began to melt.



Being very dense, the liquid metal sank to form the Earth's iron core. A
raft of geochemical evidence, much of it uncovered over the past few
decades and too extensive to examine in detail here, confirms that the
metal core formed at this very early stage of the Earth's formation, as the
planet was still growing. Today, 4.5 billion years later, the iron core is still
partly molten, a relic of its early high-temperature period. The other
terrestrial planets went through a similar process, segregating out iron
cores, as did some planetesimals that ended up as asteroids rather than
large planets. Iron meteorites like Cape York are probably fragments of
such cores, launched toward Earth when their parent asteroids were broken
up during violent collisions. These iron meteorites give us a hint about
what our own planet's core may be like.

But even as the Earth reached almost its present size and had already
segregated out iron to form a metal core, there was still an additional
important chapter in its formation to come. Surprisingly, knowledge of
this event came about through questions that earth and space scientists
asked about the Moon—specifically, Why is the density of our close
neighbor so different from the Earth's? And why, if the Moon was just a
stray planetesimal captured into orbit around the Earth (this was once a
popular idea for its formation), did analysis of rocks brought back by the
Apollo astronauts show that the Moon has very close geochemical
similarities to the Earth? These and other questions about the Moon's
origin have been answered through an idea known as the giant impact
hypothesis. It was first proposed in the 1970s as analytical data from the
first returned lunar samples were published, but since then it has been
refined and strengthened by many lines of evidence.

At the heart of the giant impact hypothesis is the idea that toward the
end of planet formation in the solar system, a large leftover body nearly
the size of Mars smashed into the Earth. Not only did the collision almost
destroy the young Earth, it also blasted material out into space, material
that was partly or mostly vaporized by the energy of the impact but
eventually cooled and coalesced to form the Moon. The planet-sized
impactor has even been given a name: Theia, after the Greek deity who
gave birth to the moon goddess.

The giant impact hypothesis is currently the most plausible theory for
the origin of the Moon. Evidence from isotope studies carried out on both



Earth and Moon rocks indicates that the collision must have occurred
between about forty and sixty million years after the solar system was
born. By that time much of the Earth's iron had already settled into the
core, and most likely the same process had occurred within the impacting
body. For that reason, the material blasted out into space would have come
only from the outer, rocky parts of both these bodies: simulations of the
collision indicate that the impactor's dense metallic core would have
traveled right through the outer part of the Earth and merged with our
planet's core. Such a scenario is entirely consistent with the low iron
content, and consequent low density, of the Moon.

The Moon-forming impact added more material to the Earth than it
blasted away, effectively completing the heavy construction phase of
building our planet and bringing it up very close to its present size.
Bombardment with small and large objects continued—as we saw earlier,
even now about a hundred tons of extraterrestrial material accumulate on
the Earth every day—but significant growth had largely come to an end.
What did this early Earth look like? We don't really know because we have
no surface rocks from that time period. But lunar rocks have provided
some clues.

One of the early surprises to come out of studies of lunar rocks was
evidence that much of the outer part of the Moon had been molten very
early in its history. This was a novel concept for planetary scientists, who
refer to this molten outer layer as a “magma ocean” (magma is the
geological term for molten rock). Inferring the presence of an early lunar
magma ocean is possible only because the Moon is geologically inactive,
which means that many of its earliest-formed rocks are still preserved.
Work on samples collected during the Apollo missions shows that the
highland areas—the light-colored patches on the Moon's face—are
remnants of a rocky crust that once encircled the Moon and that formed as
the magma ocean cooled and crystallized. Once the concept of a magma
ocean had been articulated, earth scientists began to ask whether a similar
phenomenon had occurred on Earth. Particularly immediately after the
Moon-forming impact, our planet may well have been hot enough to
sustain a surface magma ocean, although no unequivocal evidence has yet
been found to prove its existence.



Whether or not there was a magma ocean on Earth, the process of
chemical differentiation—the same process that caused iron metal to melt
and sink to the interior, pushing rocky, relatively iron-poor material
outward to form a surrounding mantle—also resulted in formation of a
thin outer crust on our planet. But the chemical and mineral makeup of
this crust is quite different from that of the underlying material. A
cutaway view of the Earth (figure 3) shows the three chemically distinct
layers: core, mantle, and crust. Formation of the core and mantle, as
described above, was fairly straightforward and easy enough to envision.
The crust, however, is a different story. It makes up less than 1 percent of
the Earth's volume, and, because it is less dense than other parts of the
planet, it constitutes an even smaller fraction of the Earth's mass. If the
Earth were the size of a large apple, the crust would be considerably
thinner than the apple skin. But in spite of its small volume, the crust is an
extremely important part of the Earth for us, because it harbors all the
resources necessary for human civilization.

Why is the crust so different from the underlying mantle? That is a
complex question, and the answer has only been found through decades of
observation and experiment. A simple, although not entirely accurate, way
to think about the crust-forming process is that it is a kind of distillation
phenomenon operating on a large batch of starting material (the mantle)
and producing a small, concentrated sample (the crust) made up of just a
few of the starting components. Melting of the mantle minerals, and
migration of the resulting, less-dense, liquid magma upward toward the
surface, is the process by which this is accomplished. Among the things
winnowed out of the mantle and transferred into the crust in this way are
many of the key materials important for modern life, like aluminum and
many rare metals. Water and various gases contained in the minerals of the
mantle are also extracted during this process, something that is strikingly
illustrated by the volcanic rock pumice—its Swiss cheese texture is the
frozen imprint of gas (mostly water vapor and carbon dioxide) that was
dissolved in the magma but bubbled out as the liquid rock neared the
surface. So in addition to forming the familiar rocks of the Earth's surface,
the processes that made the crust have also been largely responsible for
bringing the water of the Earth's oceans and the gases of its atmosphere to
the surface.
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Figure 3. The interior structure of the Earth. The metallic core is composed mostly of iron,
although it contains other elements as well, notably nickel. The core is slowly solidifying
from the inside out; it has both an inner solid part and an outer liquid portion. The mantle,
composed of rocky material, overlies the core and makes up most of the rest of the planet.
Forming a thin skin at the Earth's surface is the crust, which is also made of rocky material,
but with a very different mineral makeup and chemical composition.

In this brief chapter, we have traced what we know about the trajectory
that began in an interstellar cloud and ended with our extraordinary blue
planet, with its iron core, rocky mantle and crust, its deep, watery ocean,
and its thick atmosphere. In cosmic terms, the process didn't take very
long, and the Earth was essentially fully formed by roughly 4.5 billion
years ago. It has continued to evolve in many ways since then, as we will
explore in subsequent chapters. Over its lifetime our planet has also
continued to attract bits and pieces of space material that remained in orbit
around the Sun after the initial rapid interval of planet formation. As we
will see in the next chapter, some of those bits and pieces have had a
profound impact—Iiterally—on the Earth.



CHAPTER THREE

Close Encounters

Even though it has been known for centuries that meteorites—some of
them quite large, like the Cape York meteorite mentioned in the previous
chapter—periodically crash to Earth from space, the possibility that
impact cratering is a potent geological force, affecting the physical,
chemical, and biological evolution of our planet, has only been
appreciated relatively recently. Earlier, most scientists who thought about
the problem at all realized that the Earth must have been bombarded by
space debris in the violent early days of its existence, but assumed that the
significance of the process diminished rapidly after this initial onslaught.
Even the availability of ever-clearer telescopic images of the pockmarked
faces of the Moon and Mercury did little to change this belief. Most of
those craters, it was thought, were volcanic. This opinion began to change
in the run-up to the Apollo program as the Moon came under more
detailed scrutiny, but many earth scientists still did not understand the
importance of impacts on the Earth. A primary reason was that there are
very few terrestrial craters formed by impact, and controversy about their
origins swirled around even these rare examples.

Near the end of the nineteenth century, one of the most interesting
debates about the origin of a crater pitted a doyen of American geologists
against a bull-headed businessman—and in the end, it turned out, the
geologist was on the wrong side of the argument. The businessman was



Daniel Moreau Barringer, a man who started his career as a lawyer but
then decided to study geology, believing this would allow him to indulge
his twin passions for the outdoors and the American West. Evidently he
learned his geology well, because before long he was rich, the owner of
several successful mining ventures. But Barringer was always on the
lookout for new opportunities, and when he heard from a friend about a
craterlike depression in western Arizona his ears pricked up. Many locals,
his friend said, believed the crater had been formed by a giant iron
meteorite because there were abundant small fragments of iron metal in
and around the crater. Barringer knew that iron meteorites are virtually
pure iron and nickel, much richer in these elements than any ore formed
on Earth. If a huge iron meteorite lay buried beneath the three-quarter-
mile-wide crater, it would be very valuable.

The problem was that one of the most respected scientists of the day, a
man named G. K. Gilbert, the chief geologist of the U.S. Geological
Survey, had already examined the crater and declared that it had been
produced by a “steam explosion,” not a meteorite. Like Barringer, Gilbert
had heard about the iron fragments in the vicinity, and he initially
considered that the crater might have been produced by impact. But tests
he conducted during an expedition to the site in 1891 convinced him
otherwise.

Neither Gilbert nor Barringer (nor anyone else at the time) knew much
about the physics of large impacts, and this ignorance led both men astray,
although in different ways. Their mistake was to assume that the
impacting body would lie buried beneath the crater; in reality, it had
largely vaporized during the collision. During his 1891 expedition Gilbert
made measurements designed to detect the magnetic signal of a large,
buried iron meteorite. The crater was large enough that he expected the
signal to be quite strong, and when he found no magnetic effects at all he
was confident he could rule out impact. The negative result caused him
some difficulties, because he had to invent ad hoc and somewhat
convoluted explanations for the presence of meteoritic iron around the
crater (just coincidental, he said, the remains of an earlier meteorite fall)
and for the complete absence of volcanic rocks at the site, which seemed
to rule out a volcanic origin. His solution was to propose rather vaguely
that hidden, “deep-seated” volcanic heat had caused a gigantic steam
explosion that had excavated the crater.



Barringer was aware of Gilbert's conclusions, but he was a more
intuitive investigator. He didn't have to conduct any experiments; when he
visited the crater (he later claimed), he knew within a few hours just from
its physical appearance that it had been formed by impact. So in the early
1900s, together with a partner, Barringer formed a company to mine the
millions of tons of iron he believed were buried there. His early surveys
and drill cores didn't locate a buried meteorite, but they did reveal that the
local rocks had been crushed under massive pressure and thrown outward
as an overturned blanket of ejecta, supporting the impact theory.
Undeterred by his initial lack of success, Barringer redoubled his efforts to
raise money for more exploration. In 1906 he and his partner each
published a paper in the Proceedings of the Academy of Natural Sciences
of Philadelphia outlining the results of their exploratory work at the crater.
There was now no doubt, they concluded, that the crater had been
produced by meteorite impact.

For the next two decades Barringer promoted his ideas to anyone who
would listen, and simultaneously spent most of his fortune—and the funds
of many wealthy investors—attempting to find the nonexistent buried
meteorite. His partner, discouraged by the lack of results, eventually
withdrew from the operation, but Barringer ploughed ahead. The
geological data he gathered as he probed the crater convinced many in the
scientific community that he was right about the meteorite impact, but for
some reason, G. K. Gilbert and his colleagues at the U.S. Geological
Survey refused to be drawn into the argument. They never commented
publicly on the controversy, but a vocal minority of geologists still clung
to Gilbert's steam explosion hypothesis. Inexplicably, a 1928 National
Geographic Magazine article titled “The Mysterious Tomb of a Giant
Meteorite” attributed the impact theory to Gilbert and, although it
described the mining efforts in detail, didn't even mention Barringer.

Also in 1928—at the request of investors in Barringer's mining
company—an astronomer named Forest Moulton did a detailed analysis of
the crater and concluded both that the meteorite must have been much
smaller than Barringer claimed and that it had probably mostly vaporized
when it collided with the Earth. These conclusions sealed the fate of the
mining venture, and in September 1929—although Barringer was in denial
and resisted angrily—the directors of the company closed down activities.
A few months later Barringer died of a heart attack.



In spite of the failure of his commercial venture, Barringer must be
credited with recognizing and bringing attention to the first crater on Earth
widely acknowledged as being of impact origin. In some ways, he has had
the last word: the feature that consumed so much of his life, long known as
Meteor Crater, is now officially named Barringer Crater. It is also still
owned by the Barringer family, and is the site of a small museum
dedicated to meteorites, impacts, and the history of the crater itself. If you
happen to be in Arizona with some time on your hands, it is worth a visit.

Seen from the air, Barringer Crater is spectacular (figure 4). In the more
casual days of air travel, pilots flying nearby would sometimes make a
minor diversion from their flight plan to pass over it and bank the aircraft
to give passengers a better view. The crater's remarkable preservation is
due to its relative youth (age determinations show it to be just 49,000
years old) and the limited erosion in Arizona's dry climate. Researchers
who have studied the crater estimate that the impactor initially weighed
about 300,000 tons and had a diameter of almost 150 feet, but that about
half its mass vaporized in the atmosphere before it even reached the
ground. Most of the rest vaporized on impact. The crater, much bigger
across than the impactor, was excavated by the shock wave surrounding
the incoming material, not the meteorite itself.

Figure 4. Barringer Crater, Arizona, as seen from the air. The crater has a diameter of about
three-quarters of a mile. (Courtesy U.S. Geological Survey; photo by D. Roddy.)

In one of those ironic twists of history, a geologist who studied
Barringer Crater for his 1960 PhD thesis—and who permanently laid to
rest the few lingering doubts that some had about its origin by impact—
was the first recipient of the Geological Society of America's G. K. Gilbert
Award, in 1983 (in fairness to Gilbert, it should be said that although he



denied the impact origin of Barringer Crater, he was a proponent of impact
as the source of most lunar craters). The geologist was Gene Shoemaker,
and he is credited with almost single-handedly founding the field of
astrogeology. Even before his work on Barringer Crater, Shoemaker had
been interested in the Moon and the origin of its craters, and he went on to
play a vital role in training Apollo astronauts for their missions. He also
became a familiar figure to American TV viewers when, alongside Walter
Cronkite on CBS News, he provided geological commentary on the Apollo
moonwalks.

Though geologically recent, the Barringer Crater impact occurred long
before recorded human history, and we have little direct information about
its environmental effects beyond what can be discerned at the site today.
But the destructive force of even small bodies from space is known from a
much more recent collision: the so-called Tunguska event of June 1908,
when an object estimated to be about 120 feet in diameter hurtled into the
atmosphere above Siberia and exploded. No samples unequivocally
identified with the original object have been found, so its makeup is
unknown (some scientists have suggested it was a small, icy comet), and
no crater was excavated. But the shock waves it generated completely
flattened the dense Siberian forest over an area of nearly 800 square miles
(figure 5). Fortunately, the Tunguska object struck an unpopulated area.
Had it exploded over a major city, the disaster would have dwarfed recent
tragedies like Hurricane Katrina, 9/11, or the 2010 Haitian earthquake.

A word about nomenclature is in order here. By definition, meteorites
are space rocks that reach the ground; for that reason, I've referred to the
rock (if that's what it was) that exploded above Tunguska simply as an
“object,” not a meteorite. The Barringer Crater impactor qualifies as a
meteorite because pieces of the original object survived transit through the
atmosphere. Small bits of space debris that completely burn up in the
atmosphere (e.g., “shooting stars”) are defined as meteors, but this is
probably not an appropriate label for a larger object like the one at
Tunguska. In what follows, I'll continue to refer to the Tunguska body
either as an “object” or as a “meteoroid”—the latter a loosely defined term
describing modest-sized bodies that move about in interplanetary space,
whether or not they survive passage through the atmosphere when (or if)
they collide with the Earth. Thus a meteoroid can become a meteorite—or
a meteor. Confused? Scientists love to put things in categories.



At any rate, the object that caused the Tunguska blast was small by
cosmic standards, but its effects were far-reaching. Atmospheric shock
waves were detected as far away as Britain. Fine dust from the explosion
spread through the atmosphere, reflecting light from the Sun (which in
northern Europe doesn't dip far below the horizon at night in summer) and
reportedly making it possible to read a newspaper outdoors at midnight in
London. Perhaps because of its remoteness and the lack of detailed
information about the event, the Tunguska explosion has generated a raft
of wild theories: it was caused by a UFO crash, by an errant black hole that
collided with the Earth, by the detonation of a “natural hydrogen bomb” in
an impacting comet, or by the explosion of vast quantities of natural gas
that escaped from the Earth.

Figure 5. The site of the Tunguska meteoroid impact of 1908 in Siberia, photographed
during a 1927 Soviet Academy of Sciences expedition led by the Russian mineralogist
Leonid Kulik. The scorched and flattened trees, still very obvious almost twenty years after
the event, attest to the impact's effects.

When it happened, however, news of the explosion trickled out slowly.
Not until 1927, nearly twenty years after the event, did a scientific
expedition, led by the Russian mineralogist Leonid Kulik, visit the
Tunguska site. (Like Barringer in Arizona, Kulik thought he might find a
large amount of iron metal at the site, and he used this possibility to
persuade the government to fund his expedition.) The scientists had to slog



through Siberian forests and late-spring snowdrifts, and they had to deal
with superstitious local guides who feared visiting the devastated impact
site. But eventually they did reach it, and made a detailed and thorough
report. In addition to investigating the physical effects of the blast, Kulik's
team gathered eyewitness accounts of the event from villagers who
described a fireball as bright as the Sun streaking through the sky, ground-
shaking explosions, blasts of hot wind, and smoke from smoldering
vegetation. Some told of being knocked off their feet. One nearby village
had a pragmatic response: they sent a delegation to a local priest,
enquiring if such a never-before-experienced phenomenon was a sign that
the end of the world was at hand. If so, they asked, what should they do to
prepare? There is no record of the priest's response.

If the small Tunguska meteoroid could cause widespread local
devastation, a large collision would be catastrophic. Although impacts are
unlikely to spell the end of the world as we know it in the immediate
future, they are—statistically—among the most dangerous of all natural
hazards because of their potential to affect a very large number of people.
Fortunately, astronomers will probably be able to detect a large asteroid
heading toward the Earth far in advance of its arrival. The question is,
though, what can be done then?

As we will see later, there are many ideas about this, some promising
and others less so. But before considering future mitigation strategies, it is
instructive to turn to the rocks for clues about how impacts have affected
the Earth in the past. The geological record, it turns out, has much to say
on this subject.

According to a listing maintained by the University of New Brunswick
in Canada, there are 176 impact structures on Earth. (Meteorite
researchers refer to them as “structures” rather than “craters,” because
some, especially older ones, are heavily eroded and degraded, and no
longer have the pristine appearance of a Barringer Crater.) Most of the 176
have been mapped and sampled, and some have been drilled to obtain
information about their internal structures. Rigorous criteria are used to
determine whether a particular crater is placed on the list. These go well
beyond simply having a circular shape. The key evidence includes features
produced by the high pressures and temperatures that are generated during
a collision, such as crushed and broken rock, sometimes partly melted;



minerals that result only from the passage of high-pressure shock waves;
and peculiar features called “shatter cones” in the rocks of the surrounding
countryside, diagnostic of shock waves spreading outward from an impact.
Sometimes the presence of meteorite fragments confirms an impact
origin, but at most craters there is little remaining evidence of the
impacting body beyond minor chemical traces. As at Barringer Crater, the
colliding objects are largely vaporized during the impact.

The youngest crater on the list is a small one produced by a meteorite
that fell in Russia in 1947—it broke up into fragments in the atmosphere
and fell as many separate pieces, one of which made a crater some eighty
feet across and twenty feet deep. But all of the really large impact
structures are old; the oldest known, which is also in Russia, 1s about ten
and a half miles across and dates to approximately 2.4 billion years ago.
Two very large structures, one in Canada and one in South Africa, have
ages near 2 billion years. Since their formation, they have been
substantially modified by geological processes, but their original
diameters are estimated to have been in the range of 170 to 200 miles.
Nothing larger has been found, although in 2006 researchers examining
the gravity field over Antarctica discovered a large circular feature that
may be an impact crater. It lies beneath glacial ice and has not been
sampled, so it cannot be confirmed, but if it does turn out to have been
produced by impact, it will be the largest such structure on the planet—
about 300 miles in diameter, big enough to fit a state like Michigan or
Ohio within its boundaries.

These large and very rare reminders of ancient impacts are little known
outside the earth science community. However, there is one impact that
has gained much wider attention: the one that “killed off the dinosaurs.”
The idea was first proposed in 1980, and the combination of a
catastrophic, science-fiction-like impact and the extinction of the world's
largest reptiles guaranteed widespread media interest. The story of how
evidence supporting the impact theory was uncovered has been told many
times before and I won't repeat it here, except to say that the conclusion is
very firmly based in the discovery of a worldwide layer of the rare metal
iridium in sedimentary rocks marking the boundary between the Mesozoic
and Cenozoic eras. This boundary corresponds to one of the Earth's great
mass extinction events, when not only dinosaurs, but also many other
plants and animals died out. Conventionally—and somewhat confusingly



for newcomers to the topic—the boundary is referred to as the “K-T”
boundary, after the initials for the Cretaceous (spelled with a “K” in
German) and Tertiary periods. (Compounding the confusion, the name
Tertiary has recently been abandoned as a period in the geological
timescale; it is simplest just to remember that the K-T boundary marks the
end of the Cretaceous Period.)

Detection of the iridium-rich layer quickly led to the impact hypothesis
because the metal is exceedingly scarce in the Earth's crust but greatly
enriched in meteorites, and the only reasonable explanation for its high
abundance in K-T boundary rocks is that it originated from a large
extraterrestrial object. As pointed out by its discoverers—a group of
researchers from the University of California at Berkeley, led by the
geologist Walter Alvarez and his father, the Nobel Prize—winning physicist
Luis Alvarez—iridium from a large, vaporized asteroid would have been
ejected high into the atmosphere and dispersed globally. The Berkeley
researchers argued that the simultaneity of the impact and the mass
extinction could not be coincidence, and that the impact must be
implicated in the extinctions.

The Alvarez team calculated the size of the impacting body from the
amount of iridium at the K-T boundary, concluding that it must have been
six to seven miles in diameter. Subsequent work has not significantly
changed that estimate. One of the initial objections to the theory was that
none of the Earth's known craters had the right age to be a candidate, yet a
body of that size would certainly have left a large crater. This problem
persisted for a decade after the initial discovery, but a great flurry of
interdisciplinary research stimulated by the impact hypothesis led
inexorably to the smoking gun, a crater 120 miles in diameter in the
Yucatan Peninsula of Mexico. In spite of its size, this large feature had
been completely missed because it is buried under more than two thousand
feet of sedimentary rocks. There is no indication at the surface that a
massive crater lies below.

Actually, the crater had not been completely missed. It was discovered
in the 1940s by Mexican petroleum geologists using remote sensing
techniques to map out subsurface geological features, but at the time they
assumed it was a volcanic crater. Its existence was not widely known in the
decades that followed, even among geologists. However, after the Alvarez



group proposed their impact theory, earth scientists began to re-examine
K-T boundary rocks for corroborating—or contradictory—evidence, and
they soon discovered that sedimentary rocks from the Caribbean region
contained more dramatic signs of impact than could be found anywhere
else in the world, including layers of shocked and crushed rock
presumably ejected from the crater, and abundant glassy spherules that
appeared to be frozen droplets of the impact melt. Other sediments in the
region showed evidence of disruption by huge waves, probably from
tsunamis generated by the impact. Impact indicators were much less
obvious at sites distant from the Caribbean, and the consensus was that the
crater must be somewhere in the Gulf of Mexico region.

Then Alan Hildebrand, a geologist at the University of Arizona in
Tucson, and a group of his colleagues reexamined the remote sensing data
from the Yucatan structure and quickly realized that it was a very large
impact crater. Importantly, borehole samples (like the remote sensing data,
these had been collected during exploration for petroleum) showed that the
rocks immediately overlying the structure were Paleocene in age—that is,
they were deposited during the geological epoch immediately following
the K-T boundary. In 1991 Hildebrand and his colleagues published their
findings and proposed that the crater was the long-sought K-T collision
site.

Since that time, a large amount of research has been done on the
Yucatan crater, now known as Chicxulub Crater, after the name of a nearby
town. That it was formed by impact is no longer in doubt, and many lines
of evidence—including precise dating of its formation—Ilink it
unequivocally to the K-T boundary. The thick sequence of sedimentary
rocks covering the crater makes it difficult to map out its features in
detail, but the layers of overlying rock have also prevented erosion of the
crater and preserved its original shape and features almost perfectly.

A map outline of Chicxulub Crater shows that it is almost exactly
bisected by the coastline of the Yucatan Peninsula—half of it lies beneath
land, the other half beneath the waters of the Gulf of Mexico (see figure
6). But at the time of the impact, the region was entirely submerged; the
asteroid struck the shallow waters of the continental shelf off what is now
Mexico, blasting through layers of water and ocean sediment before
excavating the crater in the igneous rocks of the crust below. After an



initial chaotic period—more on this below—more normal conditions
returned and the crater began to fill up with layers of sediment. Later
uplift of these sedimentary rocks has exposed them in the peaceful,
tropical, present-day landscape of Yucatin. Hidden below that peaceful
surface, however, is a tale of environmental disturbance of a magnitude
only rarely experienced on Earth.

What happens when an asteroid or comet the size of the K-T impactor
strikes the Earth? The phenomena affecting objects that enter the Earth's
atmosphere from space have been examined rigorously in order to figure
out how to bring things like the Space Shuttle, or an intercontinental
ballistic missile, back to Earth safely without it burning up. The
calculations have to be scaled up significantly for K-T—sized objects, but
they nevertheless provide clues about what must have happened, and
evidence stored in the geological record provides a way to cross-check the
extrapolations. Extraterrestrial bodies strike the Earth at a variety of
speeds and angles, depending on their trajectories in space, but all of them
travel at many times the speed of sound—typically between about eight
and twenty miles per second, or even faster. At such high velocities, the air
in front of an incoming asteroid is rapidly compressed, exerting
tremendous pressure on the object and heating it—or at least its surface—
to incandescence (if you've ever inflated a bicycle tire manually with a
small pump, you'll know that even modest compression quickly heats up
air). The phenomenon is clearly recorded in meteorites, which not only
lose much of their original mass through melting and ablation of their
surfaces as they plunge through the atmosphere, but often retain a thin rind
of melted material that geologists refer to as a “fusion crust.”
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Figure 6. The location of the buried Chicxulub Crater in Yucatan, Mexico. Details about the
crater are known from geophysical remote sensing data. (Based on data from Pilkington et
al. 1994.)

Simulations of the K-T impact indicate that the asteroid shock-heated
the atmosphere as it descended, and that the intensity of the heat radiated
from the impact fireball itself was ferocious (with peak temperatures in
the range of fens of thousands of degrees Fahrenheit at the core of the
fireball). Close to the impact site, anything alive would have been
incinerated instantly. Vegetation would have been set alight over a radius
of perhaps two thousand miles—as far away from the Caribbean impact
site as the present-day cities of Chicago, Montreal, San Diego, Lima, and
Caracas. Furthermore, some of the material ejected from the crater was
thrown upward at such high velocity that it broke out of the Earth's
atmosphere into space, only to further heat the atmosphere as it reentered.
The rain of ejecta fragments raised the temperature of the atmosphere
globally, possibly desiccating forests and playing a part in the K-T mass
extinction. Recent calculations suggest that for a short period—possibly a
few hours—ground temperatures everywhere exceeded five hundred
degrees Fahrenheit.



When they first suggested a link between the impact and the mass
extinction at the K-T boundary, the Alvarez group proposed that the
primary agent of extinction was the fine dust thrown into the atmosphere
by the impact, which would have blocked sunlight and shut down
photosynthesis for some unknown but extended period of time. They
reasoned that widespread plant die-off would have severely disrupted the
food chain, and that the effects would have been felt all the way up to
large creatures like the dinosaurs. Darkness would also have caused
sharply lowered temperatures, exacerbating the effects on all forms of life.

The dust scenario is plausible but difficult to prove; grains small
enough to remain suspended in the atmosphere over long time periods are
submicroscopic and very difficult to detect and quantify in the
sedimentary rock record. But even if dust didn't completely darken the
skies, there 1s an almost never-ending list of other environmental effects
that would have made the Earth a very inhospitable place in the aftermath
of the impact. Dense smoke from wildfires near the impact site and locally
in areas of desiccated forests may have shut out the Sun instead. Rocks at
the Chicxulub impact site are particularly sulfur-rich; when these were
vaporized during the impact the sulfur was dispersed through the
atmosphere, forming tiny aerosol particles in the stratosphere that further
blocked sunlight (the dimming effect of such aerosols has been well
documented from recent sulfur-rich volcanic eruptions, as we will see in a
later chapter).

Some of the chemicals lofted into the atmosphere by the collision may
have destroyed the protective ozone layer that encircles the planet,
exposing life on the surface to deadly ultraviolet radiation for a short
period. And for years after the impact, precipitation worldwide may have
been strongly acid—a potent mix of sulfuric and nitric acid that some have
compared to battery acid. (Nitric acid would have been produced from
nitrogen oxides formed when the incoming asteroid shock-heated the
atmosphere, and sulfuric acid from the vaporized sulfur-rich rocks of the
impact site mentioned above. Both nitrogen and sulfur oxides dissolve
readily in raindrops, producing acid rain.)

Locally, toxic compounds released by burning forests would have
proved deadly to animals. Near the impact site, the shock wave caused an
outward-spreading pulse of high pressure and blasts of wind many times



stronger than those of the most extreme hurricanes, knocking over trees
and stripping away soil. Because the impact occurred in water, it generated
huge tsunami waves. In the Gulf of Mexico the largest are estimated to
have been five or six hundred feet high, equivalent to the length of several
football fields stacked end to end, and they washed more than a hundred
miles inland. Their effects can be seen today in the sedimentary rocks of
the region.

Finally, there were greenhouse gases. Layers of carbon-rich deposits
like limestone were vaporized at the impact site, producing carbon
dioxide. Extensive impact-induced wildfires may also have contributed
significant amounts of carbon dioxide, and large quantities of methane, to
the atmosphere. Combined, these additions probably approximately
doubled the warming caused by greenhouse gases. Temperatures would
have been on a roller-coaster ride: intense but very short-lived and locally
variable heating due to the passage of the impactor and its ejecta through
the atmosphere, abrupt cooling for a period of months or longer due to
dust, smoke, and aerosols from the impact, then a prolonged period of
warmth caused by the additional greenhouse gases. It is not surprising that
many species succumbed to the effects of the K-T impact.

Remarkably, researchers now believe they have traced the object that
caused the K-T catastrophe back to its source. If they are right, a collision
in the asteroid belt nearly 100 million years before the K-T impact sealed
the fate of the dinosaurs. The asteroid belt, which lies between Mars and
Jupiter, 1s filled with millions of small and large rocky objects orbiting the
Sun (the largest, Ceres, is almost six hundred miles across), and
astronomers have recognized for some time that the belt is the major
source of the Earth's meteorites. Occasional collisions, and gravitational
perturbations of asteroid orbits by other solar system bodies, send these
objects hurtling toward the Earth. Close similarities in mineralogical
composition between asteroids and various meteorite groups confirm the
connection. (The similarities are inferred using a technique called
“reflectance spectroscopy,” which involves analysis of the light reflected
from an object. Because minerals absorb light of specific, characteristic
wavelengths and reflect the rest, the peaks and valleys in the spectrum of
light reflected from an asteroid serve as fingerprints for the minerals
present on its surface.)



The largest rocky survivor of the asteroid belt collision thought to be
the precursor to the K-T impact is known to astronomers as the asteroid
Baptistina, which was discovered in 1890 by the French astronomer
Auguste Charlois. Baptistina is about twenty-six miles across, but it was
once much larger. It is, so to speak, the matriarch of an extended asteroid
family, a large group of fragments all traveling together in roughly the
same orbital path and, as far as can be determined from spectral analyses,
all with a similar mineral makeup.

What is the evidence that connects the Baptistina family of asteroids to
the K-T impact? It is, admittedly, circumstantial, but it is compelling. The
idea was proposed in a 2007 report by a group of astronomers from the
Southwest Research Institute in Boulder, Colorado, and Charles University
in Prague, who used computer simulations to examine how the Baptistina
asteroid family (BAF for short) had evolved over time. They began by
carefully mapping out the exact locations and sizes of all known objects in
the family, and then, working backward, calculated how their positions
have changed through time due to the gravitational pull of other bodies,
including other asteroids, the Sun, and the planets. They found that the
BAF's present-day configuration is best explained by breakup of a single
large object (at least one hundred miles across) during an asteroid belt
collision about 160 million years ago.

The calculations also showed that many fragments from the collision
would have escaped the asteroid belt altogether, and some would have
ended up in the vicinity of the Earth. Because of this, the researchers
concluded, our planet must have experienced an increase in impacts for a
period of about 100 million years after the collision. That is exactly what
studies of both lunar and terrestrial craters had already shown: over that
time period, the rate of impacts did increase, by a factor of two to four.
The K-T collision took place during this period. While this does not prove
that the impactor came from the Baptistina family, there is also another
piece of corroborating evidence that bolsters the argument.

Spectral analysis of BAF asteroids indicates that they are composed of
an uncommon type of extraterrestrial material that is especially rich in
carbon; meteorites matching this composition are relatively rare in the
world's collections. However, the fallout layer at the K-T boundary
contains a unique chemical marker that is specific to this carbon-rich



meteorite family. Thus both timing and composition fit. The conclusion
that an asteroid “shower” generated by the breakup of Baptistina was the
source of the K-T impactor seems highly likely; the astronomers who did
the work estimated the probability at greater than 90 percent. They also
concluded that around 20 percent of the large asteroids that are currently
in the vicinity of the Earth originate from the BAF.

This story raises an important issue beyond identifying the source of the
putative K-T dinosaur slayer: How likely is it that other asteroids will be
diverted toward the Earth and collide, with equally devastating effects? In
order to assess such threats accurately, the collision frequency for objects
of various sizes must be determined. This can be done through
astronomical surveys of objects in the Earth's vicinity (usually referred to
as Near Earth Objects, or NEOs), combined with details of the past
cratering record on the Earth and Moon. Fortunately, such data make it
clear that the probability of a K-T-like impact in the near future is
effectively zero, which should be a great relief to all of us. However, such
analyses generally assume that the impact rate is approximately constant,
and if asteroid “showers” periodically pelt the Earth with increased
numbers of space rocks, that would not be true. Is the Baptistina shower
unique, or are there other intervals in the past when impact rates were
much higher than the long-term average?

In fact, the geological record shows there have been other times when
the Earth experienced increased rates of meteorite bombardment. One
interval in particular stands out; it dates back to about 470 million years
ago, during the Ordovician period. In some ways the discovery of this
episode is even more amazing than the findings about the Baptistina
asteroid family. The story begins in the mid-1990s, when Birger Schmitz
from the University of Gothenburg in Sweden and several of his
colleagues discovered numerous fossil meteorites in a Swedish limestone
quarry. This was almost unheard of; meteorites are rare objects to begin
with, and most people have never seen one except in a museum. The odds
of finding even one meteorite trapped in ancient limestone are minuscule,
but in their initial search Schmitz and his colleagues recovered about
seventeen pounds of these fossil space rocks, each of them small (typically
an inch to a few inches across) and badly corroded, but nevertheless
clearly identifiable as a meteorite. Because the meteorites occur only
within a limited interval of the quarry's limestone layers, Schmitz and his



co-workers concluded that they must have fallen over a period of less than
two million years. They called the quarry “one of the most meteorite dense
areas known in the world.”

Since the initial discovery, many more fossil meteorites have been
unearthed from Swedish quarries, all from rocks dating to about 470
million years ago. Based on their chemical compositions, most of these
objects belong to a common meteorite type known to researchers as “L
chondrites” (the “L” stands for “low iron’). An important characteristic of
the L chondrites is the presence of extensive shock effects, which are
thought to have been produced in a violent collision that broke apart their
parent asteroid. Dating studies of many different L chondrites show that
the collision occurred very close to 470 million years ago. This
coincidence of timing and composition with the influx documented by the
Swedish quarry meteorites suggests that there was a short interval
immediately after the collision when the Earth was showered with L
chondrites.

But is there any other supporting evidence that this really happened?
The answer is an unequivocal yes. By using computer simulations to trace
orbits of individual asteroid family members backward in time, just as was
done for the Baptistina family, researchers have discovered that the so-
called Gefion asteroid family was likely formed by the breakup of a single
object approximately 500 million years ago. Spectral analyses show that
the Gefion asteroids have compositions similar to the L chondrites, and
the computer simulations indicate that the Earth would have been pelted
with ten to a hundred times the normal number of meteorites shortly after
the collision that produced the Gefion asteroids—and that some of these
impacting objects were large enough to leave craters a mile or more in
diameter. In spite of the poor preservation of craters of this age, about a
dozen—all more than a mile across—have been dated to the interval
between 450 and 500 million years ago. This is a large number for a fifty-
million-year period, and it corroborates the conclusion from the Swedish
quarries that the Earth experienced a substantially enhanced bombardment
rate at that time.

A consensus view of the overall impact hazard, based on studies of
craters and NEOs, is shown in figure 7. The data indicate that on average
the Earth experiences a very large impact like the one that occurred at the



K-T boundary only once every 150 million years or so. Smaller objects
collide much more frequently, however. A Tunguska-sized event is likely
to occur about every one thousand years, and an asteroid as big as a
multistory house—traveling at supersonic speeds—is expected to strike
the Earth about once per century. Like the Tunguska meteoroid, such an
object would probably explode before hitting the ground, but it would still
cause substantial damage in a populated area. It is worth remembering that
such predictions are based on average values, and although the probability
1s very low, it is entirely possible that a Tunguska-like impact could occur
tomorrow, or next week—or not for several thousand years. Especially for
rare events, statistics can be misleading.
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Figure 7. The frequency of impacts on Earth as a function of asteroid size, based on
observations of Near Earth Objects (NEOs) and the terrestrial cratering record (after data in
Chapman 2004). Note that both axes have logarithmic scales.

Although quantifying risk and making predictions is important, in some
ways what really matters is identifying specific hazards. That logic
prompted the U.S. Congress in 1998 to direct NASA to catalog potential
natural threats from space, and later, in 20035, to give the agency a specific
mandate: to detect 90 percent of all NEOs with diameters of 140 meters
(150 yards) or more by 2020. Both the British government and the United
Nations have also set up programs to assess the hazard and investigate
mitigation methods. By mid-2010 just over seven thousand NEOs had
been cataloged (between four hundred and five hundred objects have been



added to the total each year over the past few years). About eight hundred
of these asteroids are larger than one kilometer (about two-thirds of a
mile) in diameter and potentially civilization-destroying. However, none
of these are currently forecast to impact the Earth. At present only one
asteroid, estimated to be about 130 yards across, is in the “needs careful
monitoring” category in NASA's “impact risk table,” meaning that there is
a possibility that it could come very close to the Earth within the next one
hundred years—the timescale used in NEO surveys to identify potential
threats.

The statistics for NEOs seem reassuring, but they are not grounds to be
complacent. Telescopes can only observe minute portions of the sky at a
time, and many asteroids—especially small but still potentially dangerous
ones—remain undiscovered (I have only mentioned asteroids here; comets
also pose impact threats, but of the seven-thousand-plus NEOs discovered
so far, only eighty-four are comets). However, when a new NEO 1is
discovered, the procedures for assessing its potential hazard are firmly
established. Anyone who spots an NEO, including amateur astronomers,
can report their findings to the Minor Planet Center (MPC) at the
Smithsonian Astrophysical Observatory in Cambridge, Massachusetts. The
center, which operates under the auspices of the International
Astrophysical Union, verifies and regularly publishes information on
identified NEOs. Separately, two different groups take the MPC data and
calculate, via automated computer programs, the orbits of each reported
NEO over the next century, and assess the possibility of impact. The Web
sites of these groups are regularly updated, and if you are paranoid about
being hit by an asteroid you can peruse them to get the latest information
(the two prediction groups are the Near Earth Object Program at the Jet
Propulsion Laboratory [JPL] in Pasadena, California, and the Near Earth
Object Dynamics Site [NEODyS], operated jointly by the universities of
Pisa in Italy and Valladolid in Spain).

Just how effective these programs are was demonstrated in early
October 2007 when an astronomer working near Tucson, Arizona,
discovered a very small NEO (a few yards across) and reported it to the
MPC. Initial calculations indicated that the object was on a collision
course with the Earth, so the MPC immediately notified the astronomical
community and NASA. Within an hour of receiving the initial data from
the MPC, the Near Earth Object Program predicted that the asteroid would



enter the Earth's atmosphere over Sudan early the following morning, only
about twenty hours after it was first detected. NASA alerted various U.S.
government agencies and issued a press release. The prediction proved
accurate. The meteorite entered the Earth's atmosphere at the predicted
time and exploded about twenty-five miles above Sudan. Satellites
recorded the explosion, and it was also observed by a commercial airline
pilot who had been alerted about the incoming object.

The Sudan meteorite was not a rare event; several objects of this size
strike the Earth every year. What was unprecedented was that it was
spotted before impact. As soon as word of its presence was broadcast,
astronomers around the world raced to their telescopes and began making
observations. Their data flooded into the MPC and was used to update the
accuracy of the meteoroid's trajectory in real time. The precise location
information also made it possible for Peter Jenniskens, an astronomer
from California, to fly to Sudan after the impact and quickly find
surviving pieces of the object on the desert floor. Using the tracking data
from the MPC, he and a group of students from the University of
Khartoum combed the region where the meteorite was calculated to have
hit the ground, and found numerous fragments. It was the first time
samples of a meteorite that had been observed in space had actually been
picked up on the Earth's surface. Subsequent expeditions to the same area
have brought the total number of recovered pieces up to several hundred.

Improved monitoring of NEOs means that they sometimes make the
headlines. In March 2004, astronomers announced—and the press duly
reported—that a “record-breaking” near miss was about to occur: an NEO
roughly one hundred feet across would pass by the Earth at a distance of
only 26,500 miles within a few days. That seems like a large distance, but
on a cosmic scale it is not very far, only slightly more than the
circumference of the Earth and much less than the distance to the Moon.
But in reality near misses from objects of this size occur on a regular basis
—at least once every few years. (On March 2, 2009, another object of
about the same size whizzed by our planet at just under twice the distance
of the 2004 NEO.) “Small” objects like these are typically only detected
when they are very close to the Earth, if they are detected at all.

Later in 2004, however, a much more serious threat was reported. Based
on NEO observations, there was, astronomers estimated, an almost 3



percent chance that a fairly large asteroid—measuring 700 to 1,100 feet
across and thus many times bigger than the Tunguska object—would
collide with the Earth in 2029. The story of the asteroid—known to
astronomers as “99942 Apophis”—hit the headlines. But media attention
quickly waned when additional, more detailed analyses of the asteroid's
orbit showed that the probability of impact was actually much lower than
originally calculated.

This story illustrates just how difficult it is to predict collisions with the
Earth. Although we tend to think of our planet as a very large place, in
reality it is a tiny target in what some have referred to as the “cosmic
shooting gallery.” Typically, large NEOs are spotted when they are tens of
millions of miles away, and their motion is observed over a short time
interval. An object's pathway through space has to be calculated far into
the future from that very small recorded segment of its orbit. Even minute
errors—in the measured path, the asteroid's size, how it rotates, the
gravitational attraction of planets and other asteroids in its vicinity, or
several other factors—can significantly alter the calculated future location
of the object ten, twenty, or a hundred years from now. In addition, the
subtle, long-term effects of the Sun's radiation can gradually alter the orbit
of an asteroid in ways that are difficult to predict.

For Apophis, the initial telescopic observations indicated a significant
possibility of collision on a very unlucky Friday the thirteenth (April 13,
2029). But subsequent observations used radar, which can track the path of
an asteroid more accurately than optical observations, and they greatly
reduced the original uncertainties in the orbit calculations. It is now
possible to say with confidence that Apophis will not hit the Earth.
However, it will be a close encounter. At its nearest, Apophis will be only
18,300 miles away, close enough that if you happen to be around on April
13, 2029, you may be able to see it zooming by even without a telescope.

As NEO detection capabilities outstrip our ability to track orbits
accurately, there are likely to be more false alarms of this kind. But what if
the new observations had confirmed that Apophis was truly on track to
collide with the Earth? Could anything really be done? That problem has
challenged a small group of scientists and engineers ever since the impact
hazard became widely recognized. As far as is known, the very first full-
scale engineering investigation of this question was done as a class project



in 1967, by students at the Massachusetts Institute of Technology (MIT).
They were given the task of preventing the real-life asteroid Icarus (which
is about a mile across) from hitting the Earth if it were on a collision
course (it isn't, but its orbit regularly brings it relatively close to the Sun—
hence its name—and the Earth). The exercise became known as Project
Icarus, and the students came up with a brute force solution: they proposed
sending half a dozen rockets to the asteroid, each carrying a nuclear bomb,
and detonating them.

Nuclear explosions still figure in the arsenal of tools that might be used
to deflect an asteroid, but as more has been learned about these space
objects, attention has turned to more subtle approaches. Faced with a
potential impact, there are really just two choices: completely destroy the
object, or divert it. If the lead time is long, diversion is the best option by
a considerable margin. With ten years’ warning, for example, an asteroid's
speed would only need to be altered by about half an inch per second to
engineer a miss instead of a collision. That change is only a tiny fraction
of the velocity of most asteroids relative to the Earth, which ranges up to
sixteen or seventeen miles per second.

Both diversion and destruction become increasingly difficult for larger
asteroids, but diversion remains the preferred approach; the trajectories of
pieces thrown out by an explosion can't be predicted with any accuracy,
and simply blowing up a large asteroid could end up showering the Earth
with hundreds of smaller but still dangerous fragments. Some imaginative
proposals have been made for breaking up an asteroid into pieces small
enough to pose no hazard even if they do reach the Earth, without blowing
it apart, but they are not (yet) feasible solutions. They include such bizarre
possibilities as gigantic “cookie cutters” that literally slice up an NEO into
small chunks, or “eaters” that transform it into dust.

However, diverting an incoming asteroid by changing its orbital path
clearly seems to be the most promising solution. Many ideas have been
investigated, including explosions on the asteroid's surface or in space
nearby that would impart a strong, short-lived impulsive force and alter
the asteroid's trajectory but would not break it up. In principle, simply
crashing a spaceship (or a series of spaceships) into an asteroid would
accomplish the same thing, although it would work only for small objects.
Even a large spaceship would have no effect on a K-T—sized asteroid—it



would be the cosmic equivalent of a fly smashing into the windshield of a
speeding automobile. For this reason, the use of slow, long-term force is a
far more attractive solution. That might require anchoring some sort of
propulsive device to the asteroid, or it could entail covering its surface
with material that would either absorb or reflect sunlight to make use of
solar energy as the driving force. Although appealing in their simplicity,
these approaches are complicated by the fact that all known NEOs rotate
rapidly. To push an asteroid in a particular direction, a fixed propulsion
device would have to be turned on and off as the object rotated. The
effects of surface coverings would have to be calculated very carefully
based on accurate knowledge of the times during which different surfaces
of the asteroid are in sunlight or in shadow.

When the problem of preventing an asteroid collision was initially
addressed, it was assumed that incoming bodies would resemble the
meteorites that reach the Earth's surface: hard rocky or metallic objects.
As more was learned, this idea was reinforced by the seeming similarity
between common meteorite and asteroid types. But while the mineral
makeup of asteroids and meteorites may be the same, recent observations
suggest that many asteroids are just loosely coherent “rubble piles,” not
single, solid, rocks. And quite a few have also turned out to be paired
objects rather than single NEOs. Both features complicate the task of
diverting a potentially hazardous asteroid. It has become increasingly
clear that any such efforts will require detailed knowledge of the object's
physical properties.

That realization has made the exploration of asteroids an important goal
of space programs around the world. Already it has led to two separate
successful landings on NEOs, both truly incredible accomplishments. The
first attempt began in February 1996, when NASA launched a mission to
the well-known asteroid Eros, which was discovered by European
astronomers in 1898 and has been studied by ground-based observers ever
since. Just how complex such projects are is illustrated by the unforgiving
launch window available to the mission: the asteroid's orbit dictated that
there were only twelve suitable launch days, each with only about one
minute during which the launch could be made successfully. But after
some nail-biting problems along the way, the spacecraft touched down
safely on Eros on February 12, 2001.



Eros is a small, oblong object, just twenty-two miles in maximum
dimension, that spins around its own axis once every five hours. For a full
year before landing, the spacecraft orbited the asteroid, making
measurements and taking spectacular images of its heavily cratered and
boulder-strewn surface (figure 8). Eros i1s one of the solid, rocky varieties
of asteroid, and touchdown of the spacecraft on its hard surface was gentle
and picture-perfect. The mission scientists and engineers back on Earth
were ecstatic: the landing was a bonus, because it had not been included in
the original mission plan. The lander continued to send back signals from
the asteroid surface for more than two weeks.

Figure 8. Two images of the asteroid Eros. The left panel is a mosaic of pictures taken by
NASA's NEAR Shoemaker spacecraft as it orbited around the asteroid on November 30,
2000. The width of the asteroid as seen here is about twenty-one miles. On the right is one
of the last images recorded as the spacecraft descended to the asteroid's surface on February
17, 2001, taken from an altitude of 820 feet. The field of view is about thirty-nine feet
across. (Courtesy NASA/JPL-Caltech.)

The second asteroid mission was launched in 2003 by the Japan
Aerospace Exploration Agency. The spacecraft, called Hayabusa (“falcon”
in Japanese) had an even more ambitious task than the Eros mission: to
return asteroid samples to Earth. Although Hayabusa experienced various
technical problems along the way, it successfully touched down (very
briefly) on a small asteroid called Itokawa, less than half a mile in
maximum dimension, not just once, but on two separate occasions six days
apart, before beginning the long journey back to Earth. Late on the night of
June 13, 2010, Hayabusa streaked across the sky over Australia, burning
up as it entered the Earth's atmosphere but dropping its heat-shielded
sample capsule safely into the desert. The next morning it was recovered,
and soon it was back in Japan. A little over a week later scientists began
unpacking the sample container, and in November 2010 they announced
that by using an electron microscope they had found about 1,500 tiny



particles in one of Hayabusa's two sample capsules. Their analyses
confirmed that most of these grains are indeed from Itokawa's surface.
Returning samples of a tiny asteroid to Earth is one of the most impressive
accomplishments so far in the annals of space exploration.

Hayabusa sent back a stream of data about Itokawa, including
photographs showing it to be a lumpy, irregular object with giant boulders
poking randomly out of its surface. It has a low density and is almost
certainly a true “rubble pile” asteroid, composed of a loose agglomeration
of fragments. This contrast between the properties of the only two NEOs
that have ever been visited emphasizes the importance of knowing as
much as possible about any asteroid that poses a potential impact hazard
before attempting to deflect or destroy it: an Itokawa-like body would
probably require quite a different approach from an Eros-like object.
However, all of the methods so far proposed require spacecraft to visit the
target, and that capability has now been demonstrated. Although the
probability of a catastrophic impact in the immediate future is small, it is
comforting to know that with sufficient warning and proper planning this
particular geological hazard can probably be averted.



CHAPTER FOUR

The First Two Billion Years

Several important events from the Earth's history, such as the Moon-
forming impact and the K-T mass extinction, have been discussed in
earlier chapters, but here I'd like to begin a more systematic walk through
our planet's geological past, interspersed in later chapters with more
detailed discussions of phenomena such as earthquakes and climate
change. Space constraints mean that only selected highlights of the Earth's
history can be discussed. But I hope that this abbreviated treatment will
provide a sense of our planet's fascinating history, and how that history can
inform us about the ways in which Earth processes operate. I hope also
that it will give readers an understanding of the enormity of the geological
change that has affected the Earth over the past 4.5 billion years.

It may seem cavalier to devote just one short chapter to the first two
billion years of the Earth's history, almost half the span of our planet's
existence. Whole books could be filled with the knowledge earth scientists
have accumulated about this time period, and yet we still know much less
about it than we would like. The problem is not lack of effort, but simply
that nearly all rocks formed during the first billion years, and even many
of those that originated during the second billion, have either been
completely destroyed or, at a minimum, highly altered. Erosion has
ground down and washed away ancient mountain ranges; collisions
between tectonic plates have thrust surface rocks deep into the Earth,
heating, folding, and metamorphosing them almost beyond recognition. In



some cases, this has happened multiple times. The resulting gaps in the
geological record greatly complicate the task of reading the rock record in
the most ancient parts of the Earth's crust, but in spite of this much has
been learned.

For geologists, discovering the Earth's oldest rocks is akin to finding the
Holy Grail. Currently the record is held by a group of rocks exposed along
the eastern shore of Hudson Bay in Canada. If you go there during the
brief northern summer, and are willing to brave clouds of mosquitoes, you
can sit on an outcrop of these gray, nondescript rocks and contemplate the
surrounding silent landscape, barren but beautiful. The rocks themselves
are far from silent, however; bit by bit they are yielding information about
the long history they have experienced. They are part of a formation
known to geologists as the Nuvvuagittuq Belt—a tongue-twisting name
from the local Inuit language—and they date to 4.28 billion years ago.
That means they formed in the midst of the Hadean eon, less than 300
million years after the Earth itself was born.

The age of the oldest known rocks has been gradually creeping upwards.
When I was a student, 3.6 billion years was about as old as they got;
holding a piece of the Earth's crust that ancient in your hand was a marvel
(and 1t still is). I recall one internationally renowned professor whose
specialty was Precambrian rocks telling us that it was unlikely that
anything much older than 3.6 billion years would ever be found. There
probably was older crust, he said, but it would be unrecognizable; it would
have been reprocessed or melted by geological processes over the long
span of the Earth's history. But as radiometric dating techniques improved,
and as geologists in the field began to realize that within the swirled and
deformed masses of ancient metamorphic rocks there might exist
preserved remnants of even earlier crustal rocks, older ages began to pop
up in the geological literature. First, fragments of metamorphosed ancient
ocean floor from the Isua region of west Greenland yielded dates near 3.8
billion years. Then some bands of metamorphic gneiss from northwest
Canada were dated at 3.9 billion years. More detailed studies of these
same outcrops revealed that they were really a mixture of different rocks
formed at different times, possibly smashed together in an ancient
collision between tectonic plates. The oldest bits yet found in this mix are
just over four billion years old. And then, in 2008, came the news about
the 4.28-billion-year-old rocks from the eastern shore of Hudson Bay.



There is still some controversy about this record-breaking age. The
scientists who analyzed these rocks took an unusual approach, employing
a dating method not normally used for terrestrial rocks. Some earth
scientists will not be convinced that these rocks are as old as claimed until
there is corroborating evidence from another technique. But the data are
clear about one thing: even if the Hudson Bay samples crystallized more
recently than 4.28 billion years ago, the analytical results still show that
they contain precursor material that is that old. Chemical analyses also
show that the rocks, although since metamorphosed, were originally
volcanic. So regardless of how the date for these rocks is interpreted, the
evidence indicates that crust-forming volcanism occurred on the Earth at
least 4.28 billion years ago.

That conclusion is confirmed by data from the opposite end of our
planet, the scrubland of Western Australia. There the metamorphic
Precambrian rocks are much younger than those found on the shore of
Hudson Bay—they are “only” 3.6 billion years old. But among them are
bands of quartzite, a metamorphic rock made up predominantly of the
mineral quartz, and also containing rare small crystals of zircon, the
mineral of choice for uranium-lead dating. The ultimate precursor of the
quartzite was beach sand; the zircon crystals, like the quartz grains, are
part of the winnowed residue of material weathered out of even older
rocks and deposited as sand along an ancient shoreline. And because the
zircon grains are especially robust, they retain the age of the precursor
rocks. Extracting them is a painstaking task: large quantities of quartzite
(a very hard rock) have to be crushed and sifted to recover even a small
number of grains, and the crystals must be analyzed one by one. But the
effort has been worth it. Several zircon crystals from the Australian rocks
have been found to have ages greater than four billion years, and one has
been dated to 4.4 billion years.

This very ancient date refers to one small crystal and not an expanse of
rocks like those exposed in northern Canada. But the chemical
characteristics of this single zircon grain indicate that it formed within a
rock similar to the granite that today makes up much of the continental
crust. That means crust-forming processes were active not long after the
Earth itself formed—much earlier than many geologists had originally
suspected. It also provides an additional incentive, if one is really needed,



for geologists to keep searching for localities where larger, rocky
fragments of the Earth's earliest crust might be preserved.

Just what was the Earth like during the first few hundred million years
after i1ts formation? We don't know for sure, but we can make some well-
informed estimates. Perhaps surprisingly, some of the information bearing
on the very earliest days of our planet's history comes not from the Earth
itself, but from the Moon.

The gigantic collision that spewed masses of molten and vaporized rock
out into space, creating a disk of hot material around the Earth that
coalesced to form the Moon, was described in chapter 2. The collision also
added enough material to the still-growing Earth to bring its mass up to
about 99 percent of its present value. Although orbiting rocks and small
planetesimals continued to bombard our planet, it would never again be hit
by anything nearly as large as the Mars-sized body of the Moon-forming
impact. Thus the date of the giant collision is a crucial number in the
chronology of Earth formation. And in 2007, isotope analyses of lunar
rocks placed the time of impact at 4.5 billion years ago. This date is
consistent with independent data from the Earth, which indicate that our
planet was nearing its present size and had segregated an iron core a few
tens of millions of years before this.

As described in chapter 2, one of the earliest and most important
findings from the study of rocks brought back by the Apollo astronauts
was that the entire outer portion of the early Moon was molten, quite
literally an ocean of magma. Rocks from the Moon's ancient highland
areas, which are the remnants of the crust formed as the magma ocean
cooled and crystallized, have been extensively probed for any light they
might shed on the Moon's earliest history. Extracting clues from these
rocks has not been as straightforward as you might imagine, however, for
while the Moon has no processes that heat and metamorphose crustal
rocks as happens on the Earth, the highland areas have been heavily
cratered by meteorite bombardment. Most of the old rocks have been
shocked and battered, and some have even been melted. But careful
chronological studies show that the magma ocean had a solid crust by 4.46
billion years ago, only about fifty million years after the giant impact. The
oldest sample from the Earth, the 4.4-billion-year-old zircon crystal, is
only slightly younger, so it's clear that if the Earth also had an early



magma ocean, it too had developed a crust by this time, or even earlier
(see figure 9 for a time line). It is worth mentioning here that although I
have given these dates as absolute numbers, each of them has an
“uncertainty” attached to it, typically in the range of ten to a few tens of
millions of years. This is a reflection of the reality that analytical
measurements—even when performed using the most sophisticated
modern instruments—are always uncertain by a small amount. The
emphasis should be on the word “small.” Although ten million years may
seem like a huge span of time, it is only a few tenths of 1 percent of the
age of these materials.

What 1s remarkable about research on the Earth's oldest solid—that 4.4-
billion-year-old zircon crystal—is that it has been possible to measure not
only its age, but also many aspects of its chemical makeup. The crystal is
no bigger than a grain of sand, but by using state-of-theart analytical
instruments capable of analyzing an area much smaller across than the
diameter of a human hair, geochemists have been able to ferret out
chemical information that provides clues about conditions on the Earth 4.4
billion years ago. Principal among the conclusions of this work is that
liquid water was present at the surface. Perhaps that doesn't sound too
startling, given the ubiquity of surface water today. But remember, this
was only 100 million years after the giant impact caused large-scale
melting. It was near the beginning of the Hadean eon, which lasted until
3.8 billion years ago and was a period of frequent bombardment from
space and probably of high temperatures at the surface. Before work on the
ancient zircon crystals proved otherwise, many geologists thought that
during this early part of the Earth's history any water would have existed
only as vapor in a heavy, steamy atmosphere, not as liquid water in a
primordial ocean.
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Figure 9. A simple time line of the Earth's first two billion years, starting with the oldest
known objects in the solar system. Ages are given in billions of years; although they are
accurate at the time of writing, some are subject to change as researchers uncover new
information.

And there is more. The most straightforward interpretation of the zircon
grain's chemical characteristics indicates that the granitelike rock in which
it formed was itself produced by the melting of even older rocks with quite
complicated histories of their own; the precursor rocks had been
weathered at the Earth's surface, buried, and then heated to their melting
temperature. All this could have happened fairly quickly in geological
terms; the original rocks may have been only a few million years older
than those in which the zircon grew. We have no information about the
chronology of events affecting the precursors, but their very existence
means that some of the same crust-forming processes we know today
(specifically, the remelting of older crustal materials to make granitelike
rocks) were already in operation near the very beginning of our planet's
history. Thus one tiny zircon crystal has opened a large window to the
early Earth. The scene we can view through that window is quite different
from the one geologists had imagined just a few short years ago.



What were the foundations of the apparently erroneous idea that the
early Earth was too hot to sustain liquid water at its surface, perhaps all
the way through the Hadean eon? Two factors were especially important.
The first was the idea that a massive atmosphere, rich in water vapor
because of the initially high temperatures, enveloped our planet like an
insulating blanket, preventing cooling. The second was that continuous
bombardment—the final phase of the accretion process—kept the surface
of the Earth above the boiling point of water for many hundreds of
millions of years.

There is no question that the Earth's formation left it very hot, and that
the giant, Moon-forming collision melted parts of its outer regions and
perhaps even the entire surface. The Earth is still cooling down from this
fiery beginning, a fact we don't often appreciate from our vantage point on
its surface. But other things being equal, even a magma ocean would start
to congeal quite quickly in geological terms. Red-hot lava flowing down
the sides of volcanoes such as Hawaii's Kilauea crusts over almost
instantaneously and—depending on the thickness of the flows—can be
stone cold (really) within a few days to perhaps a year or two. Compared
to a Kilauea lava flow, of course, a magma ocean is vast, but its surface
still would have solidified and cooled fairly rapidly.

Long after the Moon-forming impact, however, collisions of large and
small bodies continued to deposit heat energy at the Earth's surface,
although the process was sporadic and affected different parts of the Earth
at different times. From studies of Moon rocks and dating of lunar craters,
the bombardment appears to have tapered off rapidly beginning about 3.8
billion years ago. For about 200 million years before that—between
approximately 4 and 3.8 billion years ago—the impact rate was very high,
a phenomenon that has been labeled the “Late Heavy Bombardment,” or
LHB. Large, mountain-ringed basins on the Moon (like the easily visible
Mare Imbrium) cluster in this age range. These basins are essentially giant
holes punched through the Moon's original crust by impacting bodies, and
they are now floored by basalt flows that welled up from the Moon's
mantle. The objects that created these basins were many tens of miles in
diameter, and an even heavier rain of similar bodies would have
pummeled the Earth because of its larger size and therefore much greater
gravitational attraction. Although the impacts would have melted the crust
locally and evaporated the upper layers of the oceans globally, the




evidence from the 4.4-billion-year-old zircon crystal indicates that just
150 million years or so after the Earth began to form, it maintained some
amount of liquid water at its surface.

Because water is a primary ingredient for life, its very early presence
immediately raises the question, When did life on Earth originate? The
oldest true fossils are finely laminated structures known as stromatolites
(see figure 10). These objects come in a variety of shapes and forms, from
simple cones to large branching columns, and they are the predominant
fossil type in all sedimentary rocks older than about 600 million years.
The oldest stromatolites come from a formation in Western Australia with
an age of just over 3.4 billion years.

Figure 10. Left: A close-up view of fine-scale laminations in an eroded, cone-shaped 3.43-
billion-year-old stromatolite from Western Australia. The area shown is just under nine
inches across. (Courtesy Abigail Allwood.) Right: Living, partly emergent stromatolite
mounds growing in Shark Bay, Western Australia, March 2005. (Photo by Paul Harrison,
reproduced here under the terms of the GNU Free Document License.)

Amazingly, stromatolites are still forming today, although only in a few
localities. Close examination of these modern analogs of the ancient
fossils has provided crucial insight into how and where they grow. The
intricately layered structures are made up of thin mats of microbes—
colonies of single-celled bacteria, including (at least in the modern
examples) photosynthetic bacteria called cyanobacteria—that act as traps
for sediment grains and gradually build up mounds or domes or columns.
They grow in warm, shallow ocean water along the edges of continents,



either completely submerged throughout their lives or partly emergent
during low tides. By a quirk of fate, only a few hundred miles separate the
sites of the world's oldest and youngest stromatolites: like the Archean
examples, the living stromatolites are found in Western Australia, at a
place called Shark Bay (figure 10). Shark Bay was declared a UNESCO
World Heritage site in 1991, and if you visit there you can view these
strange, crenulated objects close up from a conveniently placed viewing
platform.

At least seven different varieties of the 3.4-billion-year-old fossil
stromatolites have been identified. The local distribution of these varieties
and the types of rocks they are associated with indicate that they
constituted a diverse ecosystem along an ancient shoreline that had
recently been submerged due to a rising sea level, with different
stromatolite types occupying slightly different environments. This paints a
picture of an Earth on which life was already abundant by 3.4 billion years
ago, and perhaps one on which—if the modern stromatolites are a reliable
guide—bacteria were already consuming carbon dioxide and producing
oxygen through photosynthesis. The abundance and diversity of the early
stromatolites also suggest that life arose long before 3.4 billion years ago,
possibly during the Hadean eon.

There are, however, no Hadean fossils; the only clues that life may have
been present on the Earth before 3.4 billion years ago are indirect. The
Earth's oldest known sedimentary rocks, which date to 3.8 billion years
ago, have been found in both the Isua region of western Greenland and
northern Quebec. These rocks have undergone multiple episodes of
metamorphism, but they still retain features showing they were water-
deposited, and although they contain no recognizable fossils the Greenland
samples contain graphite, a form of pure carbon. Isotope analyses of the
graphite show that it has a specific carbon isotope value that is
characteristic of biological carbon, suggesting that it originated in living
organisms. If the oldest known sedimentary rocks contain “chemical
fossils” indicative of life, it is likely that our planet has been inhabited
from very early in its history.

There are, however, some critics of the Greenland evidence. They do not
question the isotope analyses, which clearly label the carbon as biological,
but they point out that the graphite occurs in very small amounts, and that



its precursor biological carbon could have been introduced long after the
rocks formed, perhaps during one of the several metamorphic episodes
that have affected them. But if we accept that the bits of graphite really
did originate from organisms inhabiting the 3.8-billion-year-old ocean,
that need not be a particularly startling conclusion. All the chemical
elements important for life had been present on the Earth from its
beginning, and there had been hundreds of millions of years for them to
react in every imaginable way. Molecules and compounds formed and
reformed in the primordial ocean, and when a few appeared that could
reproduce themselves spontaneously, the evolution of life forms was
almost inevitable.

The crucial step—the ability of a molecule to clone itself—has recently
been demonstrated in laboratory experiments with artificially produced
RNA (ribonucleic acid) molecules at the Scripps Research Institute in
California. These engineered molecules can reproduce themselves very
rapidly and almost endlessly. Even more interesting, different varieties of
the RNA molecules “compete” with one another when they are put
together in the same experiment; those that replicate fastest are the most
“successful” in taking over the environment. Although the experimental
molecules reproduce themselves, they cannot evolve and are not living
organisms. But their behavior does provide a glimpse of the kinds of
processes that may have been precursors to the rise of life on the early
Earth.

The bacteria responsible for the earliest fossils, the stromatolites, were
primitive in the sense that they were single-celled organisms without a
defined nucleus and with few other internal structures. Together with
another group of microbes, the so-called archaea, they were the only living
things on the planet for most of the Earth's first two billion years. Both
archaea and bacteria are still numerous. You need a microscope to see
them, but there are so many of these organisms on the Earth today that if
you totaled up their weight, you would find that they make up a large
fraction of all living material.

The plants and animals we are familiar with are composed of cells that
are more complex than those of the early single-celled organisms. The
main difference is that they contain a discrete nucleus within which many
vital cell functions occur. All organisms made up of such cells—including



us—are called “eukaryotes.” The very first unambiguous fossil record of
eukaryote cells comes from rocks of the Proterozoic eon, but it is probable
that they evolved much earlier. Like the evidence for early life in the
Greenland rocks, clues about the first eukaryotes come from chemical
tracers, not physical fossils. Biological compounds specific to eukaryote
cells have been found in sedimentary rocks dating to 2.7 billion years ago.
Referred to as “biomarkers,” these molecules are robust and not easily
degraded, and unless they were somehow introduced into the sedimentary
rocks much later, either naturally or as a result of contamination during
handling (and the scientists who made this discovery were meticulous in
assessing and ruling out this possibility), they are a clear signal that
eukaryotes joined archaea and bacteria in the oceans toward the end of the
Archean eon.

Inextricably tied up with the appearance and evolution of life on the
early Earth 1s the question of what the oceans and atmosphere were like,
and when and how they began to change toward their present states. The
most significant difference between then and now is in oxygen content.
There is very strong evidence that oxygen, which currently constitutes just
over one-fifth of the volume of the atmosphere, was present only in
vanishingly small amounts (probably less than one-tenth of 1 percent of
the present-day levels) at least until the end of the Archean eon 2.5 billion
years ago. That is nearly half of the Earth's history, and such a state of
affairs has wide ramifications.

How do we know about oxygen levels on the early Earth? The evidence,
as for so many other aspects of our planet's history, is stored in rocks. One
clue is that certain kinds of sedimentary rock formations, called banded
iron formations (BIFs), are common among Archean rocks but rare from
more recent times. The world's oldest sedimentary rocks, the 3.8-billion-
year-old examples from Quebec and western Greenland, contain this kind
of deposit, but no BIFs are forming today—or have since the Precambrian.
To understand what this has to do with oxygen in the atmosphere requires
a short foray into some simple chemistry.

The first thing to note is that oxygen is very reactive, so much so that in
an early oxygen-poor world, chemical processes both in the ocean and on
land were very different from those that occur today, and those differences
are reflected in the chemical characteristics of the ancient sedimentary



rocks. Iron—one of the more abundant elements in the Earth's crust—
presents a good example because its behavior depends very sensitively on
the amount of oxygen in the environment. If oxygen is abundant, iron
reacts rapidly. Try leaving something made of iron out in the backyard for
a while, and you will see the process of oxidation in action: rust is just
oxidized iron. In the ocean, dissolved oxygen reacts with dissolved iron,
causing it to precipitate out as a rusty iron oxide coating on sediment
grains. This process rapidly removes iron from today's oceans and insures
that seawater contains very little dissolved iron. But the massive amounts
of iron in the archean BIFs require that ancient seawater contained much
higher amounts. That could only have happened if the atmosphere and
oceans contained little or no oxygen.

BIFs are economically important—they are the primary source of iron
ore—and because of this they have been studied in considerable detail.
The ore is composed of iron oxides, so it is clear that oxygen, as well as
abundant dissolved iron, was necessary for its formation. The nature of the
deposits indicates that the layers of iron oxide were deposited by
precipitation, possibly mediated by bacteria. And chemical analyses of the
BIFs have revealed that the source of the iron was undersea hot springs. As
happens today in volcanically active regions of the oceans, seawater
penetrated into the rocks of the seafloor along cracks and fractures and
was heated to high temperatures, and it leached out iron as it circulated
through the rocks. Because of seawater's low oxygen content, much of the
dissolved iron remained in solution when the hot springs debouched on the
seafloor. But if both seawater and the atmosphere were low in oxygen, how
was the iron oxidized?

One possibility is that there were patches of early oxygen-producing
photosynthetic bacteria in the upper sunlit zone of the oceans. When water
from deeper levels, rich in dissolved iron, encountered this oxygen, the
iron precipitated. This jibes with evidence that BIFs formed in relatively
shallow water, and also with recent data from 2.6-billion-year-old South
African rocks indicating that shallow ocean water was oxygenated while
the deep ocean remained oxygen-poor. Although there is no definitive
evidence for the presence of photosynthesizing cyanobacteria in the
oceans during the Archean eon, there are bacteria living today that oxidize
iron directly as part of their metabolic processes, without producing free



oxygen, and it may be that similar organisms mediated the formation of
BIFs.

Regardless of how the iron was oxidized, the conclusion from the BIFs
that the early Earth's atmosphere contained little or no oxygen has been
corroborated by other kinds of evidence. One of the most compelling clues
comes from a chemical signature contained in small grains of pyrite (the
mineral known as “fool's gold”) in ancient sedimentary rocks. If that
sounds a bit obscure, it is, but the tale is so instructive it is worth
describing in some detail. It illustrates just how sophisticated the
analytical tools for decoding the past have become.

In an oxygen-rich atmosphere like we have today, sunlight breaks down
some of the atmosphere's oxygen (O,) molecules, freeing up single oxygen

atoms, which then combine with other O, molecules to make the three-
atom molecule ozone (O3). This is the process that forms an ozone layer in

the stratosphere, and because ozone molecules absorb ultraviolet radiation
from the Sun, the layer acts as a kind of sunscreen for the Earth. With no
oxygen in the atmosphere, there would be no ozone layer and ultraviolet
radiation would bathe the surface. Thus an Earth-surface feature that could
quantify the amount of ultraviolet radiation penetrating through the
atmosphere would be a good indicator of the atmosphere's oxygen content.

Ever ingenious, geochemists have come up with just such a measure:
the isotopes of sulfur in pyrite from ocean sediments. How does that relate
to ultraviolet radiation? Sulfur, in the form of sulfur dioxide gas emitted
from volcanoes, is a minor component of the atmosphere. In geological
terms, the volcanic sulfur dioxide doesn't linger long in the atmosphere; it
is soon washed out and transported to the oceans, and eventually deposited
in the sediments. But if it interacts with energetic ultraviolet radiation
while still in the atmosphere, it undergoes chemical reactions that produce
a unique isotopic fingerprint. That fingerprint is preserved even when the
sulfur cycles into the ocean and is transformed into iron sulfide—pyrite—
in the sediments, and it is an unequivocal signal that ultraviolet radiation
penetrated deep into the atmosphere. When geochemists analyzed pyrite
from sedimentary rocks spanning a wide range of ages, they found the
distinctive sulfur isotope signature in virtually all samples older than 2.45
billion years, but not in younger rocks.



This discovery is about as convincing a piece of evidence as it is
possible to find that the Earth had no ozone layer before 2.45 billion years
ago, and therefore that the atmosphere lacked oxygen. Exactly why oxygen
increased abruptly then, and by how much, is not known. But by most
estimates the change was several orders of magnitude—from close to zero
to somewhere near 1 percent. The transition has been dubbed “The Great
Oxidation Event.” Oxygen still had a long way to go before reaching
today's levels, and the evidence shows that it didn't increase smoothly and
steadily; there were bumps and dips along the way. But a threshold was
crossed 2.45 billion years ago, roughly at the end of the Archean eon.
From that time onward the atmosphere contained oxygen, even if the
amounts were initially quite small.

The early Earth's atmosphere may have been different from today's in
other ways too. In the early 1970s the astronomer and geoscientist Carl
Sagan pointed out that 4.5 billion years ago the Sun's heat output would
have been 20 to 25 percent lower than it is today, and that it has gradually
increased to the present value. This conclusion, based on well-known
details of how stars like our Sun evolve, has significant implications for
the Earth's climate. It led to what has come to be known as “the faint early
Sun paradox”: if the Sun's energy output was so low in the distant past,
why isn't there evidence in the geological record for a planet in deep
freeze? The answer is almost certainly that heat-trapping greenhouse gases
in the atmosphere were present at much higher concentrations than today,
keeping the Earth warm.

The greenhouse gas we hear most about is carbon dioxide. Its
concentration in the Earth's early atmosphere was probably several times
today's level, but quite likely methane, an even more potent greenhouse
gas, was also important for keeping the Earth from freezing. Like carbon
dioxide, methane is a component of volcanic gases. However, most of the
methane that makes its way into the atmosphere today originates from
methane-producing microbes. It is not known when these organisms
evolved, but they have an ancient linecage—they are members of the
Archaea, the earliest known microbes. They thrive under oxygen-poor
conditions, and once they had appeared on Earth they would have been a
prolific source of the greenhouse gas.



On the Earth today, methane is destroyed via oxidation reactions; the
average lifetime of a molecule in the atmosphere is less than ten years.
But under the oxygen-free conditions of the early Earth, methane
molecules would have remained in the atmosphere a thousand times
longer, and overall concentrations could therefore have built up to much
higher levels than exist now. In combination with the high concentration of
carbon dioxide, that would have kept the planet from freezing and may
even have made it quite warm. When free oxygen appeared in the
atmosphere, the methane content would have begun to decrease, but even
then the drop was probably not precipitous because oxygen remained low
through most of the Proterozoic eon.

The oxygen-poor, greenhouse-gas-rich atmosphere of the Earth's first
two billion years affected everything from ocean chemistry to biological
evolution, climate, and the weathering of rocks on the Earth's surface. But
a very different atmosphere and very different oceans weren't the only
contrasts with today. The solid Earth, especially the nature and topography
of the continents, was probably quite different too. The evidence for this
is, if anything, even more elusive than that for the atmosphere. Many of
the clues come from research into the beginnings of plate tectonics, the
primary geological process affecting the continents today.

Surviving pieces of the Earth's oldest continental crust are small in size
and number and are invariably highly metamorphosed, but they occur
within all of today's continents (see figure 20 on page 129 for a map
showing their distribution). Most of these small enclaves of ancient crust
contain rocks that are, broadly speaking, granitelike. We have already seen
that the Earth's oldest mineral grain, the 4.4-billion-year-old zircon crystal
from Western Australia, solidified within a granitelike rock. Today the
formation of granite is closely tied to plate tectonics, so this could be
taken as indirect evidence that the process has operated since the Hadean
eon. This is still a contentious issue, and opinions differ widely among
geoscientists about just when modern plate tectonics began, but most now
agree that the process was in operation by the end of the Archean eon, 2.5
billion years ago, and probably earlier. Recent research has uncovered
indications that plate tectonics, or at least a close approximation of
present-day plate tectonics, played a role in shaping the Earth's surface
more than three billion years ago, and possibly as early as the Hadean.



How did early plate tectonics shape our planet's surface? Were there
mountains and valleys like today, or were conditions quite different? The
rock record, unfortunately, is not helpful for understanding ancient
topography, partly because so little crust from that time still remains, and
partly because the rocks that have survived simply don't contain any clear
clues about the shape of the Earth's surface—or at least none that
geoscientists have so far been able to decipher. However, some things can
be inferred from theory and geophysical modeling. For example, we know
that the Earth was much hotter during the Hadean and Archean eons than it
1s today, both because of its violent, heat-filled birth and because much
more heat was produced by natural radioactive decay (radioactive heating
has diminished as the Earth's natural radioactive isotopes have decayed
away). Simulations indicate that under these hotter conditions, the
lithosphere—the Earth's rigid outer layer—would have been much weaker
than it is now.

With a weak lithosphere, great mountain chains like the Andes and the
Himalayas could not have been supported. Our planet was likely much
flatter than it is today; mountains would not have risen more than a few
thousand feet, lower than the altitude of Denver. The subdued topography
means that erosion, which is most intense in regions of high relief, may
not have been as effective as it is today at breaking down the igneous
rocks of the small existing continents and transforming them into
sediments. However, the high level of carbon dioxide in the atmosphere,
which would have produced acidic precipitation and therefore more
intense chemical weathering of surface rocks, may have partly
counterbalanced the topographic effects.

You have undoubtedly noticed the frequent use of “may have” and
“perhaps” in this chapter. This reflects how difficult it 1s to be certain
about conditions that existed and events that occurred billions of years
ago. Closer to the present, the geological evidence becomes less
ambiguous. Still, even though there is much we don't know about the
Hadean and Archean eons, a great deal has been learned, as I hope this
chapter has made clear. Evidence stored in rocks, coupled with inferences
from theory, show that as the Archean eon drew to a close, the Earth's
small continents were topographically subdued, there was almost no
oxygen in the atmosphere, and the only life was single-celled organisms
that inhabited the seas. No plants or animals graced the barren land, and



average temperatures were high because carbon dioxide and methane in
the atmosphere produced a strong greenhouse effect. Deadly ultraviolet
radiation penetrated to the Earth's surface. Almost half our planet's history
had passed by, and it was still a very different world from the one we know
today.



CHAPTER FIVE

Wandering Plates

Before the 1960s geologists had some pretty bizarre ideas about how great
mountain ranges like the Alps or the Andes formed. They were especially
puzzled about the gigantic folds revealed by geological mapping in the
Alps: thick layers of sedimentary rocks, originally deposited on the ocean
floor but now thrust thousands of feet above sea level and looped over on
themselves like a folded carpet. Unspecified “compressional forces” and
vertical movements were evoked. Nobody could really say how these
mysterious forces worked. Today, however, every geology student can tell
you in great detail how plate tectonics is responsible for mountain ranges
and many other aspects of the Earth's topography. The concept of a
dynamic Earth, with thick plates moving about and interacting on its
surface, has even provided everyday language with a vivid metaphor for
radical change, with references to the “shifting tectonic plates” of the
world order, or of politics, finance, or business.

Plate tectonics has been rearranging the face of the Earth over much of
our planet's history. Its driving force is the cooling of the planet from its
initially hot state, especially the cooling of the metallic core, a process
that releases heat to the overlying mantle and fosters slow, large-scale
convection. The steady plastic flow of the hot mantle rocks interacts with
the cold, rigid outer skin of the Earth—the lithospherelithosphere—and
causes it to move. The lithosphere is not a single, coherent layer, however,



but is broken up into the many separate fragments that constitute the

plates of plate tectonics (see figure 11).
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Figure 11. The major tectonic plates. Arrows show the relative motion between the plates.
Most of the boundaries are either divergent, with plates moving apart at the ocean ridges, or
convergent, with plates colliding at subduction zones. In a few places, such as western North
America, two plates simply slide by each other along a fault. Many smaller plates are also
recognized but are not shown on this map.

The major tenets of plate tectonics were developed in the 1960s and
revolutionized the field of geology. What had been largely a descriptive
science evolved into a more predictive one, in which cause and effect were
more easily connected. Plate tectonics became a model for understanding
how the Earth works on a large scale. Many things that had been only
poorly understood became clear: how mountain ranges are built, why
earthquakes and volcanoes are localized in certain parts of the Earth, and
how the ocean basins formed. The theory also forced geologists to think
globally and to view even local geological features in a wider context.
Although the oceans and atmosphere are not directly part of plate tectonics
theory, earth scientists began to incorporate them—and their interactions
with the solid earth—into geological thinking. As the interconnectedness
of geological processes became apparent, geology departments in
universities across the country and around the world rebranded themselves
as departments of “earth system science” or “earth and environmental
science” in recognition of this new thinking.



Some of the ideas incorporated into the theory of plate tectonics have a
long pedigree. Many people have contemplated the world map and noticed
that Africa and South America look as though they would fit together like
puzzle pieces if the Atlantic Ocean were somehow removed. But that
seems impossible; how could you possibly get rid of thousands of miles of
ocean? Early in the twentieth century Alfred Wegener, a German scientist,
suggested that the continents might simply have drifted through the
regions now occupied by the ocean. He called this process “continental
drift,” and in 1915 he published a book outlining his ideas. Wegener's
theory was ridiculed by physicists and didn't ever gain much traction,
mainly because there were flaws in his notion of how continental drift
might have operated. But the geological evidence he amassed was
undeniable. He pointed out, among other things, that there are geological
features in South America that end abruptly at the coastline and are
matched by similar features in Africa. Without the intervening ocean, they
would be continuous. He also showed that past glaciation had
simultaneously affected parts of India, Africa, and South America, and
that if the three continents had been squished together at the time, the
glacial features could have been produced by a single ice sheet. Although
most scientists did not embrace Wegener's ideas, the reality of his
geological evidence—and of many similar observations gathered over the
years—meant that various incarnations of ‘“continental drift” came and
went in the geological literature right up to the time of the plate tectonics
revolution.

The observations that ultimately led to the theory of plate tectonics
came from examination of the ocean floor, largely through studies funded
by the U.S. Navy. In the years after World War II, as the range and depth
over which submarines could operate increased dramatically, the Navy
became very interested in the details of undersea topography. Seagoing
geologists were happy to oblige, because the Navy's largesse gave them an
opportunity to explore a largely unknown frontier. What they found was
that the seafloor is far from the quiet, monotonous place many had
envisioned. Although there had been hints from earlier work, the new
studies revealed in unprecedented detail that the ocean floor is a place of
great mountains, huge rifts, deep trenches, and active volcanoes.
Especially intriguing was a line of mountains that bisects the Atlantic
Ocean floor from north to south, following the outline of the continents on



either side. It came to be known as the Mid-Atlantic Ridge, and it is
peculiar because it 1s characterized by a central valley, with rocky walls
rising up on either side. Furthermore, it was discovered that the Mid-
Atlantic Ridge does not end in the South Atlantic. It joins up with a
similar feature that runs east into the Indian Ocean, around Australia, and
then into the Pacific, where it extends northward to California, making it a
continuous, global feature.

Topography was not the only thing oceanographers charted, however.
They also examined many other properties of the seafloor, including its
magnetic characteristics. It was already well known that on land the
magnetic field is influenced by the local rock types; rocks with high iron
contents, for example, typically have a strong magnetic signal. This made
magnetic surveys a valuable exploration tool in the search for metallic ore
deposits. Geophysicists had also discovered that in thick sequences of lava
flows, the orientation of the magnetic signal was reversed in some of the
flows. Because igneous rocks “freeze in” the characteristics of the
surrounding magnetic field when they cool and solidify, these researchers
concluded that the Earth's field must have reversed periodically in the
past, with north and south poles switching positions. Lava flows that
erupted during these intervals had acquired the reversed signal.

Large-scale magnetic surveys on the continents typically show chaotic
geographical magnetic patterns because very different rock types are often
closely juxtaposed in the continental crust. However, the first magnetic
surveys in the oceans, carried out in the 1950s off the northwestern coast
of the United States, produced very different results. They showed that
seafloor magnetism is highly regular, with long, linear swaths of similarly
magnetized ocean-bottom rocks arranged in a zebra-striped pattern. The
geophysicists who did the work were surprised—and puzzled. They didn't
understand how this pattern was produced.

However, its origin became clear as additional seafloor magnetic data
were gathered. Especially important was information from surveys
conducted across the ocean ridge system in the Indian Ocean and North
Atlantic. There the magnetic patterns, like those in the northeastern
Pacific Ocean, were regular, with linear stripes of similarly magnetized
rocks. But the striking feature of these surveys was that the stripes
paralleled the ridge, and were very similar on either side of it—each side



almost a mirror image of the other (see figure 12). It was a eureka!
moment in the earth sciences. In 1963 two earth scientists at the
University of Cambridge in the United Kingdom, Frederick Vine and
Drummond Matthews, published a paper in which they proposed an
explanation for the magnetic patterns: they suggested that the central
valley of the ocean ridges is actually a rift in the Earth's crust where
magma continually wells up to create new seafloor. As fresh, iron-rich
seafloor basalt crystallizes and pushes off to either side of the ridge, it
acquires a magnetic signature imposed on it by the Earth's field at the
time. Changes in the magnetic field—especially the periodic reversals of
polarity—are frozen into the seafloor rocks and account for the zebra-
stripe pattern. The idea that the seafloor was spreading apart at the ocean
ridges had already been suggested, but it was the magnetic data that really
cemented acceptance of “seafloor spreading” and, eventually, led to the
theory of plate tectonics.

Seafloor rifts apart
-

Upwelling magma from the mantle
forms new ocean crust

Figure 12. As new ocean crust forms at ocean ridges, it acquires a magnetic signature from
the ambient magnetic field at the time of its formation; the result is a symmetrical pattern of
magnetic stripes on either side of the central rift. In this diagram, the dark stripes represent
seafloor with a magnetic polarity similar to today's, while the white stripes signal seafloor
created during times of reversed polarity. The widths of the stripes vary according to the
lengths of the polarity episodes.

The entire seafloor is characterized by the same regular pattern of
magnetic stripes found near the ridges. Once this became clear, and with
Vine and Matthews's explanation of how the pattern is produced, earth



scientists realized that the ocean crust must be, geologically, relatively
young. Observations like those made by Alfred Wegener decades earlier
also suddenly made sense. If new seafloor was forming along the Mid-
Atlantic Ridge and moving away, the Atlantic Ocean must be getting
wider. The youngest rocks are those along the ridge, the oldest at the
margins of the ocean, close to the continents on either side. Run the clock
backward and the Atlantic would close up, the seafloor disappearing back
into the Earth's interior at the central ridge—and the common geological
features in Africa and South America that Wegener had documented would
be continuous. The continents hadn't drifted through the Atlantic basin as
he thought; instead the ocean basin had formed when the continents split
apart.
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Figure 13. Cross-section of a plate boundary where oceanic and continental lithosphere
collide, as, for example, along the western margin of South America. Arrows show the
relative motion between the two plates. The oceanic litho-sphere is being subducted below
the continent, releasing water as it heats up. Melting begins in the hot mantle above the
descending slab, and volcanoes erupt at the surface above the subduction zone. Material
from the upper part of the ocean crust may be incorporated into the magma.

But there was an obvious problem. Unless the Earth is expanding, it
would be impossible to make new, several-thousand-mile-wide ocean
basins like the Atlantic. The only solution was that an equivalent amount
of ocean floor must disappear somewhere else on the planet. In the plate
tectonics cycle, that is exactly what happens: as new ocean floor is created
along an ocean ridge, it is balanced by the destruction of an equal amount
at a so-called subduction zone, where ocean crust plunges down into the
Earth's interior (see figure 13). Frequently, but not always, subduction
zones occur at the edge of a continent, and the seafloor descends beneath
the continent as a continuous slab. Because there are large density
differences between continental and oceanic crust—the continental rocks



are much lighter—only ocean floor, not continental crust, is recycled back
into the mantle in this way.

The tectonic plates, as noted earlier, are fragments of the rigid outer
layer of the Earth, the lithosphere—a term that can be a bit confusing on
first encounter, because this outer layer includes both the crust and the
uppermost part of the mantle, as shown in figures 13 and 14. The base of
the lithosphere is defined not by a change in chemical composition or rock
type, but by a change in physical properties: the underlying material is
close to its melting point and behaves more like soft plastic than solid
rock, whereas the lithosphere is relatively rigid (“litho” means “rocky™).
In contrast, the boundary between the crust and mantle is defined by a
sharp change in rock type, a consequence of the melting processes that
form the crust. The lithosphere averages fifty to seventy miles thick, but
can be much thicker under continents and much thinner near the ocean
ridges. The fragments of this layer that form the tectonic plates come in
many shapes and sizes; they may contain continental or oceanic crust, or
frequently both (figure 14). The boundaries between plates are marked by
ocean ridges, where new lithosphere is being created; by subduction zones,
where plates collide and one descends into the mantle beneath the other;
and sometimes by faults, where two plates simply slide by each other. The
relative motion between plates, whether they are colliding, moving apart,
or slipping past each other, is slow, typically in the range of one to a few
inches per year.

This sounds like a very simple and straightforward theory of what