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PREFACE

This Is the story of one terrible day in the history of the Earth.

We come into this world in ignorance of everything that hap-
pened before we were born. As we grow up, we learn about the
events of bygone years. From parents and relatives we hear the
history of our families, and in books we read the history of hu-
mankind. But the past of the planet on which we live extends
back through vast stretches of time before human beings ap-
peared, and no eyewitnesses, no firsthand accounts can tell us
about the history of the Earth.

And yet, we can learn a great deal about Earth history, be-
cause that history is recorded In rocks. Geologists and pal eon-
tologists are the Earth historians who read that record—examin-
INg rock outcrops In remote parts of the world and bringing
back samples for analysis in the laboratory. By observing and
measuring and interpreting the information held fast through
the eons In solid rock, geologists and paleontologists have
pieced together an understanding of the history of our planet, .
back to its beginning 4,600 million years ago.

What kind of past has it been? Is Earth history a chronicle of
upheavals, catastrophes, and violence? Or has our planet seen
only a stately procession of quiet, gradual changes? Most early
students of the Earth were catastrophists, but as geology ma-
tured as a science, geologists found that Earth features, even
dramatic ones like the Alps and the Grand Canyon, can best be
explained by slow, gradual changes acting over the enormous
time spans of Earth history. Geologists embraced gradualism as
the proper explanation for everything they saw in the rock rec-
ord and came to shun the notion of great catastrophes in the
past.

Today a less restricted view Is emerging, blending gradual-
Ism and catastrophism, which are no longer seen as mutually
exclusive. Geologists continue to find that most changes in Earth
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history have taken place slowly and gradually. But there is a
new recognition that on a few occasions the Earth has suffered
enormous catastrophes, which have totally redirected the subse-
quent course of events.

This book Is the story of how Earth historians uncovered the
evidence for one great catastrophe in the Earth's past—the im-
pact of a huge rock that fell from outer space 65 million years
ago, excavating an enormous crater in the Y ucatan Peninsula of
Mexico and causing such disturbance to the environment that a
wide variety of plants and animals perished forever. The most
famous of the victims in this cataclysm was the great carnivo-
rous dinosaur, Tyrannosaurus rex.

The story of the impact and the extinction it caused Is dra-
matic and horrifying, although the passage of 65 million years
makes It seem comfortably remote. But running parallel to the
historical account of the event itself Is the very human story of
how Earth historians discovered the rock record of the great im-
pact and learned to read and interpret the evidence. It Is a story
of challenge by a few geologists to what thelr science had long
believed to be true, of staunch defense of the traditional view by
other geologists, of conflict and friendship, of adventure in dis-
tant places, of painstaking measurements in the laboratory, of
mystification and discovery, and of the common effort by scien-
tists from many countries to solve an absorbing mystery.

It Is also the story of how geology and the other disciplines
which study the Earth have emerged as fully mature sciences,
distinguished by their inherently interdisciplinary nature, by
the complexity of their subject matter, and by the obvious re-
quirement to move from reductionistic to holistic science In
order to achieve thelr central goal of understanding the Earth.
Through the twentieth century, physics and chemistry, and
recently molecular biology, have made enormous strides In
understanding Nature by the analytical approach—by reducing
problems to their fundamental components and studying these
components in isolation. In the twenty-first century, science will
be In a position to begin putting the pieces together, in order to
seek a synthetic or holistic understanding of Nature. The Earth
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sciences are Inherently synthetic and are therefore uniquely
placed to lead this development. The story of research on im-
pacts and mass extinctions illustrates in detail how this can hap-
pen.

It has been my privilege to be involved in this adventure from
the first discovery of evidence for a great impact at the time of
the dinosaur extinction. For the first ten years or so, many scien-
tists found more and more evidence supporting that impact, but
all efforts to find the crater were in vain. Finally, in 1991, the
long-sought crater was recognized, buried beneath the Y ucatan
Peninsula.

Much research remains to be done before we reach a full un-
derstanding of the catastrophic impact 65 million years ago. But
the recognition of the crater was a turning point, so this is an
appropriate time to tell the story of its discovery. In doing so, |
have tried to make this book accessible to anyone with a general
Interest In science. In addition, by including extensive notes and
references, | have tried to make it useful as a starting point for
those wishing to delve more deeply into these matters.

Anyone reading this book will recognize my indebtedness
to many scientists. Among them | would single out Luis W.
Alvarez, Frank Asaro, Alfred G. Fischer, William Lowrie, Rich-
ard A. Muller, Eugene M. Shoemaker, and Jan Smit, along with
my students and postdoctoral researchers over the years who
make up the Renaissance Geology Group.

Several people have helped me greatly with their comments
on the manuscript, especially Milly Alvarez, Frank Asaro, Carol
Christ, Philippe Claeys, Dan Karner, Rudy Saltzer, and Gene
Shoemaker. The toughest and most detailed critiques came from
Rich Muller, who went beyond the obligations of friendship In
helping me to improve the structure of the book and to polish
the rough spots. My artist friend Vincent Perez painted the dust
Jjacket on the basis of careful discussions of what a cataclysmic
Impact might look like to a dinosaur unfortunate enough to see

one close up.

It has been a pleasure working with Princeton University
Press. Faculty Advisor Alfred G. Fischer and former Science
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Editor Edward Tenner, now a best-selling author Iin his own
right, began talking with me about doing a book many years
ago. Current Science Editor Jack Repcheck finally persuaded me
to write the story of the great impact, and skillfully shepherded
the project to conclusion.

T. rex and the Crater of Doom comes with warm thanks to three
groups of people: First to my scientific colleagues on all sides of
the extinction debate, all over the world, who have made this
the most exciting intellectual adventure | can imagine. Then to
the citizens of the State of California, who employ me at thelr
splendid university to teach geology to their sons and daugh-
ters. And finally to the people of my country, who support the
American research enterprise with their taxes, through agencies
like the National Science Foundation and NASA. | hope they
take pleasure from this story of discovery.
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CHAPTER 1 .

Armageddon

But it was too late. At that moment the rock quivered
and trembled beneath them. The great rumbling
noise, louder than ever before, rolled in the ground
and echoed I1n the mountains. Then with searing
suddenness there came a gredt red flash. Far beyond

the eastern mountains it leapt into the sky and
splashed the lowering clouds with crimson. In that
valley of shadow and cold deathly light it seemed
unbearably violent and fierce. Peaks of stone and
ridges like notched knives sprang out in staring black
aganst the uprushing flame in Golgoroth. Then came
a gredt crack of thunder.

—J.R.R. TOLKIEN, The Lord of the Rings

REQUIEM FOR A LOST WORLD

Try to Imagine a different world—different from
the one we live in. Not wildly different, like the settings of sci-
ence fiction storieswhich take place on airless planets or in giant
spaceships. We are |looking for a world much like our own, but
different in subtle ways. J.R.R. Tolkien described such a world
in The Lord of the Rings—with mountains, swamps, and plains
like ours, but with a slightly different geography—much like
Europe, but not quite the same. Tolkien's " Third Age of Middle
Earth” has familiar inhabitants like humans and horses, but
other creatures that we know well, like dogs and cats, are miss-
Ing. Middle Earth also has unfamiliar inhabitants—dwarves,
elves, wizards, and hobbits. It Is terrorized by the merciless,
sharp-clawed goblins called ores. Tolkien's world seems ances-
tral, or perhaps alternative to ours.



4 CHAPTER ONE

The world we seek Is reminiscent of Tolkien's Middle Earth.
It has mountains, deserts, forests, and oceans, arranged In a ge-
ography that 1s something like our Earth, yet noticeably differ-
ent. It has rivers and canyons, plateaus and sand dunes. It has
cloudbursts in the mountains, and glowing sunsets in the clear
alr after a thunderstorm. Some of the inhabitants seem familiar,
though not exactly like the ones we know. Evergreen trees and
deciduous trees shade the landscape, and the streams are full of
fish. But the ground is bare of grass, and the animals |ook differ-
ent. Little furry ones are recognizable as mammals. But there are
also giant creatures, some placidly grazing while others hunt,
with claws as terrifying as those of any ore in Middle Earth.

This world Is different from ours, but it I1s familiar through
museum reconstructions, paintings, and films. For this is not the
Third Age of Middle Earth, but rather the Third Period of Mid-
dle Life. Geologists use the term Mesozoic, or Middle Life, for
the Age of Dinosaurs. The third period of the Mesozoic was the
Cretaceous, following the Triassic and the Jurassic periods.

More precisely, the world we are imagining was the very end
of the Cretaceous, 65 million years ago. It was ancestral to our
modern world, with a geography that was different but still fa
miliar, because continental drift since then has moved the
Earth's land masses around but has not completely rearranged
them. India had not yet collided with Asia to thrust up the
Himalayas, but there were already mountains in western North
America. Sea level was higher than today, and part of the inte-
rior of North America was covered by a shallow sea.

Not only was that world ancestral to ours, It was In some
sense alternative as well. For it was a stable world. Despite
the violent hunting of the carnivorous dinosaurs and the oft-
depicted dramatic battles between Tyrannosaurus rex and Tri-
ceratops, life patterns and the inhabitants themselves had
changed only slowly during the previous 150 million years. The
dinosaurs were very successful large animals and shared their
world with equally successful small animals and with plants of
all kinds. There is every reason to believe that if it had remained
undisturbed, the Mesozoic world could have continued indefi-
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nitely, with the slightly evolved descendants of the dinosaurs
dominating a world in which humans never appeared.

But the Mesozoic world did not remain undisturbed. It ended
abruptly, and with no warning, 65 million years ago. Vast num-
bers of highly successful animal and plant species suddenly dis-
appeared In a mass extinction, leaving no descendants. This
break in the history of lifeis so iImpressive that geologists use it
to define the boundary between the Cretaceous, or last period of
the Mesozoic, and the Tertiary, or first period of the Cenozoic.
Today's world Is populated with descendants of the survivors
of the mass extinction that ended the Cretaceous world.

Looking back across the abyss of time which separates us
from the Cretaceous, we can somehow feel nostalgia for a long-
lost world, one which had its own rhythm and harmony. We
feel a special sadness when we think about Its plants and ani-
mals, fish and birds—for most of the Cretaceous animals and
plants are Irretrievably lost. We can even feel some sorrow as
we Imagine the sun setting over a western ocean, panting the
clouds with orange and red and yellow and gold, on the last
evening of that world. For the Cretaceous world Is gone forever,
and 1ts ending was sudden and horrible.

THE APPROACH OF DOOM

Doom was coming out of the sky, In the form of
an enormous comet or asteroid—we are still not sure which it
was. Probably ten kilometers across, traveling tens of kilometers
a second, Its energy of motion had the destructive capability of
a hundred million hydrogen bombs. If an asteroid, It was an
Inert, crater-scarred rock, dark and sinister, invisible until the
last moment before it struck. If a comet, it was aball of dirty ice,
spewing out gases boiled off by the heat of the Sun, and It an-
nounced Impending doom with a shimmering head and a bril-
liant tall splashed across half the sky, illuminating the night, and
finally visible even in the daytime as Armageddon approached.
Let us think of It as a comet, remembering that perhaps it was an
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asteroid Instead. Comets have been mistakenly interpreted by
humans in times past as harbingers of doom, foretelling famine,
plague, and destruction. Although no humans were there to
witness the giant comet of 65 million years ago, In this case it
really did portend disaster.

The solar system abounds In comets and asteroids, some
even bigger than the one which was nearing Earth on that day
65 million years ago. Most asteroids remain in a belt between
Mars and Jupiter, and most comets orbit the Sun far beyond dis-
tant Pluto. Occasionally, however, an asteroid has its orbit de-
flected by Jupiter's gravitational pull, or a comet orbit is altered
by the gravitational tug of a passing star. A few of these aster-
olds and comets are diverted into orbits which cross that of the
Earth. An impact occurs when such an object intersects the
Earth's orbit just as Earth happens to be at the crossing point.
Thisiswhat Is going on every time you see a shooting star flash-
INg across the night sky. Those streaks of light are due to tiny
fragments of comets or asteroids burning up through friction in
the Earth's atmosphere. Somewhat larger objects, the size of a
fist, are too big to burn up completely in the atmosphere, but are
slowed down enough to survive thelr impact on the Earth's sur-
face. These objects are the meteorites displayed in museums and
studied by geologists interested in extraterrestrial rocks.’

L arge impacts can also happen, and they were freguent in the
early history of the solar system, as witnessed by the ancient,
crater-scarred face of the Moon. But |large impacts are rare now-
adays, because the debris that was abundant in the early solar
system has been swept up by the planets, large Earth-crossing
comets and asteroids are now rare, and Earth is a very small
target. To see how small, look at Venus just after sunset, when
It IS the "evening star." Venus iIs the size of the Earth, and from
our distance it is atiny, although brilliant, dot in the sky—a very
difficult target to hit.

Earth Is protected, therefore, by the fact that large comets and
asteroids rarely come into the inner solar system, and those that
do are unlikely to hit something as small as our planet. So we
can Imagine the giant comet of 65 million years ago coming
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close to the Earth again and again, over a period of centuries or
millenia, as it orbited the Sun—sometimes far from Earth, some-
times close enough to put on a spectacular display in the night
sky. A set of near misses like this must take place every now and
then in Earth history, but usually the comet hits the Sun or an-
other planet, or Is deflected out of the inner Solar System. In this
particular case, however, there came a time when the invader's
orbit intersected that of Earth just as both were approaching the
Intersection point. This time there would be no escape. The
comet was aimed toward the southern part of North America—
toward the shallow seas and coastal plains which are now the
Y ucatan Peninsula of Mexico.

THE MEASURES OF DESTRUCTION

It I1s very difficult to appreciate the impact that
was about to occur, because such an extreme event Is far beyond
our range of experience—for which we can be most grateful!
One can write down the measures of what happened—an object
about 10 km In diameter’ slammed into the Earth at a velocity
of perhaps 30 km/sec.® But these measures only acquire mean-
INng when we try to visualize them, or make analogies to help
our understanding. How can we Iimagine a comet 10 km In
diameter? Its cross section about matches the city of San Fran-
cisco. If it could be placed gently on the surface of the Earth it
would stand higher than Mount Everest, which only reaches
about 9 km above sea level. Its volume would be comparable to
the volume of all the buildings in the entire United States. It
was a big rock, or a big ice ball, but not of a scale beyond our
comprehension.

What turned it into a cataclysmic weapon was Its velocity.
The estimated impact velocity of 30 km/sec is 1,000 times faster
than the speed of a car on the highway and 150 times faster than
ajet airliner. It is about 6 times faster than the speed of seismic
waves In rock. When a collision takes place at velocities this
high, our experience is not a useful guide, and rock materials do
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not behave in the ways we are used to. Instead, a shock wave Is
produced—a kind of sonic boom in the rock. The shock wave
from such an impact crushes and compresses the impactor and
target rock so intensely that after the shock passes, the decom-
pressing rock will fly apart, or melt, or even vaporize. The con-
cept of rocks instantaneously boiling away to vapor conveys a
gut feeling for the extraordinary and violent conditions during
an Impact.

Scientists Immediately ask about the energy of the approach-
INg object, because energy Is Nature's currency, a measure of the
ability to move things around and bring about changes.” Nature
runs a kind of automatic bookkeeping system for energy trans-
fers, requiring that the energy of motion of the incoming comet
be fully accounted for in all the kinds of damage done during
the impact. When we do the bookkeeping, we find that the en-
ergy of motion of the comet just before impact was equivalent to
the explosion of 100 million megatons of TNT, sufficient to va-
porize the comet Iin about 1 second and to blow out a hole in the
ground which was briefly 40 km deep but quickly collapsed into
a broader, shallower crater 150-200 km across. To get a feeling
for this quantity of energy, keep in mind that one large hydro-
gen bomb has a yield of about 1 megaton of TNT, and that the
total nuclear arsenal of the world at the peak of the Cold War
was about 10,000 such bombs. The 10°’-megaton impact of the
comet which ended the Cretaceous was therefore equivalent to
the explosion of 10,000 times the entire nuclear arsenal of the
world (although the impact explosion was not nuclear).

Returning to the 10-km-wide comet as it approached the
Earth at 30 km/sec, we can get a feeling for how fast the event
happened. An airliner flies at an altitude of about 10 km, so
Imagine a plane unfortunate enough to be in the way of the in-
coming comet. In an instant the airplane would be smashed like
a bug by the onrushing body. One-third of a second later the
front of the comet, carrying the insignificant aircraft wreckage,
would hit the ground, generating a blinding flash of light and
Initiating shock waves in the comet and the ground, and after
another V3 second the back end would be passing below ground
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level. By one or two seconds after the loss of the airplane, there
would be a huge, growing, incandescent hole in the ground and
an expanding fireball of vaporized rock, and debris g ected by
the explosion would be clearing the atmosphere on its way to
points around the globe. Earth would suffer cataclysmic dam-
age In less time than it takes to read this sentence.

Now that we have some sense of the scale of the impact that
ended the Cretaceous world, let us look at our current, imper-
fect understanding of just what happened.

THE MOMENT OF IMPACT

The comet approaching Earth 65 million years
ago first encountered the tenuous alr many kilometers above the
surface. About 95 percent of the atmosphere lies below an alti-
tude of 30 km, so depending on the velocity and the angle at
which the impactor approached the surface, it would have taken
only a second or two to penetrate most of the atmosphere. The
air in front of the comet, unable to get out of the way, was vio-
lently compressed, generating one of the most colossal sonic
booms ever heard on this planet. Compression heated the air
almost Instantaneously until it reached a temperature 4 or 5
times that of the Sun, generating a searing flash of light during
that one-second traverse of the atmosphere.

At the Instant of contact with the Earth's surface, where the
Y ucatan Peninsula now lies, two shock waves were triggered.
One shock wave plowed forward into the bedrock, passing
through a three-kilometer-thick layer of limestone near the sur-
face, and down into the granitic crust beneath. The onrushing
shock wave drove forward through the bedrock, crushing shut
all cracks and pore spaces and destroying much of the orderly
crystal structure of minerals.

Meanwhile, a second shock wave flashed backward into the
onrushing comet. Reflecting off the back of the impactor, it tore
apart the trailing edge of the comet. In the second or so It took
for this to happen, the comet ceased to be recognizable as a
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spherical body. With its enormous momentum driving it for-
ward, the comet penetrated deep into the Y ucatan bedrock, forc-
Ing open a huge hole and molding itself into an Incandescent
coating on the inside of the growing hole, which was now open-
Ing out into an expanding crater. But the comet coating on the
Inside of the crater did not last more than a moment before it
was mostly vaporized, along with much of the origina target
rock.

As the rapidly vaporizing comet wreckage was carried for-
ward Into the growing crater, the shock wave curved back up to
the surface and spewed out ejecta—melted blobs and solid frag-
ments of target rock—upward and outward on high, arching
trajectories that flung them through the thin outer fringes of the
atmosphere and beyond. Falling back to Earth within a few hun-
dred kilometers of the rim of the crater, this debris built up a
vast blanket of gecta.

Even this did not exhaust the pyrotechnic potential of the Im-
pacting comet. The huge cloud of vaporized rock generated at
ground zero was driven outward by its own heat and pressure
INn a colossal fireball. The explosion of a nuclear bomb—tiny by
comparison—produces a hot-gas fireball which flashes outward
to a diameter of a kilometer or so, until It can push no farther
agalnst the atmospheric pressure, and then floats upward to an
altitude of 10 km where it spreads out into a mushroom cloud.
The incomparably greater fireball of the Y ucatan impact over-
whelmed the atmosphere, blowing right through the entire
blanket of air, expanding and accelerating out into space and
launching particles of rock into trajectories which carried them
far around the Earth before they fell back to the ground.

And still the fireworks continued. Even as the scorching fire-
ball of rock vapor blew away into outer space, it was followed
by a second fireball, not as hot, but almost as dramatic. For
about three kilometers down from the surface, the Y ucatan was
covered with a thick layer of [imestone. Limestone is Nature's
way of storing carbon dioxide gas as a solid, by combining it
with calcium. Shocked limestone suddenly releases Its stored
CO0,, and Iin an Impact as large as this, enormous guantities of
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this gas were almost instantaneously released like popping the
cork on a colossal bottle of champagne. Still more rock debris
was carried aloft in this second exploding gas ball as It, too,
blew through the atmosphere and into outer space.

Meanwhile, the expanding crater had reached its maximum
depth of perhaps 40 km. This hemispherical "transient cavity"”
was far too deep to be supported by the relatively weak rock of
the Earth's crust, and the center began to rise, even as the pe-
rimeter continued to expand. While the steep outer walls col-
lapsed In giant landslides, deep rocks from the mantle, below
the granitic crust, rebounding after the passage of the shock
wave, rose upward faster and faster into a central peak like
those preserved in many craters on the Moon. The central peak
of the Yucatan crater was so large and high that it in turn col-
lapsed downward, driving outward into a set of ringlike ridges
which left a pattern resembling a bull's-eye imprinted on the
Earth to mark the site of this cataclysmic event.

THE RING OF DEVASTATION

In the zone where bedrock was melted or vapor-
1zed, no living thing could have survived. Even out to a few
hundred kilometers from ground zero, the destruction of life
must have been nearly total. Sterilized by the intense light from
shock-compressed air and from the fireball of rock vapor,
crushed when pores and cracks in rock were slammed shut by
the passing shock wave, and bombarded by the falling debris of
the gecta blanket, little or nothing was left alive in this central
area.

Out to a few thousand kilometers, into the area of modern
Mexico and the United States, the Y ucatan impact sent dramatic
messengers of destruction. Animals living just over the horizon
first witnessed a flash of light in the sky, then a last moment of
cam. Then, as the ground began to shake uncontrollably from
the passing seismic waves, the sky itself turned lethal. Begin-
ning with a fant glow, the sky grew more and more intensely
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red, passing into Incandescence, growing brighter and brighter,
hotter and hotter. Soon the Earth's surface itself became an
enormous broiler—cooking, charring, igniting, immolating all
trees and all animals which were not sheltered under rocks or In
holes. This fearsome phenomenon was produced by ballistic
e ecta particles blasted into space by the impact, which were
now falling back to Earth, reentering the atmosphere, heating
up through friction with the air, and transmitting that heat to
Earth as infrared light.” Only places which happened to be
shielded by thick storm clouds would have avoided this lethal
heat. Entire forests were ignited, and continent-sized wildfires
swept across the lands. The gecta particles had barely fallen to
Earth and the lethal, iIncandescent sky returned to normal, when
the air was blackened by rising plumes of soot from fires which
were consuming the forests and removing the oxygen from the
atmosphere.’

Even as the forests were set ablaze, another horror was ap-
proaching the coasts of the Gulf of Mexico. The impact occurred
In the shallow water and coastal plains which flanked the Guif,
but It produced a huge disturbance in the waters of the deep
Gulf, through seismic shaking, submarine landslides triggered
by the seismic waves, and by the splashdown of the g ecta blan-
ket. The result was a gigantic tsunami'—a massive wave per-
haps a kilometer high, which spread outward across the Gulf of
Mexico at terrific speed. Everyday waves do not disturb the bot-
tom of deep seas like the Gulf, which are the gquietest, calmest
places on Earth. But the impact tsunami was so enormous that
Its keel swept across the bottom of the Gulf, digging channels
Into the fine sediments of the sea floor, and mixing them with
the impact debris which had just fallen. As the tsunami front
reached the shallow water of Florida and the Gulf Coast, it was
pushed up higher and higher into a wall of water that towered
above the shoreline. As this deluge crashed onto the coast, it not
only ripped apart whole forests, but it shook the continental
margin so violently that huge volumes of sediment were mobi-
lized into submarine landslides which flowed down into the
deep Gulf, burying the impact debris which had only just fallen.
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Within hours of the impact, most of Mexico and the United
States must have been reduced to a desolate wasteland of the
most appalling, agonizing destruction. Where only the day be-
fore there had been fertile landscapes, full of animals and plants
of all kinds, now there was a vast, smoldering netherworld,
mercifully hidden from view by black clouds of roiling smoke.

Farther away from the Y ucatan, the effects were less dramaitic.
The giant tsunami was largely confined to the enclosed Gulf of
Mexico and could not reach Asia, Africa, or Europe. Ejectaparti-
cles rained down around the world, but fewer particles traveled
to more remote areas, so the firestorms may not have been as
Intense as in North America. In contrast to the largely sterilized
regions close to ground zero, distant continents may have es-
caped the direct effects of the Y ucatan event. Tragedy would un-
fold more slowly In these remote areas, through the secondary

effects of the impact.

THE HORSEMEN OF THE APOCALYPSE

Terrible as the immediate, direct effects of the Im-
pact were In the surrounding region, they probably would not
by themselves have caused the disappearance forever of whole
families of plants and animals, because survivors in remote re-
gions would have repopulated the devastated regions in the
years to come. And yet an enormous mass extinction did follow
the impact, and we now understand some of the longer-term
global disasters which were secondary results of the impact. Let
us review these Horsemen of the Apocalypse In their order of

appearance.

Within days of the impact, the immediate effects had died
down. The fires were probably going out, the tsunami had spent
Its main strength against the coast of the Gulf of Mexico, and
violent winds were settling down. But the Earth was turning
cold and dark. Vast quantities of fine dust had burst through the
atmosphere In the fireball and the dust was now settling
through the upper atmosphere around the world, blocking the
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sunlight. The land became so dark that you could not have seen
your hand in front of your face, and this darkness and the ac-
companying cold probably lasted for a few months, until finally
most of the dust had settled to the ground.’

But after the return of light, the climate went to the opposite
extreme. Two greenhouse gases—water vapor and carbon di-
oxlde—had been released in vast guantities from the site of the
Impact. The water vapor was probably removed quickly from
the atmosphere as rain which washed out the dust. Carbon di-
oxide can only be removed slowly from the ar, and now It
trapped the heat from the Sun, raising temperatures to swelter-
INng levels. It was probably thousands of years before the carbon
dioxide was back to normal levels.

Not only were water and dust raining out of the atmosphere,
but there was also a devastating acid rain.” Some of this may
have been sulfuric acid derived from sulfur in anhydrite, a sedi-
mentary rock interbedded with the limestones of the Y ucatan.
But much was nitric acid, originating from the atmosphere It-
self. The air we breathe 1s about 20 percent oxygen and most of
the rest Is nitrogen. Normally these occur as two-atom mole-
cules of oxygen, 0,, and of nitrogen, N,. Nitrogen forms very
stable molecules which are tightly bonded together. Only when
the air is strongly heated are the N, molecul es broken up, allow-
INng some of the nitrogen to combine with oxygen as molecules
of nitric oxide, NO. This happened on a grand scale during the
Impact event when the air was heated by shock waves, by the
fireball, and by the friction of reentering g ecta. Vast guantities
of nitrous oxide were formed, which reacted with oxygen and
water vapor in the atmosphere to form nitric acid, HNO,, which
rained out of the sky, killing plants and animals and dissolving
rocks.

A world first dark and frozen, then deadly hot, a world pol-
soned by acid and soot. This was the global aftermath of the
Y ucatan impact. We wonder how anything could survive this
environmental apocalypse. Yet there were survivors, and their
descendants populate the world today.
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VICTIMS, SURVIVORS, AND DESCENDANTS

By the time the physical devastation caused by
the impact had faded, years or centuries after the event, Earth's
biosphere was changed forever. Whole groups of plants and
animals had disappeared, never to be seen again. By one esti-
mate, half of the genera living at the time of the impact perished.
This was one of five great biological mass extinctions we know
of In Earth's past. It isvery difficult to learn what caused the loss
of any particular group of plants or animals. Some reasonable
Inferences have been made, but in many cases we will probably
never know with certainty. It is easier to construct the list of vic-
tims and survivors.

Best known of the victims, of course, are the dinosaurs. T. rex
and the other huge carnivores perished, as did the herbivorous
dinosaurs, as well as their relatives who swam, like the mosa-
saurs, or flew, like the pterodactyls. Most paleontologists now
consider that modern birds are very closely related to the dino-
saurs which, In this sense, did survive the end of the Creta-
ceous.” Yet recently discovered fossils are revealing that birds
were nearly wiped out as well.”

The loss of the dinosaurs Is probably related to thelr position
In the food chain, with herbivorous dinosaurs eating vegeta-
tion and carnivorous dinosaurs eating herbivores and perhaps
small mammals. During the months of cold and darkness cast
by the pall of dust in the atmosphere, plants would wither and
the herbivores would starve, and so would the carnivores In
their turn. Large animals are never abundant, especially top
carnivores, so they would have been particularly vulnerable to
extinction.

Many smaller land animals survived, including mammals, as
well as reptiles such as crocodiles and turtles. No one really un-
derstands why these animals escaped extinction. Being smaller
and thus more numerous would Increase their chances of sur-
vival, and this may help explain the survival of birds as well.
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L eaf fossils demonstrate that land plants also suffered a mass
extinction.” We expect that individual trees and bushes alive at
the time of the impact would have perished in the cold and the
dark. But seeds and roots should have allowed most species to
reappear after the darkness ended. The extinction of many kinds
of plants has not been explained.

Turning to the less familiar marine realm, we find that the Im-
pact spelled the end of the coiled-shell ammonites—rel atives of
the chambered nautilus—which had flourished In the seas for
hundreds of millions of years.” Lesser known groups of inverte-
brates perished wholesale at the level of genera and families.
Perhaps they were the victims of food-chain collapse, or per-
haps their shells were dissolved In acidified seawater, but no
one knows.

Still less familiar are the microscopic single-celled plants and
animals that float 1n the surface waters of the ocean. These tiny
organisms were enormously abundant but suffered nearly com-
plete extinction. The microscopic photosynthetic algae and the
single-celled predators called foraminifera produced vast num-
bers of tiny platelets and miniature shells that record the mass
extinction with unusual clarity.” Probably vulnerable to dark-
ness and acid, they were the base of the marine food chain, and
thelr loss was devastating to marine animals that depended on
them. Both foraminifera and photosynthetic algae were at grave
peril, with many or most species perishing, but in both cases a
few species survived and left descendants which abound in the
oceans today.

The sudden loss of half the genera of plants and animals on
Earth I1s a catastrophe almost incomprehensible to us. It truly
marked the end of a world. And yet, the darkness eventually
faded, the heat died down, and the acids were neutralized. Sur-
vivors there were, and they found themselves in a new world,
tragically changed, but with boundless opportunities for the fu-
ture. For 150 million years dinosaurs had been the large land
animals of the planet while mammals were confined to the role
of small animals. With the disappearance of the dinosaurs, there
were new opportunities for mammals, and evolution rapidly
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produced large ones. Our nostalgia for the lost world of the Cre-
taceous Is tempered when we realize that It was a world that
held no place for us—for large mammals. Our horror at the de-
struction caused by the impact that ended the Cretaceous Is
eased by the understanding that only because of this catastro-
phe did evolution embark on a course which, 65 million years
later, has led to us. We are the beneficiaries of Armageddon.

JUST HOW DO WE KNOW ALL THIS?

Tolkien's story of Middle Earth is, of course, pure
fantasy. It has its own internal logic, but magical things take
place In Middle Earth which could never happen in the real
world. It Is a wonderful story, but in order to enjoy Iit, you must
suspend your sense of disbelief. It Is not In any way Intended to
recount events which ever really occurred.

The story of the impact on the Yucatan which ended the age
of the dinosaurs has a different purpose. It is intended to be a
reconstruction, as accurate as possible, of historical events
which really did happen. It asks not that 1ts readers suspend dis-
belief, but that they do exactly the opposite—that they bring to
It their most critical facilities, that they search it for flaws, that
they test It In any way they can and try to improve its accuracy.

But how can we possibly reconstruct events which happened
65 million years ago, long before any human being was around
to observe what happened and record it for posterity? We can
reconstruct these events because the history of the Earth is re-
corded In the Earth itself. Most of the history of our planet Is
written In rocks. Rocks are the key to Earth history, because
solids remember but liquids and gases forget. Retrieving these
long-lost memories is the business of geologists and pal eontol o-
gists, of people who have chosen to be the historians of the
Earth.

Understanding how we decipher a great historical event writ-
ten in the book of rocks may be as interesting as the event itself.
Uncovering the extinction that ended the Cretaceous has been a



18 CHAPTER ONE

saga of patient detective work, of high adventure in remote
parts of the world, of lonely intellectual struggle, of long peri-
ods of frustration ended by sudden breakthroughs, of friend-
ships made or lost, of the embarrassment of public mistakes and
retractions, of the exhilaration of discovery, and of delight in a
wonderful emerging story This is what we will explore in the
rest of this book, as we see how the story of the Y ucatan impact

was uncovered and pieced together.



CHAPTER 2

Ex Libro Lapidum Historia Mundl

HISTORY WRITTEN IN ROCKS

Asrecently as 1975, the story of the impact on the
Y ucatan was completely unknown. One of the most dramatic
episodes in the past of our planet had been absolutely forgotten,
lost beyond memory for 65 million years. How has this lost
memory been recovered?

We are born in ignorance of the events that took place before
our birth, and through the study of history we seek to overcome
this native amnesia. We can hear about the most recent events
by asking our parents and grandparents, who remember them.
History from the times before living memory Is written in docu-
ments, both the original writings of people long gone and the
books written by scholars of history. Through the words repre-
sented by symbols on paper we are carried back through 5,000
years, back to the earliest writings, learning the thoughts and

deeds of the people who lived before us.

Y et 5,000 years takes us back only a millionth part of the life-
time of the Earth. Back beyond the invention of writing stretches
an almost endless abyss of time, during which the events took
place which determined the kind of creatures we are and the
kind of world we live in. It isonly in the last couple of centuries
that we have learned to decipher the events of this forgotten
eternity and to write down Iits history.

The key discovery was that history is written in rocks. Ex libro
lapidum historia mundi—from the book of rocks comes the his-
tory of the Earth. More people are fascinated with plants and
animals than are drawn to rocks, because plants and animals are
living and dynamic, while rocks seem to lie there inert and
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unchanging. Rocks do change, but usually so slowly that few
people notice the changes. It Is precisely this sluggish, nearly
static character that makes them good recorders of Earth his-
tory. Rocks remember the past.

Recovering the memories held in rocks is most easily under-
stood In the work of archaeologists. Ancient temples, buildings,
and cities record the lives of civilizations long gone, like that of
the ancient Mayas, which flourished, declined, and disappeared
INn the jungles of the Y ucatan, above a buried crater dating from
a much earlier extinction.

Archaeological sites the world over display the fundamental
rule of history written in rocks—younger layers rest on older
ones. This is the law of superposition, the basis of all stratigra-
phy. Stratified rocks are deposited In succession, layer upon
layer. Of course one must be careful of exceptions where pits
have been dug down into older deposits and filled with
younger material, or where caves have been hollowed out and
then filled up, but these occasional possibilities for making mis-
takes just help keep the stratigrapher alert!

Archaeological sites that have been occupied for centuries are
rich in examples of superposition. In Rome, for example, the
Forum preserves |layer after layer of history, with pre-occupa-
tion sediments of the Tiber River overlain by the primitive re-
mains of archaic Rome, then by ruins of the stouter buildings of
Republican Rome and the majestic monuments of the Roman
Empire. Medieval and modern Rome has been built over multi-
ple layers of ruins, and sometimes there are steps |leading down
from today's street level to the entrance of an ancient church.

Stratigraphy underlies every ancient city.

History is written in rocks at a more detailed level In stone
buildings everywhere. North of Rome, in the Apennine Moun-
tains, the beautiful little city of Gubbio quietly dreams of centu-
ries past in a setting of noble medieval stone towers, churches,
and palaces. | have spent many months doing geological re-
search 1n the mountains near Gubbio, and | never tire of walk-
INng through its streets, looking at the medieval buildings. The
entire city iIs a history book written in stone, and looking closdly,
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Medieva architecture in Gubbio—the Palazzo da Consali.
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one finds historical episodes captured and preserved In the de-
talls of construction and reconstruction. For instance, pointed
Gothic windows are everywhere in Gubbio, but often they were
walled up, and later reopened with windows of different shapes
In different places. | have been told that this sad defacing of
noble architecture records the imposition of a tax on windows.
Some owners of houses chose to avoid the tax by walling up the
windows, and by the time the tax was finally rescinded, the
original locations had been forgotten, or the interiors had been
changed, or Gothic windows were no longer in style. To anyone
fascinated with the Middle Ages, and to anyone with an eye for
history written in stone, Gubbio Is a paradise.

READING EARTH HISTORY

Human history written in stone walls and in the
layers of archaeological ruins is easily grasped by most of us,
because we are used to buildings and may have built them our-
selves. The rock record of prehuman events is not so familiar; it
takes study and experience to learn to read Earth history. But
Gubbio Is a good place to start. Walking out the postern gate in
the town wall, into the mountains behind the city, we can see
how Earth history Is recorded.

Outside the gate we pass a few outlying stone houses as the
rocky mountain sides converge, closing us into a canyon called
the Gola del Bottaccione. "Bottaccione” means "big water bar-
rel” in Italian, and It Is a whimsical name for a medieval ague-
duct built in the fourteenth century to bring water from a moun-
tain spring down the canyon to Gubbio. The aqueduct snakes
along the mountainside above the modern road, and in the road
cuts there are outcrops of an attractive pink stone—the Scaglia
rossa. ("Scaglia’ ispronounced "Scahl-yah" in Italian. It means
scale or flake and refers to the ease with which this rock can be
chipped into handsome building stones. "Rossa" refers to the
red color.)



EX LIBRO LAPIDUM HISTORIA  MUNDI 23

The Bottaccione Gorge at Gubbio. The massve mountainside in the
middle distance is the Cretaceous part of the Scaglia rossa limestone.
The horizontal structure above the road Is the medieval agueduct.
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Pausing to look carefully at the Scaglia rossa, we first notice
that it is arrayed 1n layers or beds about 10 cm thick, which dip,
or slant, about 45° away from Gubbio. The Scaglia is a sedimen-
tary rock formed by the deposition of particles of sediment on
the sea floor and later was pushed up to form the Italian Pen-
Insula. In this case the particles are mostly grains of the mineral
calcite (calcium carbonate, or CaCQO0,), forming the sedimentary
rock called limestone. Sedimentary rocks are deposited In
roughly horizontal layers, so the 45° dip shows that these beds
have been tilted after their deposition. This tilting iIs due to the
episode of deformation which produced the folds of the Apen-
nine Mountains. Here Is a piece of history written in rocks, and
It takes us beyond archaeology, for buildings may collapse but
they are rarely folded!

These originally horizontal beds of pink Scaglia limestone
continue for a thickness of 400 meters, and there are more lime-
stones of other colors above and below. Clearly there is much
Earth history recorded in these layers, but what kind of history?
To find out, we break off a fresh piece of Scaglia and look at It
with the little magnifying hand lens all geologists carry. Tmy
specks throughout the rock now resolve themselves into little
colled, chambered microfossils. These are the shells of forami-
nifera, the single-celled predators that float near the surface of
the deep oceans, and which almost perished, although not quite,
IN the same mass extinction that finished off T. rex. The presence
of foraminifera shows the Scaglia must be a marine limestone.
We can also tell that It Is a deep-water limestone, because there
are none of the invertebrate fossils that abounded in the shallow
seas of that time. And it was deposited far from the mouth of
any river, because it is almost free of sand and silt.

Perhaps many people would find this submarine limestone
less Interesting than a sediment deposited on dry land—after
al, we are land animals, and dry land and its inhabitants are
more familiar and generally more significant to us. But land
above sea level 1sthe main site of erosion, which levels hills and
mountains and removes sediment previously deposited. Ero-
sion destroys the record of Earth history. On the deep sea floor,
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however, there Is little erosion because waves cannot reach the
bottom and currents are slow and gentle. Deep-sea sediments
are Ideal recorders of Earth history, and the limestone at Gubbio
IS one of the very best historical sequences in all the world.

Since this was recognized in the mid 1970s, geologists like me
have come to Gubbio each summer, seeking the answers to
many different questions about Earth history. It was at Gubbio
that the first hint of the great impact came to light, and we wil|
turn to that soon. But first we need a deeper understanding of
the vast stretches of time that lie far back before the appearance
of human beings.

THE MEASURES OF EARTH HISTORY

Scholars of human history have two ways of
Identifying times past. Sometimes they give numerical dates:
"Rome was founded 1n the 8th century B.C., and its last recog-
nized emperor was deposed In A.D. 476." Sometimes they refer
to named periods of human history: "Gubbio flourished in the
High Middle Ages, and its architecture represents the Italian
Gothic period.”

Geologists also use both of these systems. "The Y ucatan im-
pact 65 million years ago marked the boundary between the
Cretaceous and Tertiary periods.” It takes some effort to get
used to the two ways of specifying times in the Earth's past, be-
cause the names are unfamiliar and the numerical dates in mil-
lions of years seem unimaginably remote.

When geologists 200 years ago first began to understand
Earth history as recorded in rocks, they gave names to recogniz-
able historical Intervals based on the character of the rocks.
Many of the names have stuck because they are useful. Just as
an art historian can recognize a Gothic window even though the
exact date of the building may be unclear, so a geologist can
often tell from fossils of ammonites or foraminifera that a rock
IS of Cretaceous age even though there is no way to determine
ItS precise age In years.
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These names are used by geologists for time intervals in the vicinity of
the boundary between the Cretaceous and Teatiary periods, which Is
usualy caled the KT boundary. The sequence from left to right i1sfrom
longer time intervals to briefer ones, and older time intervals are at the
bottom.

THE KT BOUNDARY

The names of the geologic time intervals are
given in the table on page 26, but since we are dealing In this
book only with the great extinction event 65 million years ago,
we need remember only the intervals which it separates, as
summarized in the table on this page.

In terms of eras—the broadest divisions of Earth history—the
Y ucatan impact separates the Mesozoic ("middle life," or the
Age of Dinosaurs) from the Cenozoic ("recent life," or the Age
of Mammals).

In the more detailed subdivisions called periods, the impact
event marks the boundary between the Cretaceous and the Ter-
tiary periods. The name Cretaceous comes from the Latin
"creta,” meaning chalk, because chalks were deposited 1n shal-
low seas over broad areas during the last third of the M esozoic.
The name Tertiary Is left over from an early 1dea that there had
been four Intervals in Earth history—the primary, secondary,
tertiary, and quaternary ages. The first two names have disap-
peared, but Tertiary has been retained for the time between the
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end of the Cretaceous and the beginning of the Ice Age, which
IS called the Quaternary. Geologists use the letter K to symbol-
1ze the Cretaceous, from the equivalent German word "Kreide"
(chalk), and T to indicate the Tertiary. The mass extinction at the
end of the Cretaceous marks a maor turning point in Earth his-
tory which has come to be known as the KT boundary.

In terms of the still finer historical subdivisions called stages,
the KT boundary marks the end of the Maastrichtian, the last
Cretaceous stage, named for rock exposures around the Dutch
city of Maastricht, and the beginning of the Danian, or first stage
of the Tertiary, named for Denmark where rocks of this stage
are well exposed.

UNDERSTANDING DEEP TIME

Learning the intervals of Earth history is ssimply
a matter of making the effort to memorize some unfamiliar
names. Appreciating the numerical dates is more difficult, be-
cause Intervals of millions of years are hopelessly beyond the
comprehension of human beings who may, with luck, live for a
single century. A geologist has no more Intuitive, gut under-
standing of these Immense stretches of time than does anyone
else. But geologists speak of millions of years with familiarity
because we know what happened when in Earth history, and
because we know which dates are geologically recent and which
are geologically ancient. To achieve this familiarity we need to
do two things—we need to change our units of time from
"years' to "million-years," and we need to recall the ages in mil-
lion-years of the fundamental divisions of Earth history.

In thinking about Earth history, we need to change our units
of time from years to "million-years," because thinking of Earth
history In terms of years Is as hopeless as measuring a trip from
Mexico to Italy In centimeters, or measuring a lifetime in sec-
onds. So we need to think of the date of the dinosaur extinction
not as an enormous number of years—"65 million years!"—>but
as a small number of "million-years'—just 65 of them.
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Then we need a way to appreciate how far back in Earth his-
tory that date lies. Here we are helped by a remarkable coinci-
dence. Earth history Is, by chance, about one million times as
long as the written record of human history. Writing was in-
vented about 5,000 years ago, and the Earth was formed about
5,000 million-years ago.” So we can recognize the recentness or
antiquity of a date in Earth history given in million years by
comparing It to a date in human history in years. The Quater-
nary ice ages began 2 million years ago, which in the sweep of
Earth history Is as recent as a human event just 2 years ago. The
Cretaceous-Tertiary boundary, 65 million years ago, Is the Earth
equivalent to a human event 65 years ago, within the memory of
many people. Just as human history seems really remote when
we get to events many hundreds of years ago, so Earth events
many hundreds of million years ago belong to the really distant
past.

These are the ways of thinking that young geologists absorb
when they begin to study Earth history—they learn the names,
change their units from years to million years, and come to ap-
preciate which dates are relatively recent and which are really
remote.

THE CHRONOLOGY OF EARTH HISTORY

How can we assign particular rocks to named pe-
riods of Earth history and learn how old they are in million-
years? The sequence of ages Is usually easy to determine, using
the law of superposition. The named periods came early In the
development of geology as a science and were based on fossils
found In the rocks, as they still are today, two hundred years
later. Determining numerical ages in millions of years is a twen-
tieth-century achievement which was not possible until physi-
cists had discovered radioactivity and invented sophisticated
analytical 1nstruments.

There still are major limitations in our ability to work out a
full chronology of Earth history, because numerical ages and
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fossi| ages usually come from very different kinds of rock.” Most
of the radioactive minerals that yield numerical ages form at
high temperature during the crystallization of 1gneous rocks
from molten magma, whereas fossils are found in sedimentary
rocks deposited in the ocean or on |land, at temperatures condu-
cive to life.

Geologists have only slowly made progress in bridging this
gap and building a time scale with accurate numerical ages at-
tached to the boundaries between the named intervals based on
fossils. The most direct approach has been to find datable high-
temperature minerals in volcanic ash that has blown far from
the erupting volcano and settled as layers in sedimentary rocks
that contain fossils.” An indirect but very effective approach has
been to develop a third time scale, based on reversals of the
Earth's magnetic field, which are recorded 1n both igneous and
sedimentary rocks. Every few years abook Is published present-
Ing the current state of knowledge of geochronology—of the
dating of Earth history.* The rock sequence at Gubbio has been
Important in all three major approaches to geochronology, and
time-scale work at Gubbio led directly to recognition of the im-
pact at the KT boundary, so let us look more closely at those
three methods of dating rocks as applied to the Gubbio rock
seguence.

DATING ROCKS WITH FOSSILS

People must have found fossils long before it was
generally accepted that they are the remains of animals and
plants which lived long ago. William Smith was an English
canal engineer who spent the years around 1800 digging ditches
INn sedimentary rocks. Smith gradually became familiar with the
kinds of fossils his workmen would find, and he recognized that
fossils change in a recognizable way through the long stretches
of time recorded In sedimentary rocks. He realized that fossils
can be used to place sedimentary rocks in a chronological se-
quence and discovered that i1t was possible to correlate rocks
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of the same age over long distances. This has been the basis of
stratigraphic paleontology ever since.

It Is an observational fact that animals and plants preserved as
fossils In sedimentary rocks change as we pass upward through
the rock sequence. Evolution in this sense can be confirmed by
anyone who looks carefully for and at fossils. Through the nine-
teenth century, names like Cretaceous and Tertiary were ap-
plied to rocks of particular age ranges as the sequence of chang-
Ing fosslls was gradually worked out. The reason for the
changes in fossils was mysterious until English naturalists Al-
fred Russel Wallace and Charles Darwin explained them as the
result of natural selection. As we shall see, Darwin insisted that
all evolutionary change has been gradual. The theory of evolu-
tion by natural selection has held up well for over a century, but
some details of the theory may still need improving.” One focus
of thisbook I1s how Darwin's insistence on gradual evolutionary
change has been challenged through recognition of the dramatic
effects on life of occasional catastrophic events like the impact
on the Yucatan at the time of the mass extinction at the KT
boundary.

Fossilized marine invertebrates like clams, ammonites, and
corals were the most useful dating tools in the nineteenth cen-
tury because they were easy to find in the field and big enough
to study with the unaided eye. In the twentieth century, paleon-
tologists came to appreciate the usefulness of the tiny "micro-
fossils' which occur In profusion and can be recovered In large
numbers, even from drill cores which are unlikely to Intersect
the rarer large fossils. Although a microscope was required for
studying them, microfossils became the dating material of
choice by the middle of the twentieth century.

The most important of the microfossils are the foraminifera,
or "forams"' for short. These single-celled marine organisms
make tiny shells which are different for each species and can be
Identified accurately under the microscope. Most forams live on
the sea bottom, and the species present 1n a particular sedimen-
tary rock thus reflect primarily the sea-floor environment. But
some forams float as plankton in the surface waters of the ocean.
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These planktic forams are particularly useful for dating rocks,
because ocean currents spread newly evolved species rapidly
throughout the oceans of the world, and thus evolutionary
changes are immediately recorded worldwide when the forams
die and their shells settle to the bottom. Only 1n extremely deep-
water marine sediments are foram shells absent, because they
dissolve In the very cold water of the deep ocean.

It was not until the 1960s that paleontologists fully realized
the value of the nearly continuous historical record preserved In
limestones which accumulate on the ocean floor at middle
depths. Called "pelagic” limestones to distinguish them from
"neritic” limestones which are built up by the fossils of organ-
Isms that live on the sunlit bottom in shallow water, these sedi-
ments are deposited in the darkness far below the deepest erod-
Ing waves and lie undisturbed for tens of millions of years.
Many pelagic limestones of Cretaceous and Tertiary age are
packed with planktic forams, so they can be dated in detail.

Beginning in 1967 the deep-sea cores recovered by the scien-
tific drilling ship Glotnar Challenger yielded a cornucopia of in-
formation on Earth history. Not all deep-sea limestones are still
submerged in the ocean, however—Iin a few places they have
been pushed up above sea level and exposed in the mountains,
and can be studied by those who can't afford a drilling ship but
do have boots, hammer, and hand lens. But it took a while for
geologists even to be sure that these limestone exposures were
of deep-water, pelagic origin, let alone to appreciate their value
as records of Earth history.

Extensive outcrops of pelagic limestones are rare. One of the
few good places to find them is in the Apennine mountain range
of Italy, and perhaps the best place in the Apennines is the Bot-
taccione Gorge at Gubbio. As a student Iin Milan in the 1960s,
|sabella Premoli Silva studied the forams of the Scaglia rossa at
Gubbio,’ learning to identify them even though the Scaglia is a
hard limestone, and you cannot get the forams out intact. Many
paleontologists are good at identifying loose forams, but |sa-
bellais one of the few who can identify them in thin sections—in
slices of rock mounted on glass slides and ground down until
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the rock Is transparent. Most of us can identify our friends
heads when we see them, but It Is much harder to identify a
head In silhouette, as |sabella can do with forams. With her abil-
Ity to recognize forams Iin hard limestone and with the continu-
ous 50 million-year record of the Scagliarossa, | sabellawas able
to recognize In the Gubbio limestones the sequence of strati-
graphic age zones established elsewhere on the basis of forams

extracted from soft sediments.

NUMERICAL AGES IN MILLION YEARS

To go beyond the paleontological time scale and
names based on the occurrence of fossils, it Is critical to deter-
mine the numerical ages of events in Earth history. How long
ago did the KT boundary extinction take place, in million years?

The determination of numerical ages is based on the decay of
radioactive atoms. A few of the elements that occur in minerals
have unstable nuclel which change Iinto other elements. This
offers us a clock, because as time passes and the atoms of the
parent element in a mineral grain gradually change into the
daughter element, the ratio of daughter to parent Increases.
Radioactive decay takes place at an unvarying rate, no matter
what changes in pressure or temperature, or what chemical re-
actions go on, so it provides a very reliable clock. Uranium, tho-
rium, rubidium, and samarium are all unstable and gradually
decay, but the most important for dating sedimentary sequences
IS potassium, which decays to argon. The decay rate for radio-
active potassium has been determined, and If one can measure
the amount of the parent potassium and the amount of daughter
argon, It Is possible to calculate the age of a sample in million
years. The greater the ratio of daughter argon to parent potas-
sium, the older the rock.

In practice this radiometric dating Is a complicated and so-
phisticated task, with all kinds of possibilities for error. For ex-
ample, argon Is a gas and sometimes the daughter argon leaks
out of a sample over millions of years, making It appear too



34 CHAPTER TWO

young. Or If some argon was incorporated in the mineral when
It first formed, the apparent date will be too old. Yet the geo-
chronologists, or age-daters, who do this work have become
very sophisticated and skilled, and many accurate age dates are
now published each year.

Our present understanding of the time scale of Earth history
comes partly from fossils and partly from numerical ages tied to
the fossil information. But another important key to developing
the time scal e has been the study of reversals of the Earth's mag-
netic field. Thisis how Bill Lowrie and | got involved in time-
scale research, and how we were introduced to the mysterious
extinctionof T. rex.

FOSSIL COMPASSES AND THE REVERSING
MAGNETIC FIELD

Bill Lowrie Is a geophysicist from the southern
Scottish town of Hawick. He and | came to Lamont-Doherty
Geological Observatory, Columbia University's oceanographic
and geological |aboratory, at about the same time, in the early
1970s. As hungry young researchers we were looking for excit-
INg projects, and we started sharing ideas.

| told Bill that | was interested in deciphering the origin of the
Apennine Mountains in ltaly, where | had been working, and he
told me what could be done with paleomagnetism, his specialty
In geophysics. Some rocks contain magnetic mineral grains
which record the direction of the Earth's magnetic field at the
time they were deposited as sediments, or cooled as lava flows.
These magnetic mineral grains act like hidden fossil compasses,
and In the laboratory paleomagnetists can read those foss|
COMmpasses.

Paleomagnetism had been critical in the plate tectonics revo-
lution In the 1960s. Plate tectonics was a modern version of the
Idea of continental drift, and it swept away the old view that all
continents had always remained in fixed positions. If continents
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had never moved, as most geologists believed in the first half of
the twentieth century, then all fossil compasses in all rocks
should still point north. The pioneering paleomagnetists had
shown that this was absolutely not true. The fossil compasses—
the remanent magnetization—often pointed in other directions
because of rotation of the moving continents since the rocks
were formed.

At the time Bill and | began our research careers, the theory of
plate tectonics had just been accepted, and the rotations of large
continental masses were at least roughly known from the early
paleomagnetic studies. Having been an oill company geologist
INn Libya and a researcher in Italy for a few years, | had become
Interested in the complex geological evolution—the tectonics—
of the Mediterranean, which seemed to involve motions and ro-
tations of plates much smaller than the maor continental
masses. Bill and | started to talk about M editerranean tectonics;
we found ourselves using the term "microplates’ and wonder-
INng what paleomagnetism might tell us about their motions. We
realized that If the continental crust of Italy had rotated as a
microplate during the deformation of the Apennines, we should
find the fossil compasses In Apennine sediments rotated out of
alignment, no longer pointing north.

So we made a trip to collect rocks in the Apennines, with our
wives Milly and Marcia as field companions. In sunshine and
rain, we criss-crossed the mountains, sampling the Scaglia rossa,
because its rust-red color indicated the presence of the iron-
oxide mineral hematite, which might record the Earth's mag-
netic field. Part of the time we worked with my friend Ernesto
Centamore, a giant Italian with a gargantuan appetite for life,
for food, and for geology. Ernesto took us to Isabella Premoll
Silva's outcrops at Gubbio, which he claimed were the best ex-
posures of Scaglia rossa anywhere. Indeed the Gubbio outcrops
were spectacular, and we collected many samples up through
the beds of limestone. We were hoping to see a progressive rota-
tion during the time of deposition of the Scaglia, with the older
fossl compasses twisted farther away from north than the
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Bill and Marcia Lowrie near Gubbio, drilling samples for a paleomag-
netic study.

younger ones. That would be the paleomagnetic signature of a
rotation of the Italian microplate.

It had seemed like a fine i1dea, but unfortunately, when Bill
measured the magnetization of the samples In the lab at
L amont, we realized that what we could |learn was very limited.
The fossil compasses pointed around to the west of north, show-
Ing that the crust of Italy had indeed rotated. But we couldn't
work out the detailed history of rotation because the presence of
bedding planes separating limestone beds had allowed the beds
to twist around relative to one another during the Apennine
folding that had given the limestone layers their 45° dip. The
detalled pattern of remanent magnetization did not reflect the
rotation of the Italian microplate; It was due to insignificant
local disruption of the limestone.
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This was a big disappointment to us. It seemed that we had
wasted our time collecting all those samples. But then we dis-
covered something that turned out to be much more important
than measuring microplate rotations could ever have been. Al-
though most of the Gubbio limestones had fossil compasses that
pointed generally northward, a few of them pointed in exactly
the opposite direction! Magnetic reversals had been discovered
around 1960, and were a hot topic at Lamont, and Bill and | real-
Ized almost immediately that we were seeing a new kind of
record of the reversals of the Earth's magnetic field. We were
seeing a global phenomenon, something even more interest-
INng than a local effect of the complicated tectonics of the Medi-
terranean.

It had been a real surprise to geophysicists, just a decade
earlier, to find that at many times in the past, the Earth's mag-
netic field had reversed. The Earth acts as If It had a huge bar
magnet In its interior, aligned roughly north-south, producing
the global magnetic field which aligns the compasses on ships
and the fossil compasses in rocks. But there is no bar magnet
down there, for iron could not stay magnetized at the high tem-
peratures deep In the Earth. The fidd iIs actually produced by
swirling convective motions in the liquid iron core, which be-
haves like a magnetic dynamo. The early paleomagnetists found
fossil compasses In young volcanic rocks that point north In
some lava flows and south In others. After a long debate and
many measurements they proved that the Earth's magnetic field
has switched from pointing north to pointing south, and back
and forth, over and over again for reasons that are still not
understood. The rotation and the orientation of the Earth have
not changed. Only the direction of Its magnetic field has
reversed.

Mysterious though they remain, magnetic reversals had been
critical in testing the theory of plate tectonics a few years before
Bill and | went to Gubbio. Proponents of plate tectonics had
clamed that ocean basins grow by sea-floor spreading, with
new ocean crust forming where submarine lavas cool at the
crests of submerged mid-ocean ridges. And then it was recog-
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nized that the ocean basins are imprinted with a magnetic strip-
Ing, formed as cooling lava at the ridge crest traps a record of
the magnetic field direction, normal and reversed. The sea-floor
magnetic stripes were mapped by towing magnetometers be-
hind ships and airplanes criss-crossing the world's oceans. The
ages of the last few magnetic reversals were dated in Hawallan
lavas and corresponded to the widths of the youngest magnetic
stripes on the sea floor. It was the most important of the many
proofs of plate tectonics.’

The magnetic stripes on the sea floor continued on back into
older and older ocean crust. But there had been no way to date
the older reversals, and therefore no way to date the older ocean
crust. Those dates were needed in order to work out the history
of plate motions and continental drift. It had been a frustration
to the pioneers of plate tectonics, but as soon as Bill and | saw
those first reversed directions from Gubbio, we knew that the
key to dating the reversals was staring us in the face. After all,
the Scaglia rossa iIs full of forams—the best tool for dating ma-
rine sedimentary rocks, in the sense of placing them in the se-
quence of named historical intervals. We had just discovered
that the Scaglia also records magnetic reversals. |n a round-
about, unexpected, very lucky way, we had gotten the break
that all young researchers dream of!

We made a new trip to the Apennines to take closely spaced
samples up and down the Scaglia rossa, to determine the de-
talled history of magnetic reversals. Almost immediately we
found that we were not the only ones who had realized that the
Scaglia rossa contained a record of magnetic polarity history. In
the alumni newsletter from Princeton | read that my former pro-
fessor, Al Fischer, was doing the same thing, with two of his
current graduate students—Mike Arthur and Bill Roggenthen—
together with Isabella Premoli Silva and paleomagnetist Gio-
vanni Napoleone from Florence.

At first we were deeply disappointed. In science, simultane-
ous discoveries like this may lead to intense competition, which
IS often beneficial, or to feuds, which are always malignant. To
avold an argument over who made the discovery first, we got
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Al Fischer describes the KT boundary outcrop at Gubbio to a group of
geologists on afield trip.

together with Al's team and agreed to join forces and work to-
gether. In 1976, Paolo Pialli organized a conference to discussthe
results, and in 1977 we published a set of five papers showing
that the Gubbio Scaglia rossa records the same sequence of long
and short polarity zones that Is seen In the oceanic magnetic
stripes.” The Earth has two tape recorders recording the polarity
of the magnetic field, and they give the same reversal history,
even though the sea-floor recorder runs 6,000 times faster than
the deep-sea sediment recorder.

Over the next few years Bill and |, together with Al's group
and a number of other colleagues, worked our way down
through the Cretaceous and up through the Tertiary, deter-
mining the sequence of magnetic reversals and dating them
with forams. Other paleomagnetists tried to do the same thing
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on pelagic sediments In deep-sea drill cores recovered by the
Glomar Challenger, but they never seemed to be able to get a
good reversal record, apparently because the vibrations of the
drill bit loosened the soft pelagic mud of the cores, allowing the
magnetic minerals to reorient. Later on, when quiet coring tech-
niques were developed, our reversal sequence was confirmed
from deep-sea cores, but for a few years Iin the mid-1970s It was
only the hard pelagic limestones exposed on land which could
be used to date magnetic reversals. Those of us who were work-
INng In the Apennines took advantage of that little window of
opportunity, and after several detalled studies, Bill and |
summed up the results in a paper entitled "One hundred mil-
lion years of geomagnetic polarity history."™

SUBVERSIVE HINTS FROM A BED OF CLAY
AT GUBBIO

Bill Lowrie and | returned to Gubbio several
times In the mid-1970s, collecting more and more samples for
determining the positions of magnetic reversals in the Scaglia
limestones, In order to date them with |sabella's foram ages.
Sometimes lIsabella would come to work with us, and she
showed us how to recognize the boundary between the Creta-
ceous and the Tertiary, which she had identified years earlier as
a student. With a hand lens you could spot the near extinction
of the forams, which are abundant and as big as sand grains in
the top beds of the Cretaceous, but with only the very smallest
ones surviving into the first beds of the Tertiary.

Bill and | learned to identify the KT boundary ourselves, and
as we |ocated this key break In outcrop after outcrop across the
Apennines, we began to wonder about its significance. Why had
the forams almost become extinct? What had happened to cause
that extinction? And why was It so abrupt? At Gubbio, and
In each new outcrop we found, there was a layer of clay about
a centimeter thick, lacking fossils, between the last limestone
bed with Cretaceous forams and the first limestone bed that
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The near extinction of the planktic foraminifera at the KT boundary at
Gubbio. The lower microscope photograph shows the large forams, up
to 1 millimeter across, in the top bed of the Cretaceous. The upper pho-

tograph, at the same scale, shows the much smaller forams in the first
bed of the Tertiary.
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contained only the new Tertiary ones.” Did the clay have some-
thing to do with the extinction?

We invited Al Fischer to come to Lamont to give a lecture,
and he stressed that the extinction of the marine microfossils
that marked the KT boundary in the Gubbio limestones was at
least approximately the same age as the most famous of all
extinctions—the disappearance of the dinosaurs. The more |
thought about the KT boundary, the more it fascinated me.

| remember very clearly walking around the grounds at
L amont one day shortly after Al Fischer's talk there and realiz-
Ing fully that this was a world-class scientific problem. Much of
the work we do as scientists involves filling in the detail s about
maitters that are basically understood already, or applying stan-
dard techniques to new specific cases. But occasionally there is
a guestion that offers an opportunity for a really maor discov-
ery. Choosing what problems and what kind of problems to
work on is a critical strategic decision for a scientist. The gues-
tion of the KT extinction looked like one that could lead In to-
tally new directions, and by the time | finished my walk, | had
decided that | would try to solve It.

The disappearance of the Cretaceous forams as recorded In
the Scaglia limestones appeared to have taken place suddenly,
perhaps even catastrophically. But in the mid-1970s the thought
of a catastrophic event in Earth history was disturbing. As a ge-
ology student | had learned that catastrophism is unscientific. |
had seen how useful the gradualistic view had been to geolo-
gists reading the record of Earth history. | had come to honor it
as the doctrine of "uniformitarianism” and to avoid any men-
tion of catastrophic events in the Earth's past.

But Nature seemed to be showing us something quite differ-
ent. That little bed of clay at Gubbio was in conflict with gradu-
alism, the most useful and cherished concept in geology. So let
us now see why gradualism had such a tight hold on thinking
about Earth history.
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Gradualist versus Catastrophist

BIBLICAL CHRONOLOGY
AND CATASTROPHISM

N previous centuries, travelers crossing the Alps
on primitive tralls faced drowning in wild rivers, freezing In
blizzards, or burial by avalanches. As grim obstacles, slashed
through by dark canyons and capped by a wilderness of glacial
Ice, mountains must often have seemed threatening in the past.

When scientists began to turn their attention to what we now
call geology, an obvious guestion was how mountains like the
Alps came to be. We now see that the answer to this question
depended on how much time was available for their creation.
Mountains could form slowly and gradually if there was lots of
time In Earth history. However, the early geologists automati-
cally assumed a brief history, because the Bible actually lists the
generations of our forefathers back to the creation of the Earth,
and the Bible was accepted as an accurate account of history. On
this basi's, James Ussher, an Anglo-Irish bishop (1581-1656), de-
termined that the Earth had been created in 4004 B.cC.

With so little time available for its formation, a mountain
range like the Alps could only be seen as the wreckage from a
catastrophe, and perhaps this view resonated with the gloom
that travelers evidently felt while crossing mountain barriers.
As long as the biblical chronology was accepted, people who
thought about the history recorded in rocks and landscapes had
to conclude that changes in the Earth's past had been very
rapid. This viewpoint came to be called catastrophism.

Geology could not become a real science until the strangle-
hold of Biblical chronology was broken. Geologists have long
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attributed this breakthrough to two scientific heroes. The first of
these was the elghteenth-century Scotsman, James Hutton, who
IS credited with the discovery that the Earth Is enormously
ancient. The other was the nineteenth-century Englishman,
Charles Lyell, recognized as the father of “'uniformitarianism—
the view that all changes in Earth history have been gradual.
Although these traditional accounts are now recognized as
oversimplified and misleading,” they were accepted until re-
cently by most geologists and paleontol ogists.

TO MAP THE PLANET

Hutton's ancient Earth and Lyell's uniformitar-
lanism gave geologists the tools they needed to approach their
central scientific problem—to understand rocks and |andscapes.
Long-familiar mountains like the Alps and dramatic, newly dis-
covered landscapes like the Grand Canyon no longer required
catastrophic explanations. Slow deformation and slow erosion
over very long periods of time better explained what geologists
saw In the field. John Muir poetically but correctly attributed the
vertical walls of Y osemite to the slow grinding of glaciers, rather
than to violence and catastrophe: "Nature chose for a tool not
the earthquake or lightning to rend and split asunder, not the
stormy torrent or eroding rain, but the tender snow-flowers
noiselessly falling through unnumbered centuries, the offspring
of the sun and sea."’

The concept of an ancient Earth made it possible to under-
stand rocks and landscapes correctly, but It raised a new prob-
lem. Geologic processes, active through the 4,600 million years
of Earth history, have produced an enormously complex and
varied array of rocks. Those rocks, constituting the historical
record of the Earth, are to be found all around the globe—in
farmlands, deserts, mountains, jungles, and under the sea. De-
scribing all those rocks and interpreting all that history would
be a formidable task. It would take generations of geologists to
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complete. And so, beginning in the nineteenth century, geolo-
gists settled down to do what was clearly a necessary task—to
measure and describe the rocks of the entire surface of the world
and to plot their distribution on detailed maps that would be the
basis for understanding Earth history.

Constructing an accurate geologic map of an area, showing
the locations of all the different kinds of rocks and their geomet-
rical relationships, is a challenging and rewarding task, and ge-
ologists became very skilled at mapping. |I've made several geo-
logic maps at a variety of scales, and | take pride and pleasure
INn them.

As the decades went by, systematic geologic mapping pad
off In a more and more detailed knowledge of the history of the
Earth, region by region. Mapping led to dramatic discoveries,
like the recognition by geologists in the Alps that thick sheets of
rock have been pushed up and over younger rocks for many
kilometers along breaks called thrust faults.” There were also
enormous economic benefits, for geologic mapping led to the
discovery of huge oll reserves and mineral deposits. It IS no ex-
aggeration to say that twentieth-century technical and industrial
civilization rests on a foundation of natural resources largely
found through geologic mapping.

The need was real and the task enormous. But as generation
after generation proceeded with the work of mapping, many
lost sight of the original goal of fully understanding the planet.
Mapping itself became the goal. The desire of many geologists
was to find a new, untouched field area where no one had
mapped before. As fresh areas became rarer, geologists looked
ever more closely at rocks already known.

Geologic mapping was satisfying and useful, but 1n retrospect
most of It seems to me to have been intellectually pretty routine.
While early twentieth-century physicists were reading "the
thoughts of God," In Einstein's phrase—exploring the majestic
curvature of spacetime on the scale of the universe and discov-
ering the welrd quantum behavior of the infinitesimally small—
geologists labored to reconstruct the paths of ancient rivers and
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the pattern of lands and seas at various times in the past. Rela-
tivity and guantum mechanics were stretching the minds of
physicists almost to the breaking point, forcing them Iinto
worlds of thought where no one had gone before, and radically
changing our entire concept of the universe. Geology simply
asked I1ts apprentices to learn the techniques of geologic map-
ping and to memorize a lot of complicated terminology and
then it sent them out to add to the growing knowledge of the
rock record of the Earth.

And yet, with hindsight, we can see that the mapping was an
Investment which i1s now paying great dividends. Physics could
make great discoveries quickly by reducing complicated prob-
lems to simpler components because physics investigates the
fundamental laws of Nature, which do not change and do not
become more complex through time. Geology seeks to under-
stand the Earth, which has evolved over 4,600 million years,
accumulating more and more historical complexity in its rock
record. That century and a half of mapping the Earth produced
the detailed knowledge of the rock record which is now allow-
INg geology to emerge as a mature science, skilled at interpret-
Ing historical complexity, and therefore perhaps the discipline
best prepared to lead science into the holistic world of the
twenty-first century.

THE LURE OF ADVENTURE

When | arrived at Princeton, my fellow graduate
students were mapping the rocks all around the Caribbean as
part of the research program of Professor Harry Hess, and | was
fascinated by their stories of adventures in the field. Eldridge
Moores, later to make fundamental discoveries in the plate tec-
tonic revolution and to become the President of the Geological
Soclety of America, told about the harrowing ordeal of trying to
drive Professor Hess over the mountainous Southern Peninsula
of Haiti. During a midnight downpour, their jeep kept stalling
In a river infested with parasites, while voodoo drums were
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beating ominously around fires in villages on the banks. Jack
L ockwood, who was to spend his career helping people avoid
the hazards of active volcanoes around the world, was just back
from his first field season mapping in the Guagjira Peninsula, at
the northern tip of South America, and was full of stories about
living with the Indians of that remote desert wilderness. That
was what | wanted to do!

Professor Hess accepted me to work on his Caribbean Project,
and fiedd geology provided all the adventure | had hoped for.
After two seasons of mapping in the Guajira Peninsula, a fortu-
nate blind date led to a whirlwind romance with a young gradu-
ate student in psychology named Milly, who loved travel and
adventure as much as | did. We spent a long honeymoon in the
roadless desert of the Guajira, as| constructed a detailed map of
that particular part of the world. We slept in the back room of
Robertico Barroso's trading post or in hammocks next to a
campfire wherever the mapping took us. We spoke Spanish and
learned a little Guajiro from our field companion, Lucho Re-
strepo, played guitar, sang the songs of Colombia and Vene-
zuela, and came to know a way of life that would soon disap-
pear. We learned about the traditional Indian law which ruled
the peninsula and about the symbols of the Guajiro clans, and
about the ancient feuds and the use of poisoned arrows. We
drove our Land Rover across the sands and up the rocky ar-
royos, filled our barrel with more-or-less drinkable water from
windmills, talked and sang all night with Indians and smug-
glers over bottles of warm beer, and went to town once a month
for supplies. So maybe my Ph.D. thesiswas not very challenging
scientifically, but it filled in another gap in the geological map-
ping of the world, and It was an unforgettable adventure.

THE PRESENT ISTHE KEY TO THE PAST

As students of geology, learning the skills of field
mapping, we absorbed the traditional, exclusive focus on slow,
gradual processes. We were proud that our discipline had made
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one fundamental contribution to the edifice of science. That con-
tribution was not the discovery of the antiquity of the Earth, or
the theory of evolution, but the principle of uniformitarianism.

One way of expressing uniformitarianism was with the
phrase, "The present Is the key to the past." That formulation
was a bit vague, but it was useful In many situations. It meant
that If you wished to understand the sedimentary deposits of an
ancient estuary—the layers of mudstone, the rippled sand-
stones, and the burrows cutting through the beds—you should
go and study a modern estuary like San Francisco Bay, wading
through the mudflats, measuring ripples in the sands where
tidal currents are flowing, and finding out which kinds of clams
are digging the burrows.” This formulation of uniformitarianism
fit the preference for a quiet, gradualistic Earth, because the only
processes geologists could directly observe—and live to tell the
tale—were calm, quiet ones. Geologists made great progress in
Interpreting ancient sedimentary deposits of all kinds by follow-
INng the uniformitarian admonition that the present is the key to
the past. It was an excellent research strategy and led to many
discoveries.

But uniformitarianism had a second meaning. Accepting that
the present is the key to the past, and being aware that no really
major catastrophes have happened In recent human history—
nothing worse than big earthquakes or volcanic eruptions—
geologists believed for more than a century that catastrophes
have played no role in Earth history.’

NATURA NON FACIT SALTUM

Evolution In the observational sense—that the
fosslls change as we work our way up through the sedimentary
rocks from older to younger—was an 1nescapable conclusion to
pal eontologists as far back as William Smith around 1800. Early
pal eontologists noticed that at certain levels in the stratigraphic
record there were sudden, dramatic changes in the kinds of
fossils present. They found that these breaks were recognizable
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over long distances and could be used as boundaries, to divide
Earth history into named intervals. The most recent of these
great discontinuities in the fossil record was used to define
the boundary between the Cretaceous Period and the Tertiary
Period.

Lyell, as part of his uniformitarian view of history, believed
that the rate of biological change recorded by fossils has always
remained the same. The nearly total difference between the fos-
slls at the top of the Cretaceous and those at the base of the Ter-
tiary thus presented a dilemma for Lyell. He was forced to the
conclusion that an enormous amount of time had gone un-
recorded—that no sediment had been deposited in any place yet
discovered during the long interval that would be needed for
those great alterations in fossils to unfold at the usual slow rate
of change. More time had passed, unrecorded, at the Creta-
ceous-Tertiary boundary, he argued, than has passed during all
the time since then.” This remarkable conclusion was a neces-
sary consequence of his belief in uniformity of rate. The Gubbio
limestones with the thin bed of clay at the KT boundary were
not studied until long after Lyell's death. His view of history
would reqguire that the clay bed represent more time than all the
hundreds of meters of Tertiary rocks above it. | wonder what
Lyell would have thought of that outcrop....

Until the middle of the nineteenth century, no one under-
stood the reason for the evolutionary changes recorded by fos-
sils. The breakthrough came in 1858, when Wallace and Darwin
proposed, independently and almost simultaneously, that evo-
lution occurs through the natural selection of favorable traits.
This explanation has in large measure endured to the present
time, encapsulated in the phrase, "the survival of the fittest." Al-
though Wallace wrote his paper first, Darwin supplied the con-
vincing detailed evidence, bore the brunt of the angry attacks,
and usually gets more of the credit for the theory.

There was an intriguing interplay between Darwin and Lyell
In the formulation of the theory of evolution. Darwin was
strongly influenced by Lyell's Principles of Geology on his long
voyage around the world on the H.M.S. Beagle from 1831 to
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1836, while he was making the observations which later led him
to the theory.” Darwin made Lyellian gradualism a key tenet of
the theory of evolution when he came to write his own classic,
The Origin of Species. The vulnerability of the gradualism which
Darwin built into the theory was immediately recognized by
T. H. Huxley, the strong supporter who came to be known
as "Darwin's bulldog." Huxley wrote to Darwin, "You have
loaded yourself with an unnecessary difficulty in adopting na-
tura nonfacit saltum so unreservedly."® Natura non facit saltum—
Nature does not make sudden jumps—nevertheless remained a
central tenet of Darwin's theory, and has strongly influenced
paleontological thought down to the present time. Nature, it
seemed to most Earth scientists, was a calm, well-regulated do-
main in which catastrophes and irregularities were forbidden.

A CRACK IN THE UNIFORMITARIAN FACADE—
THE SPOKANE FLOOD

In one memorable episode, however, the gradu-
alist orthodoxy was threatened by a dissenting opinion. The
challenge arose In the 1920s when J Harlen Bretz, of the Univer-
sity of Chicago, described a network of huge, dry channels in
the aptly named "scablands” around Spokane, 1n eastern Wash-
Ington. The dry channels looked like river valleys with rippled
sand bars, but on a gigantic scale. Bretz proposed that they had
been scoured out by the waters of an Immense, catastrophic
flood during glacial times. A catastrophic flood! It must have
seemed like the return of biblical catastrophism. The full weight
of uniformitarian doctrine came down on Bretz, as geologists
who had never even been to Washington contradicted his inter-
pretation, convinced that catastrophism of any kind was un-
scientific nonsense.’

In all fairness, Bretz was unable to say where the sudden
flood of water could have come from, so there was indeed rea-
son for doubt. But Joseph Thomas Pardee recognized beach
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lines, high on the mountainsides above Missoula, Montana, up-
stream from the scablands, and correctly interpreted them as
marking shorelines of a huge lake that had once filled a deep
valley temporarily dammed by glacial ice.” By the 1940s it was
clear from Pardee's studies that the ice dam of Glacial Lake Mis-
soula had broken as the glacier melted back, releasing an
enormous flood of water that catastrophically eroded the chan-
nels of the scablands.

Nevertheless, uniformitarian dogma blocked acceptance of
the Spokane Flood for two more decades until similar scablands
were discovered on space-probe images of Mars. Finally, In
1965, a new examination of the evidence in the field by an inter-
national group of geologists made it clear that Bretz had been
right all along, and at age 83 he recelved a congratulatory tele-
gram from the people on the trip that said, "We are now all

catastrophists."™

Despite the occasional crack in the facade, by the mid-twenti-
eth century, most geologists were still uniformitarians, but few
geologists had ever read or really understood Lyell. We only
learned that he had been the founder of geology and that the
established wisdom of our science was that nothing really dra-
matic—no catastrophes—had ever happened In the planet's
past. This was the mind-set of the time, as Milly and | camped
IN the Guagira Peninsula In the mid-1960s and | prepared the
map required of an apprentice geologist.

GEMINI, APOLLO, AND THE SPACE PROBES

| remember several days in August of 1965, dur-
INng a severe drought In the Guajira—days which were almost
surrealistic at the time and seem strangely symbolic In retro-
spect. It was the time of the yearly fiesta at the trading post of
Taparguin. People came from everywhere and consumed large
quantities of roast goat and sheep and the homemade white
lightning called chirinchi, to the accompaniment of music and



52 CHAPTER THREE

dancing. The parish priest arrived from a hundred kilometers
away, baptized the new babies, and prayed for rain. The next
day it rained a bit, to the delight of everyone—especially the
priest. The following evening Milly and | went to a funeral near
Taparguin and saw how the Guajiros mourn, with more roast
goat and sheep and more chirinchi, weeping around a fresh cof-
fin under the stars. And as these timeless events unfolded, we
would occasionally tune in a shortwave radio and listen to the
messages from the Gemini V spacecraft, as Gordon Cooper and
Charles Conrad passed overhead through the night sky, circling
the Earth again and again as NA SA prepared to go to the Moon.

It was a jarring contrast, and It seemed symbolic of a major
transition in human history. Soon the Guajiro way of life, like
so many traditional ways everywhere, would disappear. The
drought continued and many of the Indians moved to the city of
Maracaibo. Then a huge coal mine was opened and a railroad
laid to carry the coal to a harbor built on the coast of the Guajira.

Although It took many years to play out, that jarring contrast
was symbolic of a change in geology as well. My science was
about to be shaken from bottom to top. The Space Program con-
tinued on track, and on Christmas Eve of 1968, Apollo 8 circled
the Moon carrying Frank Borman, Jim Lovell, and Bill Anders,
the first humans ever to leave the gravitational captivity of the
Earth. In a radio broadcast to Earth, they described the moving
contrast between the view down to the desolate waste of the
Moon and the view back homeward to the blue and green oasis
of Earth, and they read the first verses of Genesis—a Christmas
present to a country weary with civil unrest and war in Viet-
nam. "In the beginning God created the heaven and the Earth
... and God saw that It was good."

L ooking down at the Moon, the Apollo 8 astronauts saw un-
countable craters. When other astronauts walked on the Moon
a few months later, they collected samples of lunar soil, all full of
shattered rock fragments, with glass spheres that had been
melted by impact, and with tiny craters pitting the spheres. From
the study of these samples it became overwhelmingly clear that
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the craters which cover the Moon are due to the iImpact of aster-
olds and comets—to the kind of catastrophic events forbidden to
geological thought by the ruling uniformitarian view. Ralph
Baldwin, whose 1949 book, The Face of the Moon,” was another
lonely crack In the uniformitarian facade, had been correct in at-
tributing the lunar craters to impact. Before long, unmanned
probes to other planets and moons sent back Images which made
It clear that Impact craters are the rule in the solar system, not the
exception. In afew years, geology went from a discipline with a
single planet to study, to one overwhelmed by data from so
many planets and moons that it was hard to remember them all.
And most of those bodies were covered with impact craters.
Eugene Shoemaker was the leading scientist in the geologic

exploration of the Moon and the unmanned study of most of the
solar system. Almost before any other geologist was interested in
the Moon, Gene was using his surveyor's telescope to study the
Moon at night, in the clear skies of the Colorado Plateau, where
he had been sent by the U.S. Geological Survey to do field map-
ping. He proved the impact origin of Meteor Crater. He built the
Astrogeology Branch of the Geological Survey at Flagstaff. And
only a last-minute health problem kept him from being the first
geologist to walk on the Moon.

Gene might have expected that uniformitarian gradualism
would be swept away In the excitement produced by the geo-
logic discovery that rocky planets and moons throughout the
solar system are covered by impact craters. Geology should
have been transformed from a science that studied a single
planet to a science with an abundance of objects to investigate,
almost all of them covered with evidence of catastrophic Im-
pacts. But In a remarkable irony, that transformation did not
happen, and Instead, uniformitarianism became still stronger.
Moons and planets were largely ignored by the vast majority of
geologists, because the revolutionary discoveries of the lunar
and planetary missions were overwhelmed by a development
that was even more exciting, and which was fully uniformi-
taritan—Dby the plate tectonic revolution.™
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THE UNIFORMITARIAN TRIUMPH
OF PLATE TECTONICS

Up through the 1950s, most geologists believed
that the continents had always been just where they are now.
Vertical uplift and subsidence had always been undeniable be-
cause of evidence from ancient sea level, which imprints arefer-
ence mark by the deposition of coastal sediments like coral reefs
and beach sands. These ancient sea-level markers may now be
found high in the mountains or buried deep below the surface,
so vertical movements were accepted and were at the heart of
the history geologists sought to unravel

But the possibility of major horizontal movements was firmly
denied, because geologists could rarely find markers to provide
evidence for ancient horizontal movements. Challenging the ac-
cepted view that continental positions have always been fixed,
the German meteorologist Alfred Wegener argued in the 1920s
that the matching coasts of South America and Africa do pro-
vide a marker for horizontal motions. He argued that these con-
tinents must have once been side by side, and that they have
subsequently moved apart through continental drift.” Wegener
reassembled the present continents Into a monster continent
that he called "Pangaea,” meaning "all the lands." In his recon-
struction of Pangaea, not only did the shapes of the pieces fit
together, but any number of geologic features—ancient glacial
deposits, for example—al so fit together. It was like matching the
picture on ajigsaw puzzle. But most geologists either ignored or
ridiculed Wegener and his continental drift. The most valid rea-
son for ignoring him was that Wegener's driving mechanism
just had to be wrong—he pictured the drifting continents plow-
Ing through the deep solid Earth like ships through the ocean,
and geologists rightly refused to believe that this was physically
possible.

Most geologists thus believed In fixed continental positions
until the late 1960s, when the plate tectonic revolution took the
science of geology by storm.” New maps of the magnetic rever-
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sals Imprinted In ocean crust showed conclusively that some
oceans are gradually getting wider, and that new ocean crust Is
generated at mid-ocean ridges where deep mantle rocks rise
and cool. Accurate new determinations of earthquake |locations
showed that other oceans are shrinking as old ocean crust de-
scends back into the deep Earth at places marked by deep
trenches near lines of volcanoes. Geophysicists recognized that
the Earth's surface is divided up into a number of plates, each of
them moving relative to all the others and carrying the conti-
nents along with them. It was even possible to calculate past
plate motions.” Wegener had been right about continental drift,
except that continents do not plow through the deep solid Earth;
they are carried along as the deep Earth convects—as it slowly
turns over like a simmering pot of thick soup with a floating
layer on top—to allow Its internal heat to escape.

The plate tectonic discoveries electrified the Earth sciences.
Suddenly geologists working on one continent had a reason to
be interested In other continents, because widely separated con-
tinents might formerly have been adjacent. The ocean depths
were intensively explored. Continental-margin sediments and
the deformed rocks of mountain ranges were reinterpreted in
terms of expanding oceans, or of contracting oceans and collid-
INng continents. The fairly routine field of geology was suddenly
transformed Into perhaps the most dynamic science of the
1970s. The knowledge of the Earth acquired during more than a
century of detailled mapping pad off at last, as it guided the
formulation of a theory never envisioned while the mapping
was being done.

Few geologists who were involved In the plate tectonic revo-
lution will ever forget the exhilaration of all the new discoveries.
Almost all geologists were somehow involved, for plate tecton-
Ics affects almost every aspect of geology. Plate processes have
acted continuously for at least a thousand million years, and
their effects have been imprinted in one way or another on al-
most every rock on Earth. There were research opportunities on
al sides, and the new discoveries poured forth for more than a
decade, totally absorbing the interest of geologists everywhere.
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Many hundreds of geologists went out in the field and looked
at rocks with the new vision of plate tectonics, and came back to
contribute to the new understanding of the Earth. Meanwhile, In
a wonderful irony, the lunar landings—the first geological ex-
plorations of another world—were largely ignored. A single ge-
ologist, Jack Schmitt, and a few geologically trained astronauts
walked on the Moon. Lunar samples and the space-probe Im-
ages of planets were studied by a small number of scientists,
who recognized the overwhelming evidence for comet and as-
teroid impacts throughout the solar system.

Catastrophic 1mpacts were real and the strict gradualism
which denied the reality of impacts was dead, or should have
been. But most geologists were not paying attention. We were
overwhelmed by the even more exciting discovery of plate tec-
tonics, and the central concept of plate tectonics Is gradual
change. Oceans so wide that they take hours to cross in jet air-
craft have grown by sea-floor spreading over tens of millions of
years, at a rate of a few centimeters per year—about the rate at
which your fingernails grow. Plate tectonics was the most grad-
ual, uniformitarian theory imaginable. The lunar and planetary
evidence for catastrophic impacts was scarcely noticed by a geo-
logical community absorbed in the breakthrough of plate tec-
tonics, and all the old uniformitarian prejudices were reinforced
by the triumph of the plate tectonic revolution. The death of
strict uniformitarianism required by the craters spread all over
the solar system would have to wait.

THE UNIFORMITARIAN VIEW
OF DINOSAUR EXTINCTION

Plate tectonics theory guided much of geological
research in the mid-1970s. When Bill Lowrie and | went to the
Apennines, as recounted in the last chapter, our iIdea was to col-
lect paleomagnetic data to test a plate-tectonic Idea—to test
whether the Italian Peninsula had behaved as a rotating micro-
plate. Our plan had not worked out, but instead we found that
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we could determine the fossil ages of the magnetic reversals
which were the key to the timing of sea-floor spreading and
plate motion. But when we became familiar with the KT bound-
ary at Gubbio and learned to find it ourselves, | began to think
about problems completely unrelated to plate tectonics. Why
had there been a mass extinction at the KT boundary? Why had
nearly all the species of forams died out? Why had the dino-
saurs disappeared?

| had not learned much about the death of the dinosaurs In
college or graduate school. Mass extinction was treated as a
nonproblem, barely noted Iin passing. In 1886, Alexander
Winchell, Professor of Geology and Paleontology at the Univer-
sity of Michigan, used melodramatic prose to duck the question:
"A higher type Is now standing at the threshold of being. A
knell 1s sounding the funeral of the reptilian dynasty. The sau-
rlan hordes shrink away before the approach of a superior
being. After a splendid reign, the dynasty of reptiles crumbles to
the ground, and we know It only from the history written In
Iits ruins/"” Almost 50 years later, the account in a major text-
book was only alittle lessvague: "Whatever the cause, the |atest
Mesozoic was a time of trial when many of the hosts were 'tried
In the balance and found wanting'—wanting in adaptiveness to
the new environment."”

Accounts had become somewhat more detailed by the mid-
1970s, and they reflected the prevailing uniformitarian view of
Earth history, attributing the dinosaur extinction to climate
changes or to a fal in sea level. Whatever the mechanism might
be, the extinction was viewed as gradual, spread over a few mil-
lion years at least, and therefore not really a very important
question. Every species becomes extinct eventually. Extinction
IS a continual process, paleontologists said, and the dinosaur
species all died out, one after another, late in the Cretaceous,
and left no descendants. Dinosaurs, 1n the general opinion, be-
came extinct with a whimper, not with a bang. It did indeed
look that way; dinosaur bones are rare, the stratigraphic record
Isvery incomplete, and with few fossils preserved, a sudden ex-
tinction appears gradual.” Tyrannosaurus rex, the most famous
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of dinosaurs, Is known from only a few fossil specimens. Clearly
this does not provide enough information to distinguish a sud-
den extinction from a gradual one.

In 1978, Steve Gartner and John Keany proposed a terrestrial
catastrophe to explain the KT foram extinction.” They argued
that the latest Cretaceous Arctic Ocean had been isolated and di-
luted by fresh water from rivers. When a passage opened to the
rest of the ocean, they suggested, the fresher Arctic water floated
out over the ocean surface, quickly poisoning the forams. | al-
ways liked this ingenious idea and thought it might well be
right, until the evidence for impact began to mount up.

The main problem with the Arctic spillover hypothesis was
that its oceanographic mechanism did not offer an explanation
for the dinosaur extinction. Of course, in 1978 most pal eontol o-
gists believed the end of the dinosaurs to have been gradual and
unrelated to the abrupt foram extinction.

One dinosaur paleontologist stood alone. Dale Russell, whose
Ph.D. was from Berkeley and who worked at the Canadian Na-
tional Museum of Natural Sciences in Ottawa, had examined the
stratigraphic record of the disappearance of dinosaurs Iin detail
and was convinced that i1t required a sudden extinction. Dale
could not Imagine a terrestrial event capable of suddenly killing
all the dinosaurs, so he suspected an extraterrestrial cause. Start-
Ing from a previous suggestion that radiation from a nearby
supernova—an exploding star—could kill organisms on Earth,”
Dale and physicist Wallace Tucker proposed in 1971 that cli-
mate changes triggered by a supernova explosion had caused
the extinction of the dinosaurs.”

It was a catastrophic hypothesis, contradicting all the training
and experience of geologists and paleontologists. Dale's col-
leagues snickered quietly and ignored him. But the time was
coming for Dale Russell's view of sudden extinction due to
extraterrestrial causes, and soon there would be a flood of re-
search which would sweep away the strict doctrine of uniformi-

tarian geology.
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GEOLOGY AND PHYSICS

Uniformitarian gradualism provided an excellent
framework for answering guestions about the Earth. Geologists
learned uniformitarianism from their teachers and found that In
practice it almost always led to reliable explanations of geologic
features. Exceptions like the scablands of eastern Washington,
which seemed to require catastrophic causes, were explained
away or ignored. Gradualism had become a dogma.

It took me awhileto realize that the thin bed of clay at the KT
boundary at Gubbio not only raised the question of what had
caused the mass extinction, but that it also seemed to contradict
the gradualistic mind-set of geologists. The near extinction of
forams at Gubbio looked very abrupt. Al Fischer stressed in his
tak at Lamont that the dinosaur extinction had happened at the
same time. Could T. rex have perished in a catastrophic event?

It seemed to me that the clay layer at Gubbio might hold the
answer. But from what | could see with a hand lens and a micro-
scope, It looked like a pretty ordinary clay. Most of the beds of
Scaglia limestone are separated by thin clay partings, and al-
though the KT layer was a bit thicker, it did not seem particu-
larly unusual. The only reason that the KT clay attracted atten-
tion was that the forams were completely different in the beds
above and below It.

If there was a clue in the Gubbio KT clay layer, it would prob-
ably be something outside the usual experience of geologists. |
started talking about the extinction question with my father,
Luis W. Alvarez, a physics professor at the University of Call-
fornia at Berkeley. Dad was a master of experimental physics
and the leader of a research group at the Lawrence Berkeley
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L aboratory that had discovered a whole zoo of subatomic parti-
cles—work which had been honored with a Nobel Prize in 1968.
He always had a broad curiosity and the ability to dream up
novel approaches to interesting problems—as in the case where
he and his friend, the Egyptian archaeologist Ahmed Fakhry,
had x-rayed the pyramid of Kephren at Giza, using cosmic-ray
muons.” They had hoped to discover unopened rooms full of
treasure, but found Instead that the pyramid was solid rock
from bottom to top.

Dad did not originally think that geology was an interesting
science. It was my Mother, Geraldine, who got me interested In
rocks when | was in high school, by taking me and my sister
Jean on train trips through the spectacular scenery of the We<t,
and by showing me places in the Berkeley Hills to collect miner-
als. She still likes to remind me that my first rock hammer was
one | borrowed from her—and | ost!

| had gone away to college and graduate school, then lived in
Holland, Libya, and Italy. | rarely saw my father, and did not
know much about him as a scientist. But when Milly and | re-
turned from Italy in 1971 and | started working as a researcher
al Lamont, Dad came to visit. He was intrigued by all the geo-
logical and geophysical data he saw at Lamont and by the ex-
citement of the plate tectonic revolution that was just cresting,
and we thought 1t would be interesting to try to combine his
physics and my geology. We talked on the phone many times
and came up with some ingenious techniques for dating rocks.
We thought our ideas were new, but unfortunately other peo-
ple had previously invented them and found out why they
wouldn't work. Nevertheless, It whetted our appetite for work-
INg together.

MEASURING LYELL'S GAP WITH BERYLLIUM

By 1976, | was focusing my attention on the KT
extinction and | began to discuss it with Dad. What specific
guestion could we ask about the clay bed at Gubbio? What use-
ful measurements could we make?



|RIDIUM 61

| pointed out that It would be valuable to know how long it
had taken to deposit the clay layer. Very rapid deposition of the
clay would suggest a sudden cause for the extinction, but slow
deposition would suggest a gradual mechanism. Although we
did not know It yet, this was Charles Lyell's old problem in a
modern guise. As discussed in chapter 3, Lyell had noted In
1830 that the fossils In the top Cretaceous beds differ more from
those of the base Tertiary than the latter differ from living ani-
mals. Guided by his gradualistic view, he was forced to con-
clude that more time lay unrecorded In a stratigraphic gap
al the boundary than has passed during the entire Tertiary.
By 1976, it was obvious that this was wrong. Radiometric age
dates, although not abundant, placed the KT boundary at very
roughly 65 million years ago and allowed a gap of no more than
a few million years. The enormous faunal change in a short in-
terval of time meant that there had been a mass extinction, and
that Lyell's extreme gradual view was wrong.

Paleontologists knew this, but they still had a few million
years of leeway and could interpret the KT mass extinction as
gradual over that interval. However, Bill Lowrie and |, with
Al Fischer's team, had shown that the Scaglia limestone at Gub-
bio records all the magnetic polarity zones known from the
magnetic striping of the ocean basins. The reversed polarity
zone that contains the KT boundary seemed to represent about
0.5 million years and was present in the expected thickness, so
clearly the KT gap represented less than 0.5 million years, and
probably no more than 0.1 million years.

On a geological time scale, the mass extinction had been
abrupt. But had it been abrupt on a human time scale? We
needed to measure the sedimentation rate of the KT clay—was
It deposited in a year or less, or over millenia? Dad thought of
a way to find this out. He suggested that we measure the abun-
dance in the KT clay of the isotope beryllium-10, which has 4
protons and 6 neutrons. Be-10 is radioactive, with a short half-
life. It Is constantly being created in the atmosphere when high-
energy cosmic rays—fast-moving atomic nuclel from far away
IN the galaxy—slam into oxygen and nitrogen in the air, break-
Ing them up Into smaller fragments, including Be-10 nuclel.
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These freshly made atoms may be incorporated in sediment like
the KT clay at Gubbio. The more time the clay represented, the
more Be-io it would contain. The published half-life of Be-io,
2.5 million years, looked just right—fast enough for atoms pre-
dating the KT boundary to have disappeared and not confuse
the matter, and slow enough for at least some atoms contempo-
raneous with the clay to still remain. If we could measure the
Be-10 content, assume that the production rate 65 million years
ago was the same as today, and correct for radioactive decay
since then, It would be possible to calculate how much time the
clay represented.

Dad knew who could make the beryllium-10 measurements.
He put me in touch with Richard Muller, a young physicist at
Berkeley who had done his Ph.D. under Dad's supervision and
who had just invented a novel technigue for dating rocks and
other old materials. Rich had realized that a cyclotron—an atom
smasher that accelerates atomic nuclel to very high velocities—
could be used as a super-sensitive mass spectrometer to make
far better determinations of the abundances of different isotopes
of an element than had previously been feasible. Age determina-
tions using an accelerator mass spectrometer have been widely
used since then, and Rich's work on this and several other proj-
ects was about to be recognized with the MacArthur Prize, the
Texas Instruments Prize, and the Waterman Award of the Na-
tional Science Foundation.

Rich had a trip to New York scheduled, and in December of
1976 he came to visit me at Lamont. He gave a lecture to the
Lamont scientists about the potential of accelerator dating. |
showed him the warehouse full of ocean-bottom sediment cores
from all over the world, and we hiked along the cliffs of the
Palisades, overlooking the Hudson River, talking about how to
apply physicsto geological problems. It was the beginning of an
enduring friendship.’

Rich returned to Berkeley, and we talked on the phone and
exchanged letters full of calculations as we planned the mea-
surement of beryllium-10 in the KT boundary clay. Everything
was on track until we learned to our dismay that the published
half-life was Iin error. Be-10 actually decayed much faster than
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we had thought, with a half-life of only 1.5 millions years. There
would be so little left after 65 million years that we had no hope
of measuring I1t. The project was over. Scientific research has
many disappolintments for every success.

BERKELEY

It had been ten years since | received my Ph.D.
Milly and | had lived in South America, Holland, Libya, Italy,
and New Y ork. The life of the postdoctoral researcher is exciting
but precarious, and we were starting to think about a perma-
nent job. In 1977, a teaching position opened up In the Depart-
ment of Geology and Geophysics at Berkeley. | applied for it,
was interviewed by the Berkeley professors, gave the most im-
portant lecture of my life, and was invited to join the faculty. It
was a stroke of such good fortune that even now | can scarcely

believe it happened.

The near miss with Rich had only increased my determination
to solve the mystery of the KT extinction. As soon as | got to
Berkeley inthe fall of 1977,1 started spending time with Dad and
Rich, to learn more physics and to get them even more interested
In geology. Dad was ready for a new project. His dreams of
Pharoah's treasure in the pyramids had faded and the hunt for
new subatomic particles had slowed down. Dad was restless,
and he was ready to dig into a good mystery.

Shortly after | came to Berkeley, | gave Dad a sample of the
KT beds from Gubbio, which | had collected that summer with
Terry Engelder, a geologist from Lamont. Dad was hooked. We
decided to have another go at the question Rich and | had worked
on: How much time was represented by the clay layer that marks
the extinction level at Gubbio? How sudden had the extinction
been?

To be testable, a scientific question should be clearly for-
mulated, and here were the bits of information on which we
could base the formulation: The Scaglia rossa limestone was de-
posited on the floor of a fairly deep sea and Is made of 90-95
percent calcium carbonate. The calcium carbonate comesin part |,
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from the forams, and the rest is from the very much smaller coc-
coliths, or platelets secreted by floating marine algae, which can
only be seen with a powerful microscope. The other 5-10 per-
cent of the Scaglia is made of fine particles of clay which were
originally delivered to the sea by rivers or winds and then set-
tled to the sea floor, together with the forams and coccoliths.
The one-centimeter bed at the KT boundary was different—it
was made largely of clay. It had no original calcium carbonate,
and thus no forams or coccoliths to give a record of the detailed
history of life during the mass extinction.

In formulating the question of how much time the clay, bed
represents, we saw two possibilities. In the first scenario, the
rate of clay deposition would have remained constant and the
limestone deposition would have stopped during the extinc-
tion—perhaps because the extinction had left few forams or
algae to produce the calcium carbonate. In this case it would
have taken a few thousand years to deposit the clay bed.

In the second scenario, the deposition of calcium carbonate
would have continued uninterrupted and there would have
been a brief pulse of increased supply of clay to the ocean, per-
haps due to more active river erosion or intense storms. In
this case the clay bed might represent only a few years. Which
had been constant—the deposition rate of limestone or that of
clay?

The guestion was now precisely formulated: Did the clay bed
represent a few years, or a few thousand years? It was also for-
mulated in a way that would tell us something interesting about
the extinction event. Were the limestone-producing organisms
out of action for a few thousand years, or had there been a few
years of abnormally rapid clay deposition?

|RIDIUM

How could we answer that question? We needed
something that had been deposited in the Scaglia limestone and
In the clay bed at a constant rate, and then we could calculate
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the time represented by the clay bed. The year before, Dad had
suggested that we use beryllium-io, formed at a constant rate in
the atmosphere. Now he had a new i1dea of the same general
kind—that the deposition rate of meteorite dust would be un-
changing. Big meteorites fal very occasionally at random
places, but fine meteorite dust from outer space falls constantly,
as a very light sprinkling all over the Earth, and If we could
measure the amount of meteorite dust in the clay bed and in the
normal Scaglia limestone, we would know the time represented
by the clay.

But this is rare stuff! You don't realize it when the occasional
microscopic grain of meteorite dust settles on your hand or your
head, and we knew of no way to extract meteorite dust from
ancient sediments and weigh it. But there was a chemical ap-
proach. Dad realized that we could analyze the clay for one of
the platinum-group elements.” These elements are far from
abundant In meteorites, but are present in quantities sufficient
to measure. The Earth as a whole must have about the same
fraction of platinum-group elements as meteorites do, because
both came from the swirling cloud of dust and gas which con-
densed to form the solar system. But the Earth's crust and sedi-
ments have much lower contents of platinum-group elements
than meteorites do. This is because these elements are absorbed
by Iron, and the Earth has an Immense iron core where the
Earth's allotment of the platinum-group elements must be con-
centrated. As a result, the sediments at the Earth's surface are
strongly depleted in them, to the point where they are barely
detectable with the most sensitive techniques.

We reasoned that meteorite dust, slowly accumulating over
thousands of years, would be the main source of the platinum-
group elements in the Scaglia sediments. If the clay bed had
been deposited over a few thousand years, it would have had
time to accumulate a detectable amount of platinum-group ele-
ments, but If It had been rapidly deposited in a few years It
would be essentially free of these elements.

From his knowledge of physics, Dad recognized that neutron
activation analysis was the appropriate technique for making
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the measurements, and when he studied the properties of the
six platinum-group elements, it was clear that iridium was the
one that would work best. We were in luck, because Frank
Asaro also worked at Lawrence Berkeley Laboratory Frank is a
nuclear chemist who developed techniques of neutron activa-
tion analysis for studying ancient pottery many years earlier,
and we hoped that he could measure iridium. Dad and | went to
see Frank.

FRANK ASARO

To understand Frank's analytical work, we need
to change our units again, as we did when shifting from years to
million-years in chapter 2. When chemists like Frank analyze a
rock sample, each element Is measured and reported as a frac-
tion of the total sample. For "major elements’ the fraction Is
stated as percent, meaning parts-per-hundred, so a particular
rock might contain 5.6 percent iron. In addition to major ele-
ments, careful analyses will measure some "trace elements,"” so
rare that they are reported as parts-per-million, or ppm. Really
sophisticated analytical techniqgues like neutron activation anal-
ySIS can measure trace elements at parts-per-billion levels, or
ppb. It takes some mental readjusting to think about trace ele-
ment concentrations, so here's how | do 1t: The human popula-
tion of the Earth is about 5 billion, so every five people make up
one ppb—it helps me appreciate what a truly tiny concentration
1 ppb represents.

You might ask why anyone would care about concentrations
that low, but geochemists have found that rare trace elements,
like rare fingerprints at a crime scene, can reveal the most inter-
esting things about events in the past. We did not know It yet,
but this was to be the case with the iridium measurements that
Frank could make.

How can scientists like Frank possibly measure ppb concen-

trations? How does neutron activation analysis work? Suppose
that all the 5 billion people in the world were gathered together
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on some vast plain, and you wanted to find out what fraction
had been born on a particular day, during a particular |-second
Interval. The answer would be a few parts-per-billion, and It
would be extremely difficult to measure, unless.... Unless per-
haps you could arrange for each of those few people to carry a
powerful spotlight, and you could float above the crowd at
night in a balloon and count the beams of light.

That's roughly how neutron activation analysis works. The
rock sample is put Iin a nuclear reactor and Irradiated with neu-
trons which are absorbed by atoms in the rock, making some of
the atoms unstable so that they decay radioactively. This is the
"neutron activation” In neutron activation analysis. When an
unstable, activated atom decays, It gives off a gamma ray—a
single photon of intense light. The photons coming from each
element have a specific, characteristic energy, which is a marker
for the presence of that particular element. Frank has a detector
that registers a count each time a gamma ray with the energy
characteristic of activated Iiridium, for example, passes through
It. This is the "analysis" In neutron activation analysis. Frank
analyzes for iridium by counting the beams of light.

The principle is not hard to understand, but doing the analy-
ses Is very difficult indeed. There are endless possibilities for
making mistakes and getting the wrong answer.” There are all
sorts of calibrations to be made, instruments can malfunction,
and contamination Is a maor danger at the ppb level.” A per-
son has to be almost pathologically careful to do this work well,
and Frank Is one of the best in the business. | think of him as
the intellectual heir of Tycho Brahe, the endlessly painstaking
Danish Renaissance nobleman whose precise naked-eye mea-
surements of the positions of planets in the sky allowed Kepler
to determine their orbits, which in turn led to Newton's unlock-
INng of the laws of motion and of gravity. Precise in habits and
speech, Frank hunts down potential mistakes with the ruthless-
ness of a counterspy, triple checks everything and then checks it
again, and he would be mortified If his numbers ever turned out
to be wrong. These characteristics also make him a formidable
opponent at cards, and he and his wife Lucille are both Life
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Masters in bridge. Perhaps by way of compensation, Frank has
one of the messiest desks |'ve ever seen!

Obviously this kind of finicky work 1s not for everyone, but
the potential payoffs can be enormous. We know today what
Killed the dinosaurs because of Frank Asaro's ability to make
these remarkable measurements.

Frank recelved us courteously and listened politely to our
Idea. He Immediately told us that he was already In contact with
Andrel Sarna-Wojcickli of theU.S. Geological Survey, a geologist
who studies ancient volcanic ash layers all over the western
United States.” Andrel had already recognized the potential of
Iridium as an indicator of sedimentation rate, and had proposed
measuring the iridium 1n soils, which presumably would come
from micrometeorites, as a way of dating the soils. This project
was on the back burner, but Frank would not agree to work
with us until he had checked with Andrel to be sure the two
experiments did not overlap.

Frank did not think he would be able to help us. In 15,000
analyses of pottery shards from archaeological sites, he had
rarely detected iridium. Fortunately, Frank found the idea inter-
esting enough that he agreed to analyze a dozen of my samples.’
| carefully chose the samples, including some from the clay bed,
some from the limestone beds immediately above and below,
and some from much lower down, for comparison.

THE PARTS-PER-BILLION SURPRISE

| gave the samples to Frank in October of 1977
and for months | heard nothing. Neutron activation analysis IS
an unavoidably slow technigue that involves long obligatory
waits, and In addition Frank's equipment had been down, and
he had a large backlog of samples to run. Months and months
passed, but finally Iin late June of 1978, | got a call from Dad:
Frank had at |last completed the analyses and something was se-
riously wrong. Frank wanted to see us.
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Dad and | walked into Frank's lab to see what the problem
was, and Frank showed us his results. We had expected about
o.I ppb of iridium If the clay bed had been deposited slowly,
and essentially none if It had been deposited fast. We had never
anticipated what Frank actually found—3 ppb of iridium in the
portion of the clay bed which did not dissolve in acid. Three ppb
was an extremely small amount of iridium to be sure, but it was
much more than we could explain by either of our scenarios.
Later Frank found that some of the iridium had been carried
away during acid treatment of the samples, so the final value
was 9 ppb.

Where had all that iridium come from? Possibilities quickly
sprang to mind: Could it have come from the supernova that
Dale Russell and Wallace Tucker had suggested to explain the
dinosaur extinction? Did It come from an impacting asteroid or
comet? Or could there be a noncatastrophic explanation? Maybe
the iridium was deposited from seawater somehow. Or maybe
the Earth had encountered a cloud of interstellar dust and gas.
What could possibly explain all that iridium?

DENMARK

Before we put a lot of effort into thinking up hy-
potheses and testing them, we needed to know whether the irid-
lum anomaly was restricted to the rocks around Gubbio or
whether 1t was a global characteristic of the KT boundary and
thus a critical clue to the global mass extinction. We obviously
could not immediately test whether the anomaly was truly
global, but we thought we should at least analyze for iridium at
one or two other KT boundaries far from lItaly.

So | went to the library to hunt for another KT site. It Is amus-
Ing now, when we know of more than a hundred KT sites
around the world where the iridium anomaly has been found,
to remember how hard It was to |locate even one more place to
sample. There were almost no reports of continuous stratigra-
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phy across the boundary—which of course reflected Lyell's old
Idea that the boundary represents a major gap in the record.
About the only candidate site was In Denmark, where there was
a bed of clay separating chalky limestones of Maastrichtian
and Danian age exposed In a cliff called Stevns Klint, south of
Copenhagen.

Stevns Klint seemed like our only chance for another KT
boundary. One of the blessings of a life in science is the world-
wide network of friends and colleagues you can build up. So |
called Soren Gregersen, a Danish seismologist | had known at
Lamont, and on my way home from fieldwork in Italy, Soren
met me at Copenhagen Airport. We drove to Stevns Klint with
Danish micropaleontologist Inger Bang, scrambled down the

cliff, and came to the clay bed.

It was clear right away that something unpleasant had hap-
pened to the Danish sea bottom when that clay was deposited.
Therest of the cliff was made of white chalk, a kind of soft [ime-
stone, which was full of fossils of all kinds, representing a
healthy sea floor teeming with life. But the clay bed was black,
smelled sulfurous, and had no fossils except for fish bones. Dur-
INng the time Interval represented by this "fish clay,” the healthy
sea bottom had turned into a lifeless, stagnant, oxygen-starved
graveyard, where dead fish slowly rotted. Oxygen-starvation
deposits like this are not uncommon in the rock record, but usu-
ally they represent local conditions. Could the Danish fish clay
represent aworldwide disaster in the ocean at the time of the KT
extinction? The Iridium measurements would tell. Soren and
Inger and | collected samples from the clay bed and from the
chalk above and below. Frank analyzed them, and in the fish
clay he found the anomalous iridium concentration.

We couldn't say, on the basis of two locations In Europe, that
the KT Iridium anomaly was a worldwide feature, but at least it
wasn't alocal peculiarity at Gubbio. It was not definitive, but we
didn't know of any place else in the world with a complete sec-
tion across the KT boundary where we could look for iridium.
Maybe this was all we would ever find. It was time to think
about a global explanation for the anomaly.



IRIDIUM 71

The cliff of Stevns Klint, in Denmark near Copenhagen. The soping
lower half of the dliff is the top of the Cretaceous, and the steep upper
part isthe lowest Tetiary.

OUTSHINING THE GALAXY

There was an explanation ready at hand. Perhaps
T. rex and all the other victims of the KT extinction had been
Killed by radiation from a supernova. This had already been dis-
cussed In the scientific literature,” but as a speculation rather
than a conclusion, for no one had ever found any evidence of a
KT supernova. Our first idea was that the iridium at Gubbio and
Stevns Klint might provide that evidence.

Nothing in our normal lives prepares us for the concept of a
supernova—the realization that a star, another sun, can sud-
denly blow up. Astronomers have never had the geologists
uniformitarian preference for quiet developments, and super-
novas are spectacular catastrophes indeed.
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Normal stars shine because atomic nuclel of hydrogen at thelir
centers are fusing together to form helium and heavier ele-
ments, with the release of prodigious amounts of energy. The
enhergy escapes In the form of photons which ricochet around
Inside the star, sustaining the pressure that keeps the gravity of
the star from shrinking It to a much smaller size. When the
photons finally reach the outer surface, they streak away Into
space as starlight, with some of the light warming planets like
Earth.

Stars shine steadily for millions or billions of years, but they
die when their fud Is exhausted. As their end approaches, they
may gradually dim down and fade out, but some stars die a
sudden and cataclysmic death. When the hydrogen fud is fi-
nally exhausted, the sustaining pressure disappears and the star
finally collapses—and once the pressure iIs gone, the collapse
can be extremely rapid. All of the suddenly unsupported mass
of the star falls toward its center. Some fraction of the star mat-
ter bounces back from the pile-up at the center, and the bounce
throws this material violently outward into the surrounding
space. This stellar explosion Is so colossal that the supernova
may briefly outshine all the other hundred billion stars Iin its
galaxy!”

A supernova would be instantly fatal to any life on a planet
circling it, but life itself could not exist without supernovas. The
primordial universe that emerged from the Big Bang consisted
almost entirely of hydrogen and helium. All the other elements
have been made by nuclear fusion inside stars and flung into
space when those stars exploded. The rocky Earth and our
carbon-based bodies are largely composed of the debris of stars
that blew up. Supernovas made life possible, but if one occurred
INn a star in the Sun's neighborhood, it would be a major disaster,
with the Earth's surface bathed In dangerous or lethal radiation
and the climate seriously disrupted.

Fortunately, a nearby supernova should occur only once in a
billion years or so, but unlikely events do happen. A supernova
just might explain one truly rare event like the KT extinction. So
what Dale Russell and Wallace Tucker suggested in 1971 made
lots of sense—a supernova might well have killed the dinosaurs.
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It was a suggestion that sounded reasonable to astronomers,
who have photographed supernovas, and to physicists, who un-
derstand the nuclear processes that make stars explode. The
Idea was unpalatable to geologists partly because of the uni-
formitarian tradition, but partly because no geologist had ever
seen evidence for an ancient supernova in the rock record. What
kind of rock record would a supernova leave?

THE GUBBIO CLAY LAYER
AS A SUPERNOVA RECORDER

There was an iridium anomaly right at the extinc-
tion level, In at least two places. Could this be evidence for a
supernova? All the elements heavier than helium are made In
stars and scattered around by supernova explosions. Ilridium
was one such element, so maybe our anomalous iridium came
from a supernova. How could we test that idea? Dad realized
that a nearby supernova would deposit plutonium-244 made by
stellar processes, as well as iridium, so we could test the super-
nova hypothesis by analyzing the KT clay for plutonium-244.
This isotope of plutonium is radioactive and decays with a half-
life of 83 million years. So many half-lives have passed since the
formation of the Earth that any primordial plutonium-244
would have decayed away.” But only a little less than one half-
life has passed since the KT boundary 65 million years ago, so
plutonium-244 could be detected with neutron activation analy-
sis if It had been deposited in the KT boundary by a supernova
close to the Earth.

By this time, Frank's colleague Helen V. Michel" had joined
our little group to help Frank with the analytical work. Helen
IS a skilled plutonium chemist and she was the leader In
making our new measurements on the KT clay. Analyzing for
plutonium-244 by neutron activation Is much more stressful
than doing Iridium, because you have to work nonstop, making
chemical separations and counting the gamma rays before they
are all gone. So Helen and Frank worked al day and then all
night, with Dad and Milly and me bringing them coffee and
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donuts. As the light of dawn was gathering outside, the results
were finally ready, and....

And there was plutonium-244 in the KT boundary clay! Dad
and | were nearly jumping up and down with excitement—a
nearby supernova had killed the dinosaurs! It was areally major
discovery. Helen and Frank were too tired to do more than nod
with satisfaction.

How do you handle a bombshell discovery like this? Dad was
ready to announce it right away. | was nervous about jumping
the gun. Frank and | went to see Earl Hyde, a nuclear chemist
like Frank, who was Deputy Director of the Lawrence Berkeley
L aboratory, and we asked him for advice. Earl listened to
Frank's detailled account of the entire experimental procedure
and then gave us the best advice we ever got: "Do it all over
again,” he said. "Repeat every single step from the very begin-
ning, on a fresh sample, to be absolutely sure there really is plu-
tonium-244 in that clay."

Another painstakingly careful chemical preparation of rock
samples. Another irradiation. Another all-day, all-night session
In the lab. More coffee and donuts. Another dawn, and finally
the new results. There was shock and bitter disappointment as
we stared at the numbers In disbelief. There was absolutely no
trace of plutonium-244 in the clay this time. None whatsoever.
A careful analysis of the experiment made It clear that the
supernova hypothesis was dead. In neutron activation analysis,
If one measurement on a sample detects an element but another
does not, the latter is correct and the first run must have con-
tained an impurity, because there is no way to miss those beams
of gamma rays If the element isreally present.” We went home
INn the early morning degjected, but Earl Hyde had saved us from
the humiliation of having to retract a spectacular mistake.

IMPACT?

A supernova was out. What else might have
caused the KT extinction? We had to keep reminding ourselves
that the iridium anomaly coincided with evidence for the near
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extinction of planktic forams, nothing more. But it was hard to
avoid thinking of the event as the dinosaur extinction as well, for
the sudden nature of the foram event inclined us toward Dale
Russell's heretical view that the dinosaurs also had died out
suddenly. From a review of the paleontological literature, Dale
estimated that almost half the genera of animals, plants, and sin-
gle-celled organisms had died out at the end of the Cretaceous.”
Soon Dale's estimate would be superseded by a detailed data-
base of fossil ranges for marine invertebrates from the literature
compiled by Jack Sepkoski of the University of Chicago and an-
alyzed by Sepkoski and his colleague David Raup.™ The Raup-
Sepkoski work showed very clearly that the KT event had af-
fected a wide range of organisms and that the extinctions were

synchronous or nearly so.

So why be timid? We began to formulate the question In this
way:. "What extraterrestrial event could have caused the sudden
extinction of half the genera on Earth, while depositing the tell-
tale iridium anomaly?' This was to get us In trouble with many
paleontologists, who did not think a geologist, a physicist, and
two nuclear chemists should be trespassing in someone else's
area of science. Other paleontologists, like Steve Gould, Jack
Sepkoski, and Dave Raup, welcomed this input and began to
explore the possible implications for paleontology.

We had focused first on the supernova hypothesis because it
had been discussed already by Russell and Tucker, and by phys-
icist Malvin A. Ruderman, who was an old friend of Dad's, but
there was another possibility. Maybe the extraterrestrial event
responsible for the iridium and the extinction had been a giant
Impact.

Looking back on it, | can no longer remember when the idea
of a KT impact first came up. Even as a geologist trained in uni-
formitarianism and working on uniformitarian plate tectonics, |
was aware of the tiny community of lunar and planetary geolo-
gists who were interested in craters. | had once been invited to
a conference on planetary geology to talk about Italian volca-
noes as an analogue to Martian volcanoes, and at the confer-
ence there were many talks about impact craters on the Moon
and the planets. At another meeting | had been intrigued by a
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presentation by Robert Dietz, showing a map of craters on the
Earth which Dietz and Gene Shoemaker and a few others attrib-
uted to Impacts.

Pioneering impact geologists like Shoemaker and Dietz were
largely 1gnored. After the lunar landings there was no longer
much objection to attributing the craters on the Moon to impact,
but most of those craters were obviously very old. Few geolo-
gists accepted Impact on the Earth as a significant process at any
time in the last 500 million years—the time of abundant fossils
which allow a detalled understanding of Earth history. There
are of course many craters on the Earth's surface, but almost all
of them are products of volcanic eruptions. Dietz and Shoe-
maker were talking about the occasional crater that I1s not asso-
clated with any volcanic rocks. The finest example Is Meteor
Crater in Arizona, where Gene had found really convincing evi-
dence for an impact origin.” Conventional geologic opinion at-
tributed these craters to mysterious explosions that occurred at
random times and places for no evident reason.” In retrospect
this causel ess mechanism for making craters is indistinguishabl e
from magic, but at the time many geologists considered It pref-
erable to catastrophic 1mpacts.

| believe that as Dad, Frank, Helen, and | tried to make sense
of the iridium anomaly, we sometimes talked about a giant Im-
pact, but could not understand why an impact would cause
worldwide extinction. Of course the blast would wipe out the
nearby fauna, but farther away the animals would survive and
would quickly repopulate the devastated area. Impact in the
ocean would cause a giant tsunami, but such a tsunami would
be confined to a single ocean, and the effects would not be
worldwide. A supernova had seemed more reasonable because
It would have bathed the entire Earth in lethal radiation, thus
explaining the global character of the extinction. But a super-
nova was out, and impact seemed to provide no global killing
mechanism. For over a year we had searching discussions that
always ended In frustration, and | would lie awake at night
thinking, "There just has to be a connection between the extinc-
tion and the iridium. What can it possibly be?"
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During the summer of 1979, while |l was doing paleomagnetic
studies in the Apennines, Dad worked hard at finding a global
killing mechanism. Day after day he would come up with sce-
narios and would try them out on Frank Asaro, Rich Muller,
and another of his young colleagues, Andy Buffington. Every
scenario had some flaw and had to be rejected.

Dad spent a lot of time talking with Berkeley astronomy pro-
fessor Chris McKee that summer, and it was Chris who got Dad
to take the impact idea seriously. Finally Dad started thinking
about the dust that would be thrown into the air by an impact.
He remembered reading that the 1883 explosion of the Indone-
sian volcano, Krakatoa, had blown so much dust and ash into
the atmosphere that brightly colored sunsets were seen for
months In London, on the other side of the world, and he
tracked down the book he remembered.” Scale the Krakatoa
event up to the size of a giant impact, thought Dad, and there
would be so much dust in the air that it would get dark all
around the world. With no sunlight, plants would stop grow-
Ing, the whole food chain would collapse, and the result would
be a mass extinction. It was the first good hypothesis for why a
large impact would cause a global mass extinction. Dad tried as
hard as he could to find something wrong with his dust-and-
darkness scenario. He calculated as well as he could how much
dust there would be, and how dark it would get. Frank, Rich,
and Andy could find nothing wrong with the calculations, and
neither could Dad. With mounting excitement he got on the
phone and called me in Italy.

BACK TO DENMARK

"We've got the answer!" Dad told me, "Y ou have
to present it iIn Denmark." There was to be a big meeting on the
KT boundary extinction in Copenhagen in September—an un-
usual sign of interest in a problem few people cared about. | was
going there at the end of my field season, to present the irid-
lum data and the negative results of our test of the supernova
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hypothesis. Dad now strongly favored the view that darkness
due to the dust from a big impact had caused the extinction, and
he was sure that everyone at the Copenhagen meeting would be
delighted to know why the dinosaurs had disappeared.

| knew geologists and paleontologists better than Dad did,
and | was pretty sure there would be strong resistance, and even
hostility, to a nonuniformitarian explanation. What's more, |
had not been in on developing and critiguing the impact-dust
scenario, and was not iImmediately convinced myself. | remem-
bered well how we had nearly made a bad mistake with the
supernova hypothesis—one close call was enough! | told Dad |
would go ahead with our original plan to present the iridium
anomaly and show that it was not due to a supernova, and that
we should carefully evaluate the evidence for impact and dust
after | got back to Berkeley.

The Copenhagen meeting would be a mgor test. We had
given short talks about the Iridium before and these had been
reported In the press, but we had not yet presented the results
In front of a knowledgeable audience. Copenhagen would be
full of people who really knew the KT boundary. How would
they react to our Iridium anomaly? As | got off the airplane In
Copenhagen, | sensed that a debate was about to begin. | could
not have guessed how big a debate it would become.

JAN SMIT AT COPENHAGEN

Standing In line for lunch on the first day of the
meeting, | found myself next to a tall, blond young man who
Introduced himself, in a pleasant Dutch accent, as Jan Smit, from
Amsterdam. Jan said to me, "l read a story about your iridium
anomaly in the New Stientist, and | want to tell you that I've
confirmed your discovery. | have areally complete KT bound-
ary section at Caravaca, in Spain, and it has anomal ous Iridium,
too!" It was further evidence of the global nature of the iridium
anomaly, and it was the beginning of a deep friendship which
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would carry us together through 15 years of intense intellectual
controversy.

It would be some years before | fully understood the degree
of personal iIntegrity that lay behind Jan's opening remark.
Studying the rock record of southern Spain for his Ph.D. thesis,
Jan had been intrigued by the abrupt KT extinction of forams at
Caravaca, Just as | had at Gubbio. Looking for achemical clueto
the KT event, he had contacted Belgian neutron activation ana-
lyst Jan Hertogen, just as we had contacted Frank Asaro at
Berkeley. Hertogen had found high iridium values, but at the
time Jan was sick with mononucleosis and not up to looking at
the chemical data. As he was recovering he came across the arti-
cle about our work, looked for iridium in the data printouts, and
there was the immediate confirmation.

Some scientists might have been tempted to clam an inde-
pendent discovery or quickly rush out a paper to establish pri-
ority of publication. But from the moment we met, Jan treated
his analyses as a confirmation of our discovery. Thisis the high
standard of ethical behavior that scientists aspire to, and which
makes the collaborative scientific endeavor possible, but which
IS not always met because scientists are very human. | hope |
would have had the character to do as Jan did, if the roles had
been reversed. Now that | know the whole story, | have cometo
consider Jan Smit the codiscoverer of the evidence for impact.

So Jan and | were convinced that our iridium was evidence
for a major extraterrestrial catastrophe of some sort, but as we
listened to the uniformitarian views at Copenhagen we began to
realize that persuading other geologists and paleontologists
would require detailed evidence and extensive debate.

PUBLICATION

Back in Berkeley, our little group dug into the
task of developing and testing the impact idea and writing it up
for publication. We were under increasing pressure, because the
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The Berkeley group in the neutron activation laboratory about 1980.
Left toright: Luis Alvarez, Wdter Alvarez, Frank Asaro, Helen Michd.

iridium anomaly was being talked about and other labs were
starting to analyze KT boundary sediments for iridium. We
could find no serious contradictions in the impact hypothesis,
and at the last minute Dale Russell sent us KT samples he had
collected in New Zealand, and they showed the iridium anom-
aly as well. Finally, in June of 1980, our paper came out Iin the
journal Stience and the iridium anomaly was formally estab-
lished In the scientific literature.” Almost immediately there
were three other documentations of KT boundary iridium
anomalies. Smit and Hertogen reported their iridium anomaly
from Caravaca.” Frank Kyte, Zhiming Zhou, and John Wasson
at UCLA confirmed the Stevns Klint anomaly and found a new
one In a deep Pacific core,” and R. Ganapathy at the Baker
Chemical Company confirmed the Stevns Klint anomaly as
well.”

All of these sites were in marine sedimentary rocks, and some
skeptics suggested that the iridium had come out of the sea
water. But by the next year, Carl Orth of Los Alamos found Irid-
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Chuck Pillmore pointing to the thin white band of KT crater debris
deposited above sea leve that he discovered at Clear Creek, In the
Raton Basin of Colorado and New Mexico.

lum In a clay layer in nonmarine coal-swamp rocks in New
Mexico, Bob Tschudy showed from pollen studies that it was
really of KT age, and Chuck Pillmore of the U.S. Geological Sur-
vey found several other KT outcrops nearby.” The coal-swamp
anomaly showed that the iridium did not come from the ocean,
and the case for impact was strengthened.

The matter was by no means settled, however. Scientific hy-
potheses are tested In the crucible of intensely skeptical criti-
cism. The crucible was warming up, and the impact hypothesis
would be tested severely indeed.
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The Search for the Impact Site

The Copenhagen meeting in September of 1979
and the iridium papers of 1980 triggered a storm over the Creta-
ceous-Tertiary mass extinction that raged through the entire de-
cade of the 1980s. Those of us who were involved felt like we
were detectives trying to solve a difficult mystery. But the crime
had happened so long ago that the trail of evidence had grown
very cold. As we struggled to understand what had happened,
It almost seemed as If Nature had cleverly constructed a maze of
alibis, misleading clues, and false trails.

THE DETECTIVES GATHER

Scientists cannot resist a good mystery. Now that
the iridium anomaly was clearly real and probably global, the
Impact hypothesis attracted hundreds of scientists, who
dropped whatever they were doing and started to look for new
evidence bearing on the extinction event. In the decade of the
1980s, over 2,000 scientific papers were published on this topic,’
and It got to the point where there were surprise discoveries al-
most every month.

Rarely has a scientific question drawn in people from so many
completely different disciplines. Geologists and paleontol ogists
were central from the beginning, because it was a problem In
reading Earth history and a challenge to the doctrine of unifor-
Mmitarianism. Analytical chemists, mineral ogists, and geochem-
Ists joined In to analyze the boundary layer and interpret the
subtle chemical evidence. Astronomers found that their under-
standing of comets, asteroids, and orbital dynamics was of criti-

cal importance.
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Physicists were drawn In because the instantaneous release
of energy equivalent to 10,000 times the world's nuclear ar-
senal would produce conditions that could never be repro-
duced In the laboratory and for which there were no adequate
computational methods. Atmospheric scientists calculated the
physical and chemical effects of a large impact on the chemistry
and circulation of the air. Paleoecologists |looked for patterns in
victims and survivors which might clarify the killing mecha-
nisms. Statisticians probed the question of what iInferences
could reliably be drawn from very incomplete pal eontological

data.

Each of these disciplines has its own traditions, its own body
of knowledge, and its own specialized |language, and these dif-
ferences raise barriers that normally prevent specialists from
working together across discipline boundaries. Had we let these
barriers prevail, little progress would have been made in under-
standing the KT extinction.

Two men quickly recognized the interdisciplinary character
of the work which was to come and the need to bridge the inevi-
table communications gap. Lee Hunt and Lee Silver gathered
together a small group of colleagues from various disciplines,’
and they organized a meeting at Snowbird, Utah, in 1981, in the
fal when there were no snowfields and no skiers. The group
specifically designed their meeting to teach us all to communi-
cate with each other, and they set up tutorials in which pal eon-
tologists learned about the physics of iImpacts, and astronomers
learned about reading the rock record.®

That first Snowbird meeting gave birth to a unique scientific
culture, In which a specialist in one field is not afrai<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>