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PREFACE

What killed the dinosaurs? For 150 years, that question has stumped
even the best scientists. But no longer. At last the great mystery has
been solved. The story of the solution is fascinating in its own right,
and the answer helps us to understand our place in the universe: It
raises the revolutionary possibility that the history of the earth, and
of life upon it, has been altered repeatedly by a nearly invisible, and
previously unrecognized, cosmic process. It forces us to ponder the
role of chance in the solar system, even in the evolution of our
species. And by helping geologists to cast off outmoded dogma and to
acknowledge that our planet is subject to the same processes as other
bodies in the solar system, it has transformed the science.

My interest in the story of dinosaur extinction developed over
many years as a geologist, professor, and museum director. It peaked
one day in December 1993, when the latest issue of Nature landed
on my desk." Staring up at me from the cover was a photograph of a
zircon crystal, scarred with the crisscrossing fractures that I knew
indicated extreme shock pressure. "Fingerprinting impact debris," the
caption read. The accompanying article revealed how analysis of the
shattered zircon helped to corroborate the radical theory that scien-
tists from the University of California at Berkeley had proposed in
1980 to explain the disappearance ofthe dinosaurs. Fascinated by the
detective work involved, I conceived of writing a book that would
tell the story of how the great mystery was solved, and explore the
extraordinary implications of the new theory.

The story turned out to be richer than I had ever imagined. It
provides the best lesson in this century of how scientists challenge
and overthrow orthodoxy, and how science really works, not in the
mythical ivory tower but down in the trenches. It shows how the
suggestion that the dinosaurs died in a catastrophe brought on by
the collision of an extraterrestrial object violated geologic dogma
not once but twice, and incurred the wrath of many. The cast of
characters who took part in the bitter debates that followed shows
all too clearly that scientists are passionate, and sometimes flawed,
human beings.
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PREFACE

My exploration of the claim for an extraterrestrial cause drew on
many different fields of science: vertebrate paleontology, micro-
paleontology, evolutionary biology, rare-metal chemistry, astronomy,
magnetism, statistics, geologic age dating, and the physics of nuclear
explosions. Reviewing the evidence from these many disciplines and
the writings of geologist colleagues gave me a new appreciation of
just how much my field has changed.

Natural history, and geology in particular, has always fascinated
me. The founders of my hometown, the small college community of
Berea, Kentucky, wisely decided to site it "where the mountains kiss
the bluegrass," at the foot of the Cumberland Mountains. To a boy
interested in nature, the setting was perfect. Heading out oftown on
my bicycle, I soon found myself among an abundance of birds, rocks,
fossils, butterflies, and Native American artifacts. Like all children, I
was fascinated by dinosaurs, which seemed more like creatures of
fantasy than ones that had actually lived.

Having been raised in a small academic community, it was per-
haps also natural that I would earn a doctorate in my chosen field,
geology, and then go on to another college town, Oberlin, Ohio, to
teach. One thing led to another and eventually I found myself a col-
lege president and then a museum director. My move to the Natural
History Museum of Los Angeles County has been especially gratify-
ing because here I am surrounded by birds, rocks, fossils, butterflies,
and artifacts, like the ones that got me started so many years ago.
But now I preside over 35 million of them!

Many colleagues have helped me in writing this book, though I
alone am responsible for any errors of fact or interpretation. The fol-
lowing read the manuscript and made helpful suggestions: Alfred
Fischer, Peter Griffin, John Harris, Brian Huber, Adriana Ocampo,
Kevin Pope, Donald Reich, Robin Simpson, and Peter Ward. My
assistants Pat Reynolds and the late Patricia Barron aided me in
many ways, as did Museum Librarians Donald McNamee and Mark
Herbert. Former W. H. Freeman and Company Editor Elizabeth
Knoll, now at Harvard University Press, had faith that a book on
the Alvarez theory would serve a useful purpose. Jonathan Cobb,
formerly Senior Editor at W. H. Freeman, was a joy to work with
and contributed significantly to the quality of the book. My wonderful
agent, Barrie Van Dyck, never gave up. Finally, my wife, Joan, and
our daughter, Joanna, were patient beyond any reasonable expectation
during the lengthy process of writing this book while I was holding
down a full-time job directing a museum. To all of them I am grateful.



PROLOGUE

THE GREATEST MYSTERY

The dinosaurs were among the most successful creatures ever to
live. They reigned for 160 million years, far longer than the few mil-
lion that our genus, Homo, has so far existed. Dinosaurs came in all
sizes and shapes: small and large, fast and slow. Except for today's
blue whale, no creature has been larger, and surely none have been
as frightening. Some, like Apatosaurus, the 80-foot, 30-ton thunder
lizard whose tread shook the ground like an earthquake, were herbi-
vores. Others, like the 45-foot-long, 20-foot-tall Tyrannosaurus rex,
a favorite of film and of children, were carnivores.

But after having thrived for millions of years, suddenly, in a rela-
tive instant of geologic time, the giant reptiles vanished completely
and forever, leaving in their wake the greatest scientific mystery:
What killed the dinosaurs? The mystery deepens when we learn that
it was not only the dinosaurs that became extinct 65 million years
ago, but 70 percent of all species on the earth. The geologic bound-
ary that marks the time of their demise is used to define the end of
one great geologic era, the Mesozoic (middle life), and the beginning
of the one in which we live, the Cenozoic (modern life). Curiously,
the snakes, turtles, and crocodiles, which one would have thought
were enough like the dinosaurs to have met a similar fate, survived.
What could kill every single dinosaur but spare these other reptiles?

Since the time 150 years ago when the dinosaurs were first dis-
covered, hundreds of scientists have struggled to solve this mystery.
Glenn Jepsen of Princeton University, in a 1964 article, summed up
the many solutions that had been proposed—some worthy, some
feeble, some surely facetious:

Authors with varying competence have suggested that dinosaurs disap-
peared because the climate deteriorated (became suddenly or slowly too
hot or cold or dry or wet), or that the diet did (with too much food or not
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enough of such substances as fern oil; from poisons in water or plants or
ingested minerals; by bankruptcy of calcium or other necessary elements).
Other writers have put the blame on disease, parasites, wars, anatomical or
metabolic disorders (slipped vertebral discs, malfunction or imbalance of
hormone and endocrine systems, dwindling brain and consequent stupid-
ity, heat sterilization, effects of being warm-blooded in the Mesozoic
world), racial old age, evolutionary drift into senescent overspecialization,
changes in the pressure or composition of the atmosphere, poison gases,
volcanic dust, excessive oxygen from plants, meteorites, comets, gene pool
drainage by little mammalian egg-eaters, overkill capacity by predators,
fluctuation of gravitational constants, development of psychotic suicidal
factors, entropy, cosmic radiation, shift of Earth's poles, floods, continental
drift, extraction of the moon from the Pacific Basin, drainage of swamp
and lake environments, sunspots, God's will, mountain building, raids by
little green hunters in flying saucers, lack of even standing room in Noah's
Ark, and paleoweltschmerz.’

Such a long list of theories, so many of them downright silly and
contradictory, suggests a mystery so deep as to be beyond us. Many
people must have shared the attitude of humorist Will Cuppy: "The
age of dinosaurs ended because it had gone on long enough and it
was all a mistake in the first place."

Why, given the intense interest that dinosaurs have aroused since
their discovery a century and a half ago, did it take so long to solve
the riddle of their extinction? One reason is that in the historical sci-
ences—geology, archaeology, paleoanthropology—definitive answers
are particularly hard to come by. Scientists in these fields do not have
the advantage of being able to design and then conduct experiments,
as is done in chemistry, physics, and many areas of biology. Rather,
they have to operate more as detectives. The "experiments" were
conducted long ago by nature; scientists working today literally must
pick up the pieces and try to interpret them. A "crime"—in this case,
dinosaur extinction—is discovered, sometimes by accident. In the
mystery novel, the clues accumulate and, before we realize it,
the clever detective has identified the culprit. But the mysteries of
the earth, like real crimes, are not always so easily solved.

Paleontology, the study of ancient life, is an especially difficult
science in which to arrive at definitive answers. We can learn about
prehistoric animals only from their fossilized remains, and yet many
had no hard parts and therefore left no trace. Of them, we can never
learn anything. Other organisms were bony; but all too often, before
they could be fossilized, their bones dissolved or weathered away.
The fossils that did form had a way of winding up in rocks other
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than those in which, millions of years later, we happen to be search-
ing. Paleoanthropologist Meave Leakey, of the famous family whose
work has transformed the study of human origins, describes her
nearly futile hunt for human bone in a new field area as four years
of hard work producing only three nondescript scraps.” To take a dif-
ferent kind of example, in the winter after the great Yellowstone
fires of 1988, thousands of elk perished from extreme cold coupled
with lack of food. Late the following spring, their carcasses were
strewn everywhere. Yet only a few years later, bones from the great
elk kill are scarce. The odds that a single one will be preserved so
that it can be found 65 million years from now approach zero. At
best we can expect to find fossil evidence of only a tiny fraction of
the animals that once lived. The earth's normal processes destroy or
hide most of the clues.

Still, it comes as a shock to realize that in spite of the intense
popular and scientific interest in the dinosaurs and the well-
publicized efforts of generations of dinosaur hunters, only about
2,100 articulated dinosaur bones (two or more aligned in the same
position as in life) have ever been found.” Conclusions about the
life and death of the dinosaurs thus rest on a small sample indeed.
As a result, in spite of the fascination they hold, our knowledge of
dinosaurs has progressed slowly. Until recently, as Jepsen's long list
shows, the door to speculation about their demise has been wide
open. Almost any notion could be proposed and avoid being
refuted on the evidence.

A second reason that solving the mystery of dinosaur extinction
proved so difficult is that geologists, having correctly dismissed most
of the reasons on Jepsen's list, were questioning only the usual sus-
pects: changes in sea level, geography, and climate. Throughout the
history ofthe earth continents have grown and eroded, seafloors have
divided, spread, and closed, and the earth has moved closer and far-
ther away from the sun, all causing countless changes in sea level,
geography, and climate. Perhaps one of these familiar mechanisms,
reaching a rare extreme, brought down the great beasts. Yet surely
creatures that had lived for 160 million years had survived many
such changes and others that we can only imagine. How could a
decline in sea level, even an extreme one, have caused their demise?
Would it not merely have opened up more land on which they could
roam? These explanations seemed contrived, a bit like accusing the
staid and familiar butler of actually being the maniac who murdered
the family he had served faithfully for decades. Suppose instead that
the culprit was a complete stranger who appeared out of nowhere,
entered violently, stayed only long enough to do the deed, and then
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vanished as suddenly as he had appeared. And 65 million years ago at
that. Now there's a mystery to defy even the best detective.

Another problem with the usual list of geologic suspects is that
although most earthly processes operate slowly, for decades scientists
believed that the dinosaurs had expired suddenly. How could a grad-
ual process cause a rapid extinction? Over the last several decades
some additional dinosaur fossils have been found, but none in the
few centimeters just below the Mesozoic-Cenozoic boundary; in-
stead, they have seemed to peter out farther down, in rocks older
than the boundary. The absence of dinosaur bones right at the
boundary led most specialists to discard the long-standing view that
the dinosaurs had expired suddenly, and to become persuaded that
instead they had started to wane millions of years before the end of
the Mesozoic. Contrary to public opinion, the vertebrate paleontolo-
gists thought, to paraphrase Dylan Thomas, that the terrible lizards
had gone gently into the night of extinction. Not only was their dis-
appearance not mysterious, it was inevitable, for extinction is the fate
of all species. After all, the average species survives for only about 4
million years; over 95 percent of those that have ever lived are ex-
tinct. Hence, dinosaur extinction seemed to need no special explana-
tion—it was simply the way things were and are today. The great
mystery had been converted into something mundane.

A pair of scientists writing in 1979 expressed it this way: The
dinosaurs "may have succumbed to a series of environmental disas-
ters, some dying of thirst, others of hunger, and the stragglers may
have perished because the reduced population density rendered the
community unviable."* What a sorry end to 160 million years of
supremacy] In this view, the dinosaurs had played the game of evo-
lution longer than most, but in the end, they too had lost, going out,
in T. S. Eliot's phrase, "not with a bang but a whimper."

Near the end of the 1970s, dinosaur specialist Dale Russell
wrote a review article in which he selected and examined those
theories that seemed scientifically plausible out of the scores that
had been offered.” In the end, he had to conclude that only one
held up to scrutiny: The dinosaurs died because an exploding star
or supernova—a literal death ray—had spread lethal radiation
effects throughout our region of the galaxy. Russell ended his paper
on this pessimistic note: "If a fundamental deficiency were found in
the supernova model . . . the disappearance of the dinosaurs would
remain an outstanding mystery of the geologic record."

The theories that Russell examined shared three shortcomings:
First, the evidence to support them had been sifted countless times
and proven inconclusive. Second, new evidence was scarce. Third,
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the theories made few or no testable predictions. This last weakness
is crucial: To be useful, a theory must make predictions that can be
tested—it must lead to questions that can be examined in the field
and laboratory. A theory that suggests no further action could be cor-
rect for all we know, but since it can neither be corroborated nor fal-
sified, there is no way to find out. Theories that cannot be tested are
like rocks in a stream, around which the river of scientific progress
must flow.

All the plausible theories of dinosaur extinction were based on
the assumption that the earth has always worked as it does today, a
reasonable supposition that geologists have employed almost from
the beginning of their science. In this large-scale view, change derives
not from sudden catastrophe but from deliberate and inexorable
processes—erosion, deposition, the long-term rise and fall of the sea,
the uplifting and downwearing of continents—whose full effects can
only be seen after the passage of hundreds of thousands, even mil-
lions, of years.

But what if one were to set aside the assumption of slow change
and ask whether an event as rare as dinosaur extinction might not
have had an equally rare cause—a catastrophe that would appear
only on the same time scale, say, every 50 million to 100 million
years? Ifthat were the case, the geologic sleuths needed to detect an
event that no human being had ever seen, the evidence for which
might be buried 65 million years in the past. To make the task even
more difficult, the cause turned out to be one in which, at the start,
almost no geologists believed.

Success at solving the mystery of dinosaur extinction required a
rare concatenation of circumstances and a healthy dose of good luck.
Though, as often happens in science, more than one person was on
the right trail; a remarkable pair got there first. One of the pair was a
Nobel Prize-winning physicist with no professional experience in
geology, a problem solver unable to resist going after the biggest sci-
entific mystery and who, late in his career, could afford to do so with
impunity. Luis Alvarez was a man of unusual energy and curiosity.
Without these qualities, he would have had neither the interest nor
the willingness to tackle a problem so far outside his discipline. A sci-
entist at an earlier career stage likely could not have taken the risk of
working in a field so far outside his or her own, where the chances of
failure or success were harder to predict.

The other person was an experienced geologist who understood
the complexities of the dinosaur puzzle but, having worked in other
branches of earth science, had no previously announced position on
dinosaur extinction to defend. A meticulous scientist, he helped to

Xin
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build the case among geologists themselves that something far
outside their experience had caused the extinction. His presence
kept opponents from dismissing the new theory as merely the work
of an arrogant, geologically challenged, physicist.

Success also depended on a third and special factor—the rela-
tionship between the two scientists. Luis and Walter Alvarez were
father and son. Their kinship kept at bay the kinds of issues that so
often retard progress—mistrust, rivalry, priority, arguments over
who should be the senior author on a research paper. Walter's gen-
tlemanly style helped to offset the wrath generated among geolo-
gists by his pugnacious father.

A fourth critical element was that often essential ingredient in
scientific discovery: serendipity. Luis and Walter Alvarez were lucky.
But although the initial discovery that eventually led to the solution
of the riddle was accidental, the minds of Luis and Walter Alvarez, in
combination, were well prepared to grasp the opportunity that seren-
dipity presented. And, the timing was right. As both Jepsen's amusing
list and Russell's scientific analysis demonstrated, geologists really had
little to show for 150 years of trying to find out what had killed the
dinosaurs. No one really knew, and therefore no strong rival theory
existed. Furthermore, by the 1970s, the exploration of space, upon
which so much of the solution would hinge, was in full bloom; those
who had been paying attention knew that impact catastrophes were
rife in the history of the solar system—just look at the craters on the
moon. Finally, by 1980, geologists had developed tools to recognize
the much more obscure and rare craters that exist on the earth.

As Russell was writing his article, the Alvarezes and their co-
workers at Berkeley were pursuing one of the theories that Russell
had mentioned in passing but for which no evidence had existed: the
idea that at the end ofthe Mesozoic era, a large meteorite had struck
the earth and thrown up such a vast cloud of dust that it darkened
the sky, lowered world temperatures by many degrees, halted photo-
synthesis, disrupted the food chain, and thus gave rise to a great mass
extinction.

Shakespeare's Caesar tells us "The fault, dear Brutus, is not in
our stars, But in ourselves." The Alvarez theory held that the fault
was not in the dinosaurs themselves but, almost, literally, in their
stars! They died through no deficiency of their own, but simply as a
result of being in the wrong place at the wrong time. In contrast to
almost all the possibilities on Jepsen's list, the Alvarez theory made
predictions (Luis counted 15) and therefore it could be tested. The
most striking prediction was that somewhere on the surface of the
earth there may lie hidden a crater exactly 65 million years old.
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The new theory ran into trouble immediately. To accept that the
Alvarezes were right, the vertebrate paleontologists would have had
to admit that they were wrong: The dinosaurs had gone extinct
suddenly after all. Even more seriously, the theory required all geol-
ogists to accept that one of the greatest events in earth history
was explained by a random catastrophe. The trouble was, the notion
of catastrophism as the cause of geologic events had been cast off
150 years previously; in fact, abandoning it had been central to the
birth of geology as a modern science. In the decades since, geologists
had been eminently successful in explaining earth history by appeal-
ing only to slow, noncatastrophic processes. To fall back now on a
catastrophe to explain dinosaur extinction would seem to be a re-
turn to the dark ages of their science.

A group of scientists led by Professor Charles Officer, now retired
from Dartmouth College, not only believed that the Alvarez theory
was wrong, as did many, but actively set out to refute it. They pub-
lished hundreds of papers presenting evidence that they believed con-
tradicted the theory. But in Luis Alvarez, the critics found a brilliant
scientific opponent who loved a good fight. The debate descended to
one of the all-time lows of scientific discourse. Insults were thrown
with abandon and carcers were damaged. A Berkeley paleontologist
labeled the theory "codswallop," Luis responded that paleontologists
were nothing more than "stamp collectors"—to a physicist, the ulti-
mate insult. Critics reached back to 1954 to dredge up Luis's contro-
versial role in the notorious hearings that led to the dismissal of
J. Robert Oppenheimer, father of the atom bomb, as a security risk.
The debate turned ugly indeed, with ample blame to go around. The
making of science is often not the pretty sight that textbooks and sci-
entific papers written after the fact would have us believe.

Geologists also resisted because, in another area of their disci-
pline, they had just weathered a scientific revolution. The late
Thomas Kuhn, and other students of the history of science, have
shown how almost all scientists work within a common set of
understandings of their discipline—within the confines of a partic-
ular ruling paradigm.’ Sooner or later, new evidence is found that
the current paradigm cannot explain, and the paradigm needs to be
replaced. The more senior scientists tend to cling to the fading par-
adigm, on which they have built their careers and reputations, some
going to their graves obstinate in their belief. The young turks, and
others who are more flexible or iconoclastic, rally to exploit the
new paradigm. But all good things must come to an end, and even-
tually the former young turks, now scientific senior citizens, are
themselves displaced by a new group of scientific provocateurs. All
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of this has great human cost, as scientists are no more inclined than
anyone else to admit they were wrong.

In the 1960s and 1970s, geologists had made a revolutionary par-
adigm shift: They had finally come to accept a modern version of the
theory that the continents are not fixed on the surface of the earth,
but drift, even colliding with each other to throw up mountain
ranges such as the Appalachians and the Urals. The theory of conti-
nental drift, originally proposed in 1915, had been largely forgotten
by mid-century. Then, suddenly, a new kind of evidence became
available from studying the magnetism of the ocean floors. It showed
that continents do not actually drift through the earth's mantle (the
second zone of the layer-cake structure of crust, mantle, and core);
rather, the surface of the earth is divided into giant, moving plates
that carry continents along on them, as though they were riding pig-
gyback on a huge, ponderous conveyor belt. Now, with only a decade
to adapt to this revolution, geologists were being asked (and by a
physicist!) to accept another: that Mother Earth does not always
evolve as a result of imperceptible change conducted over deep geo-
logic time, but sometimes, perhaps even often, as the result of sud-
den and apparently random catastrophes.

The meteorite impact theory proved even more difficult for
geologists to swallow than continental drift, for it appeals to a deus
ex machina, exactly the opposite of the way they normally work and
think. Impact theory asks geologists to look, not down at the familiar
terra firma that has always drawn their gaze, but up at the sky—for
them, an unfamiliar and uncomfortable posture. It requires that they
abandon a strict interpretation of uniformitarianism—the view that
all past changes can be understood by studying only processes that
can be seen going on today—for well over a century the guiding par-
adigm of geology. But the impact theory has implications not only for
geologists. It requires that biologists consider the possibility that evo-
lution may be driven by survival not of the fittest but of the luckiest.
And it requires all of us to take more seriously the role of chance in
the history of our planet, our species, and ourselves.

As this book was being written, Eugene Shoemaker, the scientist
whose lifetime of work helped to create and to validate this second
revolution, tragically died while mapping his beloved impact craters
in the Australian outback. Years of attempting to persuade his fellow
scientists of the importance of meteorite impact in earth history had
led Gene to observe that "most geologists just don't like to think of
stones as big as hills or small mountains falling out of the sky." Physi-
cists, however, have had no such compunction.
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CHAPTER 1

THE ALVAREZ DISCOVERY

Chance favors only the prepared mind.
Louis Pasteur

THE FATHER

In a picture taken at the MIT Radiation Laboratory during World
War II, his hat at a jaunty angle and a cigarette dangling from his
lips, a cocky smile on his face and a coil of wire strung around his
neck, Luis Alvarez appears not as the stereotypical dull, intro-
verted scientist but more like a cross between Indiana Jones and
Humphrey Bogart (Figure 1). He was a man who lived life to the
fullest and continued seeking new challenges long after most
would have begun to rest on their laurels.

Luis's father, Walter Alvarez, after whom Luis named his son,
was a well-known San Francisco physician who encouraged Luis's
early interest in science. In 1922, when only 11, Luis surprised fam-
ily friends by demonstrating the first crystal set any of them had
seen. His talent for constructing apparatus of various sorts would
last a lifetime. After his father moved to the Mayo Clinic in Minne-
sota, Luis spent his summers during high school helping out in the
clinic machine shop, where he became a self-described "good pupil."”
He began his undergraduate years at the University of Chicago first
as a chemistry major and then switched to physics, which became
his constant and lifelong love. To call a person a physicist was to
Luis Alvarez the highest praise. Physicists were a breed apart, clev-
erly applying their superior minds to the most interesting and
important problems. He logically enough titled his autobiography
Adventures of a Physicist.’

Luis launched his scientific career by moving to the University
of California at Berkeley, where in 1936 he went to work with
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FIGURE | Luis Alvarez at
the MIT Radiation Laboratory,
September 1943. [Photo
courtesy of University of
California Lawrence Berkeley
National Laboratory.]

Ernest Lawrence, inventor of the cyclotron and one of the most
influential American scientists in history. Lawrence was mentor to
many who later made their mark; several, like Luis, were to follow
him in winning the Nobel Prize.

"If politics is the art of the possible, research is surely the art of
the soluble," wrote Sir Peter Medawar.” To choose a problem that
cannot be solved, or one that need not be solved in order for a field
to advance, is to delay the progress of both science and career. Luis
Alvarez understood Medawar's point and proved a master at select-
ing the next important problem and designing just the piece of
apparatus to solve it.

By his own description, his style was to "flit" from research
problem to research problem, often to the consternation of his co-
workers and students and especially his mentor, Lawrence. But dur-
ing a period when physics was advancing rapidly and opportunities
abounded, his method made him unusually versatile and produc-
tive. In the early days of World War II, he worked to improve the
radar system that played such a crucial role in the Allied victory.
From there, he went to Los Alamos to become one of the key sci-
entists in the development of the atomic bomb. Two unusual proj-
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ects that came later in his career showed his willingness to step out-
side physics if a problem piqued his curiosity or appeared suffi-
ciently important. One was his use of cosmic rays, in X-ray-like
fashion, to determine whether, as Luis suspected but most Egyptol-
ogists doubted, the Second Pyramid of Chephren contained undis-
covered burial chambers. Luis was never reluctant to fly in the face
of conventional wisdom in a field outside his own and to conduct
an experiment to see who was right. In this case, however, as he
readily admitted, he was proven wrong. When people who knew of
his work would say, "I hear you did not find a chamber," Luis would
reply, "No, we found there wasn't any chamber." To seek but not to
find a chamber is to find an absence of evidence. To determine that
there was no chamber was to find evidence of absence. This is a dis-
tinction with a difference, the importance of which would turn up
years later in the dinosaur extinction controversy.

His greatest public notice came from his investigation into the
assassination of John F. Kennedy, particularly from his meticulous
and inventive analysis of the Zapruder film. One frame showed
JFK's head moving sharply backward as the third and fatal bullet
struck, providing evidence to assassination buffs that a second gun-
man had fired from the front. Surely, common sense tells us, a head
snapped backward by the impact of a bullet identifies the shot as
having come from the front. Since by then Oswald was located
behind the presidential limousine, this could only mean that a sec-
ond gunman fired and therefore that there had been a conspiracy.
But here common sense leads us astray: Luis showed that the laws
of physics, when all (including the most gruesome) factors are
taken into account, are entirely consistent with a shot from the rear
causing the backward snap of JFK's head. Luis conducted experi-
ments to prove the point but admitted that they failed to convince
the buffs; years later, he would have a similar difficulty in convinc-
ing paleontologists that a random catastrophe had extinguished
their dinosaurs.

The most dramatic moment of an unusually exciting early
career came aboard the Great Artiste, the plane that accompanied
the Enola Gay on its fateful mission over Hiroshima in August
1945. Weeks earlier Alvarez had been high above the New Mexico
desert observing the Trinity atomic bomb test. He was thus one of
only a handful to witness both of the first two atomic explosions.
As the Great Artiste returned to its base on Tinian, Hiroshima
destroyed in its wake, Luis wrote a letter for his son Walter, then
4 years old, to read when he was older.
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Today, the lead plane of our little formation dropped a single bomb which
probably exploded with the force of 15,000 tons of high explosive. That
means that the days of large bombing raids, with several hundred planes,
are finished. A single plane disguised as a friendly transport can now wipe
out a city. That means to me that nations will have to get along together
in a friendly fashion, or suffer the consequences of sudden sneak attacks
which can cripple them overnight.

What regrets I have about being a party to killing and maiming thou-
sands of Japanese civilians this morning are tempered with the hope that
this terrible weapon we have created may bring the countries of the
world together and prevent further wars. Alfred Nobel thought that his
invention of high explosives would have that effect, by making wars too
terrible, but unfortunately it had just the opposite reaction. Our new
destructive force is so many thousands of times worse that it may realize
Nobel's dream.’

While Luis's desire that the existence of nuclear weapons would
prevent further wars was not fulfilled, knowledge of their destruc-
tive power may have averted a third world war, validating his hope.
What no one could have predicted is that, 35 years after his let-
ter was written, father and son would discover evidence of an explo-
sion so enormous as to dwarf even the awful one that Luis had just
witnessed.

When Dale Russell's paper on dinosaur extinction appeared in
1979, Luis Alvarez was 68 years old. Eleven years earlier, he had
reached the pinnacle of scientific success, receiving the Nobel Prize
in physics for his work in developing the hydrogen bubble cham-
ber, which led to the discovery of many new subatomic particles.
His Nobel citation was one of the longest on record. Ninety-nine of
one hundred scientists, having had such a career, would have been
content to rest on their laurels, perhaps becoming scientific elder
statesmen who tread the corridors of power in Washington, D.C.
Indeed, such a course might have tempted Luis, for particle physics
was no longer the game that he had helped to invent. Finding new
particles required higher and higher energies, and more and more
money, changing particle physics into the biggest of big science.
Papers emanating from such facilities as the Stanford Linear Ac-
celerator Center and CERN, the European consortium housed in
Geneva, often had dozens, even scores, of"co-authors." This was not
the way Luis had succeeded in science. If not quite a lone wolf, he
had at least been the alpha of a small pack.

But in the twilight of a career, even the most inventive of minds
may require a spark. Although Luis confessed a notable lack of ex-
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citement about geology, his son's chosen field, in best fatherly fash-
ion he spent many hours in discussion with Walter, each describing
his scientific work to the other. Luis noted that "the close personal
relationship Walt and I enjoyed dissolved the cross-disciplinary
barriers."” One day in the mid-1970s, returning from a field trip to
Italy, Walter produced a geological specimen that, for once, his
father did find exciting; Luis would later say that it had "rejuve-
nated" his scientific career.

THE SON IN ITALY

Given his family history, it is not surprising that young Walter be-
came a scientist himself. No one could have followed in his father's
footsteps, and wisely in retrospect, Walter chose not to try but to
follow his own love, geology. He earned his doctorate at Princeton
under Professor Harry Hess and, until Qaddafi expelled the Ameri-
cans, worked as a petroleum geologist in Libya. In 1971 he joined the
faculty at the Lamont-Doherty Geological Observatory at Columbia
University, where much of the research that led to the plate tec-
tonic revolution had been done. After a few years there, Walter ac-
cepted a position at Berkeley, the university where his father was in
residence and where Walter soon received tenure and the title of
full professor. Had Walter remained in Libya or at Lamont-Doherty,
we might still be scratching our heads over the mystery of dinosaur
extinction.

During the 1970s, Walter summered in the pleasant northern
Italian town of Gubbio, where he studied an unusually complete
section of sedimentary rock that spanned the time from the middle
of the Mesozoic era well up into the Cenozoic era. Geologists divide
the Mesozoic into three periods: The oldest, the Triassic, is overlain
by the Jurassic, which in turn is overlain by the Cretaceous (Figure
2). The earliest, lowest period in the Cenozoic is called the Tertiary.
Its name hearkens back to an earlier time when there were thought
to be four ages of rocks: primary, secondary, tertiary, and quaternary;
only the last two are used today. The Mesozoic-Cenozoic boundary
marks the point in geologic time at which the dinosaurs perished. It
has become customary, however, to nickname the boundary for the
two adjacent periods, the Cretaceous and Tertiary, rather than their
eras. Geologists call it the "K-T" boundary. ("K" is used instead of
"C" to avoid confusion with the older, Cambrian period; Cretaceous,
which comes from the Latin creta, for chalk, also happens to be
Kreide in German.)
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570 million
years ago

FIGURE 2 The sweep of geologic time and evolution. Geologic time is
divided into eras, periods, and epochs. The earth formed 4.5 billion years

ago; life began sometime in the Archean, possibly as early as 3.8 billion years
ago, and exploded in the Cambrian. Dinosaurs arose in the Permian and
disappeared about 160 million years (abbreviated m.y.) later at the boundary
between the Cretaceous period of the Mesozoic era and the Tertiary period
of the Cenozoic era. [After Geologic Time, U.S. Geological Survey Publication.]

The Cretaceous period began 145 million years ago and lasted
until 65 million years ago, when the Tertiary began. Not surpris-
ingly, geologists break the periods down more finely, first into
epochs and then into stages. We are particularly concerned with the
Maastrichtian, the last stage of the Cretaceous, which began about
75 million years ago and ended at 65 million years ago; and with
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the Danian, the first stage of the Tertiary, which started then and
lasted until about 60 million years ago.

Walter had not gone to Gubbio to study dinosaur extinction.
He and a group of American and Italian geologists were there to
measure the magnetism frozen in the Cretaceous and Tertiary sed-
imentary rocks handsomely exposed in a deep gorge nearby. They
hoped to be able to locate sections where the rocks had recorded
reversals of the earth's magnetic field—times at which the north
pole of the earth had acted as a south pole, and vice versa. (A mag-
netized rod or needle develops two poles that act oppositely.
Because one end of the rod points toward the current north mag-
netic pole of the earth, we say that it is the north-seeking end. This
property is the basis for the common compass.)

While his father, back at Berkeley, had begun to worry that
physics had started to leave him behind and that his career had
stalled, Walter and his co-workers were in Italy, engaged in research
that no one could have expected would aid in jump-starting Luis's
career. The geologists were attempting to determine the precise
patterns of magnetic reversals in rocks of known age, which would
then allow those same unique patterns to be used to date rocks of
unknown age. Thus Walter Alvarez and his colleagues were aiming
to fill in a gap in geologic knowledge, a vastly more common en-
deavor than launching a paradigm shift.

Geologists had discovered that, for reasons unknown, magnetic
reversals were frequent (on their time scale), occurring on the aver-
age about every 500,000 years. Because all rocks of a certain age,
wherever found, show the same magnetism—either normal (de-
fined as the situation today) or reversed—we know that the rever-
sals affected the entire earth at once. In the 1960s, analysis of the
magnetic reversal patterns in rocks from the seafloor showed that
sections of the floor on one side of, and parallel to, a mid-oceanic,
deep-sea volcanic ridge, could be matched exactly with the pattern
on the other side. Some clever scientists deduced that lavas were
being extruded at these ridges and, as they cooled, took on normal
or reversed magnetism, whichever was prevalent at the time. Later,
the frozen lavas were dragged out to either side as the seafloor
spread away from the ridge, to be replaced by a new batch of lava
that, if the earth's magnetic field had meanwhile flipped, would be
magnetized in the opposite direction. This proved that the seafloors
diverged from ridges, and it was only a small leap to conjecture that
continents, made of light, buoyant rock, would ride on top of the
spreading seafloors. Thus emerged the theory of plate tectonics, the
modern version of the theory of continental drift.
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In order for the new magnetic time scale to be used to date
rocks, it had to be tied into the standard geologic time scale that had
been built up through the decades based on the diagnostic fossils
contained in sedimentary rocks. To do so scientists needed to find a
cross section of fossil-bearing rock of known age that had been de-
posited steadily and slowly, allowing the magnetic minerals in the
parent sediment to capture the fine details as the earth's magnetic
field repeatedly reversed itself. Gubbio was ideal. In a 400-m gorge
outside the town, rocks of middle Cretaceous age, 100 million years
old, are exposed at the bottom and are successively overlain by
younger beds that reach well up into the Tertiary, to an age of about
50 million years. Especially prominent are thick beds of a beautiful
rosy limestone—scaglia rossa—a favorite Italian building stone.
These were exactly the kinds of rocks required by Walter Alvarez
and his colleagues, for such limestones build up slowly on the deep
ocean floor and their magnetism would have captured each change
in the earth's magnetic field.

Not only did the team find the reversals in the rocks of the
gorge, they were expressed so intricately that the geologists proposed
the Gubbio section as the "type"—the world standard—for the
Cretaceous-Tertiary part of the magnetic reversal time scale.’
Walter Alvarez and his co-workers had succeeded in their effort
to fill an important hole in geological knowledge. Were it not for
the unique coincidence of scientific and paternal circumstances
described in the Prologue, that likely would have been that.

The K-T boundary in the rocks of the Gubbio gorge can be
spotted just with the naked eye (Figure 3). The white limestone
below the boundary is rich in sand-sized fossils of a one-celled
organism, a kind of plankton called foraminifera, many belonging to
the genus Globotruncana. In the red limestone above the boundary,
however, Globotruncana completely disappears, replaced by a much
more scarce and much smaller foraminifer with the awkward name
of Parvularugoglobigerina eugubina. Clearly, at this boundary some-
thing happened that killed off almost all of the "forams," as the
micropaleontologists call them. Exactly at the boundary, between
the two units, lies a 1 -cm-thick layer of reddish clay, without fossils.

Walter brought home to Berkeley a polished specimen from
Gubbio that included each of the three layers at the K-T bound-
ary—the K, the T, and the clay in between—showed it to his father,
and explained that it captured the time of the great mass extinc-
tion and marked the disappearance not only of most forams but of
the dinosaurs as well. Although most nongeologists viewing this
chunk of rock would have registered at most a polite curiosity (did
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FIGURE 3 Luis and
Walter Alvarez studying the
K-T section at Gubbio,
Italy. Walter Alvarez has his
finger on the boundary.
[Photo courtesy of
University of California
Lawrence Berkeley National
Laboratory.]

it have potential as a paperweight?), Luis Alvarez commented that
his son's description was one of the most fascinating revelations he
had ever heard. Walter explained that the limestones above and
below the layer contained about 5 percent clay, and suggested that
perhaps the limy portion had simply not been deposited for a time,
allowing the layer of pure clay to build up. Then, perhaps, lime
deposition had started again, leaving behind a thin layer of clay
sandwiched between two layers of limestone. Walter estimated that
this might have taken 5,000 years, which would mean that the
great K-T mass extinction had taken place in a mere instant of geo-
logic time. Luis immediately proposed that he and Walter measure
the length of time the clay layer had taken to form. Walter had suc-
ceeded in gaining his father's formidable attention and the game
was afoot.

IRIDIUM

The magnetic reversal time scale offered one possibility for deter-
mining how much time the clay layer represented: The particular
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pattern of reversals above and below the clay might bracket its age
of formation and allow an upper limit to be placed on how long it
could have taken to deposit the layer. Alas, during this period of
geologic history the reversals had not happened often enough: All
that could be told is that the clay layer fell within a 6-m section
of limestone deposited during a single period of magnetism, called
29 R (for reversed), that was known to have lasted for about
750,000 years. Six meters in 750,000 years is equivalent to 0.8 cm
of sediment deposited every 1,000 years. Since the boundary clay
is about 1 cm thick, at that rate it would have taken a little more
than 1,000 years to form. This appeared to be an improvement
over Walter's rough estimate, but since the clay is quite different
from the limestone, there really was no basis for assuming the
same sedimentation rate for both. The attempt to determine the
time interval using the magnetic chronology thus failed, but in
another way the effort succeeded, for the mind of Luis Alvarez
was now locked in.

What was needed, he reasoned, was a geologic clock that had
been operating at the time the clay layer formed but that could be
read today. Because no one knew how much time the clay layer
might represent, the clock might have to measure small differences.
None of the standard geologic clocks—the ones based on radio-
active parent-daughter pairs of atoms that are used to calculate
exact ages—had enough sensitivity or would work on the chemical
elements in the clay layer. Therefore, as he had done so many times
in his career, Luis Alvarez invented a new technique. To do so, he
looked not down to the earth but up to the heavens, postulating
that the amount of a rare metallic element called iridium might
provide the clock.

When the earth formed, iridium, like other elements of the
platinum group (which includes osmium, palladium, rhodium, and
ruthenium), accompanied iron into the molten core, leaving these
elements so rare in the earth's crust that we call some of them pre-
cious. Their abundance in meteorites and in average material of the
solar system is many times higher than in the earth's crust. The
iridium found in sedimentary rocks (and often it is too scarce to be
detected) appears to have settled from space in a steady rain of
microscopic fragments—a kind of cosmic dust—worn from tiny
meteorites that form the shooting stars that flame out high above
the earth. Such meteorites are believed to reach the upper atmo-
sphere at a constant rate, so that the metallic rain falls steadily to
earth, where it joins with terrestrial material—dust eroded from
the continents and the skeletons of microscopic marine animals—
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to settle to the bottom of the sea. There it is absorbed into the
muds that accumulate on the seafloor and that eventually harden
into rock.

But over geologic time, the rate of accumulation varies greatly.
Since one component, the meteoritic, is arriving at a constant rate
from space and the other, the terrestrial, is accumulating at a vary-
ing rate, the percentage of meteoritic material in a deep-sea sedi-
mentary rock provides a gauge of how fast the terrestrial compo-
nent built up: The greater the percentage of meteoritic debris in a
given thickness of rock, the slower the sediment accumulated, and
vice versa. The rate at which meteorites fall on the earth is known,
as is the amount of iridium in meteorites, so that the iridium con-
tent of sediments can be used as proxy for the total amount of
meteoritic material they contain. Luis Alvarez later discovered that
two scientists from the University of Chicago had tried to use irid-
ium in this way to measure sedimentation rates but without suc-
cess. "Fortunately, I hadn't heard of their work," Luis commented of
the Chicago scientists, "If I had, I'm sure we wouldn't have both-
ered to look for iridium at the K-T boundary.""

The samples necessary for testing the iridium clock were read-
ily available from the Gubbio clay layer, but measuring the ex-
pected low levels of iridium required a research nuclear reactor.
Fortunately, the Alvarezes and their Berkeley colleagues Frank Asaro
and Helen Michel had access to one. The reactor allows neutrons to
bombard a rock sample and cause atoms of an isotope of iridium to
become radioactive and to emit gamma rays of a distinctive energy.
The number of such rays emitted per second is counted and is pro-
portional to the amount of iridium in the original material. When
analyzing at the parts per trillion level, however, it is extremely dif-
ficult to eliminate contamination (from the iridium that is always
present in platinum jewelry, for example).

Walter Alvarez selected samples ranging over the Gubbio sec-
tion—above, below, and at the K-T boundary—and brought them
back to Berkeley for analysis. Samples from above and from below
the boundary had the predicted amounts of iridium, about the
same as had been measured by others in deep-sea clays—300 parts
per trillion (ppt) or so. The samples from the boundary clay, how-
ever, revealed an earthshaking surprise—iridium levels 30 times
higher than those in the limestones on either side] Back-of-the-
envelope calculations showed that Walter's original idea—that the
clay had built up when the limestone for some reason ceased to be
deposited—could not be correct because then the clay would have
taken an impossibly long time to form. Thus the attempt to use
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iridium as a clock failed, but, as often happens in science, no sooner
does one idea fall by the wayside than another springs up.

To check that the startling result was not somehow a bizarre
characteristic of the K-T boundary clay at Gubbio, the team ana-
lyzed two clay layers contained within the limestones above and
below the boundary and found both to have low levels of iridium.
Thus the iridium anomaly was associated with the thin K-T bound-
ary clay, not generally with clays from the Gubbio region.

If not an anomaly of Gubbio clays, perhaps the iridium spike
was merely a local aberration. To find out, the scientists needed to
find another site where the K-T boundary is exposed, collect sam-
ples, and analyze them for iridium. As an indication ofjust how lit-
tle was known about the K-T boundary in the late 1970s, even a
knowledgeable geologist like Walter had no idea where to look. As
would any intelligent person in a similar quandary, he went to the
library. There he discovered a reference to the sea cliffs south of
Copenhagen, which contain a classical and thoroughly studied K-T
rock section where, as in Italy, a clay layer marks the precise bound-
ary. Measurements of the amount of iridium in the Danish clay by
Frank Asaro showed an even greater enrichment—160 times back-
ground. The Alvarez team was clearly onto something: The iridium
anomaly was not restricted to Italian rocks and might even be a
worldwide phenomenon.

What did the Alvarezes know at this point? That at two widely
separated sites, abnormally high levels of one of the rarest metals in
the earth's crust occur in the exact thin layer that marks the great
K-T extinction and the demise of the dinosaurs. They concluded
that this could hardly be due to coincidence—the high iridium
level must somehow be linked to the extinctions. They knew that
finding how this linkage had occurred was the 65-million-year
question; if they could, they might solve the age-old riddle of dino-
saur extinction.

Since iridium is many times more common in meteorites and in
the solar system in general than in crustal rocks, the Alvarezes began
to consider extraterrestrial sources for the Gubbio iridium. The first
idea they pursued was the one paleontologist Dale Russell favored.
Exploding stars, or supernovae, which generate and then blast cos-
mic material throughout the galaxy, might have implanted the K-T
iridium, suffusing the earth with deadly cosmic rays and thus caus-
ing the extinction. Such nuclear furnaces give birth to a wide vari-
ety of chemical elements, including plutonium. One isotope of plu-
tonium, Pu 244, is a diagnostic marker of supernovae explosions. A
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diligent search for Pu 244 in the boundary clay came up empty
however, so the scientists had to abandon the supernova theory.

A Berkeley colleague, Chris McKee, suggested that a large aster-
oid could have provided the iridium. This made sense, for iridium is
present at high levels in lunar soils, where it has presumably been
emplaced by impacting meteorites. For many months, however, the
Alvarez team was unable to figure out how the impact of an aster-
oid at one spot on the earth's surface could have caused a mass
extinction everywhere. How did the effects get spread around the
globe? Luis later recalled that he had invented a new scheme a
week and shot each down in turn.

The critical clue arose in a way that further illustrates the
strong scientific ties within the Alvarez family. In 1883, the island
volcano Krakatoa, in the Sunda Strait between Java and Sumatra,
blasted itself to pieces in one of the most violent eruptions of mod-
ern times, scattering debris as far as Madagascar. People 5,000 km
away heard the explosion. Walter Alvarez, Sr., the physician father
of Luis, had given his son a volume describing the Krakatoa event
published by the Royal Society of London in 1888; Luis in turn had
passed it on to the younger Walter. Now Luis asked for the volume
back so that he could study the consequences of a dust-laden
atmosphere. The Royal Society volume estimated that the Krakatoa
explosion had blasted 18 km’ of volcanic material into the atmo-
sphere, of which about 4 km’ reached the stratosphere, where it
stayed for more than two years, producing some of the most re-
markable sunsets ever witnessed. (In comparison, the eruption of
Mount St. Helens in 1980 is estimated to have released about
2.7 km’ of volcanic rock; the eruption that formed the giant Yellow-
stone crater about 3,000 km'.)

Krakatoa caught Luis's attention, and he proposed by analogy
that 65 million years ago a large meteorite struck the earth and sent
up such a dense cloud of mixed meteoritic and terrestrial debris
that it blocked the sun. This successively caused world temperature
to drop, halted photosynthesis, choked the food chain, and led to
the great K-T mass extinction and the death of the dinosaurs. Luis
and his Berkeley gang phoned Walter, then in Italy, to announce
their exciting conclusion and to propose that the idea be presented
at an upcoming meeting on the K-T boundary in Copenhagen,
which both Alvarezes could attend. Although Luis was anxious to
explain to paleontologists the cause of dinosaur extinction, Walter
knew better and urged him to stay home.” While the physicist and
his chemist colleagues did remain in Berkeley, Walter journeyed to
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the Copenhagen meeting. There he met Dutch geologist Jan Smit,
the only other person present to give any credence to the embry-
onic theory.

Luis, Walter, Frank Asaro, and Helen Michel spent the next
months preparing a long paper describing their theory, which they
then submitted to Science. Its editor, Philip Abelson, had been
Luis's graduate student at Berkeley in 1939 and a longtime col-
league. Perhaps having grown weary of dinosaur extinction theo-
ries, Abelson responded that the paper was too long and that fur-
thermore, since Science had published many papers purporting to
solve the mystery of the dinosaurs, "at least n-1 of them must be
wrong"—a scientist's way of saying that only one could be right.
The authors submitted a shorter version (still twice as long as the
journal's typical lead article); it appeared in the issue of June 6,
1980."

COSMIC WINTER

When presenting a theory far outside the mainstream, the first
question is whether it is credible. The burden of establishing credi-
bility properly rests with the proposers; if they are unable to do so
convincingly, the theory is best let lie. A theory whose credibility
has been weighed and found wanting may not have been proven
false, but the finding does serve to direct research elsewhere. On
the other hand, as we shall see, too often in geology a magisterial
authority has made a pronouncement—that the earth can be no
more than 20 million years old, that continents cannot move, that
few or no terrestrial craters could have been formed by meteorite
impact—and later been found to be dead wrong, costing decades of
fruitful research. It is important not to pursue every offbeat idea
but equally important not to draw conclusions too hastily. Yester-
day's offbeat notion has often become today's paradigm. Arthur C.
Clarke caught the proper spirit when he said that "if an elderly but
distinguished scientist says that something is possible he is almost
certainly right, but if he says that it is impossible he is very proba-
bly wrong.""

One way for the Alvarezes to test the credibility of their theory
was to estimate the size of the alleged impactor. If it turned out to
be as large as, say, Mars, or as small as the tiny meteorites that give
rise to shooting stars, credibility would be undermined. A meteorite
the size of a planet cannot have hit the earth 65 million years ago
or all life at the surface would have been eradicated—-nothing
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would have made it through. At the other extreme, tiny shooting
stars burn up in the atmosphere and thus have no effect. To be
credible, the size of the putative impactor would have to be much
smaller than a planet and much larger than a shooting star.

The size of the alleged K-T meteorite could no longer be mea-
sured directly—the impact explosion would have blasted it to
pieces. But what of the residue it might have left behind, the iridium
in the Gubbio clay layer? Ifthe impact event had worldwide effects,
approximately the same amount of iridium as found at Gubbio
would have been deposited in a layer that extended all around the
earth, coating its entire surface. Knowing both the amount of irid-
ium in the Gubbio clays and the size of the surface area of the earth,
the Alvarez team calculated that about 200,000 tons of iridium had
been emplaced. Since they knew the average iridium content of
meteorites, they were then able to figure out how large a meteorite
would have been required to deliver that much iridium. Using rea-
sonable assumptions as to density and shape, the answer was a mete-
orite about 6.6 km in diameter. Applying the same technique to the
Danish clays gave about 14 km. That the two estimates agreed
within about a factor of 2 was encouraging at this rough level of cal-
culation. Averaging them gave 10 = 4 km, neither as large as a planet
nor as small as the pip-squeaks that produce shooting stars, and well
within the credible range. The figure of 10 km has become accepted
as the diameter of the Alvarez impactor. That happens to be about
the elevation of Mt. Everest, the earth's highest mountain. Imagine
that Everest, instead of standing above the already lofty Himalayan
plateau, rose straight from the sea to its height of over 29,000 feet.
Now imagine a mountain of that size approaching the earth at a
speed of 100,000 miles per hour. No thanks!

The Alvarezes next compared a meteorite 10 km in diameter
with three observational facts:

I . Asteroids (solid rocklike meteorites] and comets (balls of dirty
ice), either of which could have produced the impact, in the
range of 5 km to 10 km in diameter are relatively plentiful in
space and are routinely observed through telescopes.

2. Estimates based only on astronomical observations show that
an asteroid or a comet 10 km in diameter should strike the
earth about every 100 million years, so having one hit 65 mil-
lion years ago but none since would fit the observations (see
Table 1).

3. Over 150 terrestrial impact craters are known; from their size
and frequency, crater experts estimate that a 10-km object
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strikes about every 100 million years. This conclusion, based
only on known craters, is completely independent of the one
based on astronomy, yet it gives the identical result.

Thus the Alvarez impact theory described an event that is rare
but that does occasionally take place and when it does, must pro-
duce large-scale effects. Even though in the early 1980s geologists
were still coming to understand the role of impact in the history of
the solar system, the Alvarez theory was within the range of what
was known and observable. It clearly passed the credibility test and
needed to be taken seriously.

The theory itself consisted of two parts: first, that a meteorite
struck the earth 65 million years ago, and second, that the effects
thus produced were so severe that they led to the K-T mass extinc-
tion. Unfortunately for their theory, but fortunately for Homo sapi-
ens, it is not easy to test the second part, for no large meteorite has
struck in the minute fraction of geologic time recorded by human
history.

One approach to the problem of verifying the theory's second
claim is through computer modeling. In 1983, influenced by the
Alvarez theory, a group of scientists that included the late Carl
Sagan used computer models to show how a nuclear war in which
fewer than half of the combined number of warheads then avail-
able to the United States and the Soviet Union were exploded
would throw enough dust, smoke, and soot into the atmosphere to
block sunlight for several months, particularly in the Northern
Hemisphere. This might set in motion the same sequence of events
as predicted by the Alvarezes (lowering temperatures by tens of
degrees, halting photosynthesis, destroying plant life, and disrupting
the food chain). The ozone layer might also be affected, allowing
the sun's ultraviolet radiation to penetrate and cause further dam-
age. Their paper, which appeared in Science, concluded that nuclear
war would have so few survivors, if any, that it would produce
another great extinction—this time, possibly of Homo sapiens.”
The threat of nuclear winter caught the attention of the world and
may have been influential in halting the growth of nuclear weapons
and ending the Cold War.

Though it would not include deadly radioactive fallout, cosmic
winter would be far worse than nuclear winter. The impact of a
10-km meteorite would release a vastly greater amount of energy
than Krakatoa, which caused the death of 35,000 people. It would
do far more damage than the atomic bomb that was dropped on
Hiroshima, which had the energy equivalent of about 13 kilotons
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of TNT. Traveling at 25 km/sec or more, the mountain-sized mete-
orite would strike the earth with the force of 100 million megatons
of TNT (10" tons; 10 followed by 14 zeros), more than 7 billion
times as much energy as the bomb dropped on Hiroshima—in fact,
vastly more energy than the explosion of a// of the 60,000 nuclear
weapons that existed at the height of the Cold War. To comprehend
the power of meteorite impact, try to imagine the simultaneous
explosion of 7 billion bombs like the one dropped on Hiroshima—
one for every person on earth and 10 for every square kilometer of
the earth's surface. The terrorist bomb that destroyed the Alfred P.
Murrah Federal Building in Oklahoma City in 1995 had an energy
equivalent measured not in megatons, not in kilotons, but in tons—
2.5 tons. The K-T impact was 40 trillion times larger. The dinosaurs,
concluded the Alvarezes, never had a chance.

LOSING BY A NOSE

Even today, in the era of electronic mail, faxes, and international
flight, it is still possible for two individuals or groups to work inde-
pendently, unknown to each other, and to come to the same con-
clusion simultaneously. This nearly happened in the case of the
meteorite impact theory.” In 1974, geologist Jan Smit began to
study the K-T boundary at Caravaca, Spain, for his doctoral disser-
tation, focusing on the disappearance of the microscopic foramin-
ifera there. At the start, he thought their sudden exit at the bound-
ary was only apparent, caused by an erosional gap that made a
gradual extinction appear falsely sharp. But the sudden extinction
persisted even in sections without visible gaps. Smit decided to sce
whether there were invisible, chemical changes.

In the spring of 1977, he sent off to the Dutch interuniversity
laboratory in Delft a set of 100 K-T samples for neutron activation
analysis, asking the scientists there to determine the concentrations
of various elements. Because there was no reason for him to do so,
Smit did not include iridium on his list of elements to be studied.
When the results came back, the thin boundary clay turned out to
have concentrations of nickel, cobalt, chromium, arsenic, antimony,
and selenium that were orders of magnitude higher than in the
limestones on either side. Smit published his finding that the
extinctions were rapid, and, as he describes it, "began to speculate
about extraterrestrial causes."” What Smit did not know was that
the iridium levels of his samples had actually been available in the
analysis records, but, since they had not been requested, were not
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reported to him. On that may have hung the priority for the mete-
orite impact discovery—otherwise we might be discussing the Smit
theory rather than the Alvarez theory. Serendipity thus can also
work in reverse: A scientist may be unlucky and miss having the
chance to make a critical observation.

Two years later, after a lengthy bout with mononucleosis, Smit
was bowled over to read in the New Scientist that scientists at
Berkeley had discovered high iridium concentrations in the Gubbio
boundary clay.” Smit sent his Caravaca samples to Jan Hertogen in
Belgium, who had the equipment to analyze them for iridium. At
28,000 ppt, iridium in the Caravaca K-T boundary clay turned out
to be five times higher than at Gubbio! This prompted the head of
the Neutron Activation Department at the interuniversity labora-
tory in Delft to go back over the archived data from the earlier
analysis—the unreported iridium peak came in at 26,000 ppt.

Smit and Walter Alvarez met at the Copenhagen K-T confer-
ence in September 1979 and, finding themselves alone in giving
credence to the meteorite impact theory, soon became fast friends,
and they have remained so. At first, Smit preferred the supernova
explanation for the K-T mass extinction, but subsequent discus-
sions with an astronomer colleague soon convinced him that the
iridium levels were too high. In December 1979, he received a
preprint of the paper that the Alvarez team had submitted to
Science. One month later, he and Hertogen submitted a paper to
Nature based on their Caravaca findings, noting that "the impact
of a large meteorite may have provided the iridium" and caused
the K-T mass extinction.” The paper appeared in May 1980, one
month before the original Alvarez paper. Thus Smit got into print
first, which would have allowed a less scrupulous person to claim
priority. He knew, however, that the chronology of events required
that he give credit for the discovery to the Alvarezes, which he did.
But it was a near thing. And Smit had not only supernovae, but
meteorites, on his mind. But in science, as an excellent practitioner
like Smit knows full well, there is no second prize.

THREE PRINCES OF SERENDIB

The Alvarez team did not proceed according to the stereotype of
the scientific method: They did not hypothesize that the dinosaurs
were killed by the effects of a meteorite impact, reason out that iri-
dium would provide the evidence, and then set out to test their the-
ory by measuring iridium levels in the K-T boundary clay. Rather,
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while investigating a completely different idea—that iridium could
be used to measure sedimentation rate—they discovered the iridium
"spike." This is often how science works: While looking for one thing,
sometimes for nothing, a scientist by accident makes an important
discovery. In the eighteenth century, Sir Horace Walpole read a fairy
tale about the "Three Princes of Serendib" (Sri Lanka), who "were
always making discoveries, by accidents and sagacity, of things which
they were not in quest of" and he coined the term serendipity to
describe their approach. Royston Roberts' delightful book of that
name describes some of the many discoveries, aside from that of
dinosaur extinction, that have had their origin in accidents: penicillin,
X rays, Teflon, dynamite, and synthetic rubber, to name a few."

Accidents happen to everyone, the great and the not-so-great
alike, but accident does not necessarily imply serendipity. The
Alvarezes made an accidental discovery, but turned it serendipitous
by what they did next. They could have put down the unantici-
pated finding of high iridium levels to contamination or to a freak
event and ignored it. Instead, they immediately turned their atten-
tion to finding out why the strange result occurred; that led them
on to earthshaking discoveries.

In the absence of Pasteur's "prepared mind," chance turns away,
accidents are not converted into serendipitous discoveries, and
average scientists are sorted from great. The minds of most geolo-
gists, trained to believe that the earth changed slowly and imper-
ceptibly over geologic time, certainly were not prepared to accept
the meteorite impact theory. Not only was the introduction of the
theory unnecessary, it appeared to many geologists to be a mis-
guided attempt by outsiders to reverse 150 years of progress.






CHAPTER 2

THE PAST AS KEY
TO THE PRESENT

A science which hesitates to forget its founders is lost.’
Alfred North Whitehead

RESISTANCE

After Luis Alvarez informed a physicist colleague that the absence
of Pu 244 in the boundary clay negated the supernova theory, he
received the reply: "Dear Luie: You are right and we were wrong.
Congratulations." To Luis, this response "exemplified science at its
best, a physicist reacting instantly to evidence that destroys a theory
in which he previously believed."” He could never understand why
the paleontologists did not react the same way.

He could have taken a lesson from the theory of continental
drift, which took decades to find acceptance among geologists. Early
in the nineteenth century, mapmakers and others had noted that
the coastlines of South America and Africa fit together like two
pieces of a jigsaw puzzle. In 1918, German meteorologist Alfred
Wegener extrapolated from this apparent coincidence to develop a
full-fledged theory, backed by a volume of geological evidence, that
held that continents are not fixed in place on the surface of the
globe, but drift about, colliding, welding together, and sometimes
separating along a new fracture. Each single piece of evidence that
Wegener presented, however, was circumstantial and therefore could
be ascribed to coincidence. Furthermore, he could present no plau-
sible mechanism to explain why the continents should have moved.
His idea failed to catch on and came to be regarded, at least by
American geologists, as having been falsified to the point of being
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laughable. The most widely used American textbook on earth his-
tory during the 1950s did not contain the words "continental drift."
A few years later, but before the plate tectonic revolution, the great
Canadian geologist J. Tuzo Wilson lectured on continental drift at
MIT. The attitude of the faculty (and therefore of most students)
was to regard Wilson, a man of impressive dignity, rather like an
eccentric uncle—still a member of the family, but not to be taken
seriously. Within a few years, however, Wilson was not only vindi-
cated, but rightfully hailed as a hero of the revolution.

Ursula Marvin, professor of astronomy at Harvard, recounted a
similar episode when in 1964 she proposed that geologist Robert
Dietz (like Wilson, a courageous visionary) be invited to Harvard to
speak about his remarkable theory that meteorite impact created the
enormous body of igneous (once-molten) rock in Sudbury, Ontario.’
It is one of the world's greatest, and most studied, sources of nickel
ore. Among geologists, it was famous as well as mystifying, for, as
with dinosaur extinction, none of the many theories that had been
proposed for its origin had received general acceptance. Nevertheless,
the Harvard graduate students who had worked at Sudbury "staged a
boycott . . . intuitively rejecting] impact as unworthy of their mag-
nificent structure and, indeed, a deus ex machina appropriate only to
science fantasy"

In resisting the Alvarez theory, geologists were merely behaving
as people have done throughout history. One who has invested time
and effort—possibly an entire career—based on the notion that the
continents are fixed, or that geologic change is slow and unaffected
by cosmic events, when confronted with an entirely different idea,
has to cast off years of work and assumptions and possibly even
renounce previously published conclusions. Max Planck, the father
of quantum mechanics and a Nobelist, summed it up: "An important
scientific innovation rarely makes its way by gradually winning over
and converting its opponents. . . . What does happen is that its op-
ponents gradually die out and that the growing generation is famil-
iar with the idea from the beginning."”

Another reason that people resist new theories is because the
authorities in a field, who by definition have achieved their emi-
nence working within the prevailing paradigm, often say the new
theory is impossible, or at least, highly unlikely. After all, if the new
theory is correct, then one of theirs may need replacing. In the nine-
teenth century the great physicist Lord Kelvin, unaware that radio-
activity existed to provide a source of heat, pronounced that the
earth must have been hot initially and been cooling ever since. Work-
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ing backward, he calculated that the earth could be no more than
20 million years old. His eminence caused this erroneously short
time scale to be accepted, delaying for decades recognition that the
true extent of geologic time is on the order of 4.5 billion years.
(Kelvin also denounced X rays as a hoax.) G. K. Gilbert, chief geol-
ogist of the U.S. Geological Survey and the leading geologist of his
day, incorrectly concluded that Meteor Crater, Arizona, was not
formed by meteorite impact, leading to a dogma that was decades in
the unmaking. When the deans of American geology and the facul-
ties of research universities scoffed at the theory of continental drift,
budding geologists of the 1950s and early 1960s chose other topics.
The history of science is full of the undue influence of magisters—
authoritative masters—whose pronouncements receive an uncritical
acceptance.

WITHOUT HELP FROM A COMET

Walter Alvarez could have told his father that it is hard to find any
idea in the history of science more consistently and continuously
spurned by authorities than the notion that meteorite impact has in
any way affected the earth. The rejection stretches back to the dim
beginnings not only of geology but of science itself. In the 1680s,
William Whiston, mightily impressed by the great comet that had
opened that decade, wrote that God had directed the comet at the
earth and that its impact had produced both the tilt of the earth's
axis and its rotation, had cracked the surface, and had allowed the
waters to rise to create the biblical flood.” Even though Whiston con-
vinced no one, his idea so offended Charles Lyell, a founding father
of geology, that nearly 150 years later he went out of his way to
debunk Whiston's suggestion, writing that he had "retarded the pro-
gress of truth, diverting men from the investigation of the laws of
sublunary nature, and inducing them to waste time in speculations
on the power of comets to drag the waters of the ocean over the
land—on the condensation of the vapors of their tails into water, and
other matters equally edifying."” Lyell's disciple, Charles Darwin, was
equally convinced that catastrophes played no part in earthly events,
writing: "As we do not see the cause [of extinction], we invoke cata-
clysms to desolate the world, or invent laws on the duration of the
forms of life."™

A century later, little had changed. E. H. Colbert of the American
Museum of Natural History, the dean of American dinosaur studies
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at the time, wrote: "Catastrophes are the mainstays of people who
have very little knowledge of the natural world; for them the invoca-
tion of a catastrophe is an easy way to explain great events."

Walter Bucher was an eminent American geologist and the coun-
try's leading authority on mysterious rock structures that geologists
referred to as "cryptovolcanic." Here and there around the globe,
rocks at the surface are broken into a set of concentric faults that
form a bull's-eye pattern. Often the structures occur in sedimentary
rocks hundreds of miles from the nearest volcanic lavas. Neverthe-
less, geologists, looking down and not up, could think of no other
plausible origin for these structures than that they were created by
gases exploding from invisible underground volcanoes. A few brave
souls had the temerity to suggest that these features might actually
be a kind of bull's-eye, marking the target struck by an impacting
meteorite. In 1963 Bucher wrote in the definitive paper rebutting
this view: "Before we look to the sky to solve our problems mira-
culously in one blow, we should consider the possibility that crypto-
explosion [cryptovolcanic] structures and explosion craters may
hold important clues to processes going on at great depth below our
feet, even if it threatens to lead us back to another 'traditional' con-
cept, that of cooling of the outer mantle. Distrust in traditional
thinking should not deter us from looking hard at all aspects of the
problem. Doing so will probably yield more useful results than com-
puting possible velocities of imagined meteorites."" In other words,
do not try to solve geologic problems by appealing to missing mete-
orites from space.

Tony Hallam, a distinguished British geologist, advised that
"Environmental changes on this planet as recorded by the facies
[rock types] should be thoroughly explored before invoking the deus
ex machina of strange happenings in outer space. ... It is intuitively
more satisfying to seek causes from amongst those phenomena
which are comparatively familiar to our experience."” A 1986 review
article intended to sum up matters for students and teachers stated
that "it is not necessary to invoke a meteorite impact to explain the
K/T extinctions, and, in actuality, an impact does not explain those
extinctions.""

The award for the most unlikely source of negative reaction goes
to the New York Times, which in a 1985 editorial curiously titled
"Miscasting the Dinosaur's Horoscope," declared that "terrestrial
events, like volcanic activity, or change in climate or sea level, are the
most immediate possible cause of mass extinctions. Astronomers
should leave to astrologers the task of seeking the causes of earthly
events in the stars."” This prompted Stephen Jay Gould to fantasize
in Discover magazine what might have been written in Osservatore
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Romano of June 22, 1663: "Now that Signor Galileo, albeit under
slight inducement, has renounced his heretical belief in the earth's
motion, perhaps students of physics will return to the practical prob-
lems of armaments and navigation, and leave the solution of cosmo-
logical problems to those learned in the infallible sacred texts.
The attempt to debunk the Alvarez theory was not the first time
the New York Times recommended that scientists come to their
senses and follow its advice. In a 1903 editorial, the paper advised
aviation pioneer Samuel Pierpont Langley "not to put his substantial
greatness as a scientist in further peril by continuing to waste his
time and the money involved in further airship experiments. Life is
too short, and he is capable of services to humanity incomparably
greater than can be expected to result from trying to fly."” How for-
tunate that neither Langley nor the Alvarezes paid any attention.

ni4

When an author feels compelled to exorcise predecessors dead
for over 100 years, when the paper that publishes "All the News
That's Fit to Print" feels entitled to weigh in on its editorial pages,
when theories are judged not on whether they meet scientific tests
but on whether they are required or satisfying, it is obvious that the
suggestion that earthly events have extraterrestrial causes leads other-
wise sober-minded folks to give sway to their emotions. But why
does an appeal to factors outside the earth produce such a negative
reaction? Geologists, at least, have a reasonable answer: Starting
with their first course in the subject, they have been taught that the
earth simply does not change in response to sudden catastrophes.
This notion of geology by catastrophe was disproven a century and
a half ago; to resurrect it in the late twentieth century would be to
return the science to its prescientific days.

No POWERS NOT NATURAL TO THE GLOBE

The key concept underpinning the geologists' view that slow change
can accomplish everything is the vastness of geologic time. At some
point in the not-so-distant future, 1,000 years or 10,000 years from
now, when fossil fuels and valuable ore deposits are gone, the per-
manent contribution of geology surely will be the concept of the
limitless extent of geologic time—what John McPhee aptly calls
"deep time." This is a major intellectual contribution equivalent to
that of astronomy: the realization that the earth is not the center of
anything, rather it is an inconspicuous planet revolving around one
star among billions of stars, in one galaxy among billions of galaxies.
But although we can observe other planets, stars, and galaxies, a hu-
man lifetime is so short that deep time surpasses understanding. We
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can fathom a few hundred years, even a few thousand, but we can-
not comprehend the passage of millions and billions of years. A meta-
phor that well captures the different character of geologic time,
again from McPhee, uses the old English yard, the distance from the
King's nose to the tip of his extended finger, as the equivalent of
geologic time. Apply to the regal digit one light stroke of a nail file,
and the equivalent of human history disappears. Comprehension of
geologic time must be accorded its rightful place as one of the great
achievements of human induction. Its importance to an analysis of
meteorite impact theory is that with time enough—with "time out
of mind"— earth history can be fully explained with no need to
appeal to catastrophes. To do so is to betray the key success of geol-
ogy: recognition that within the vast length of geologic time, every-
thing could be accomplished.

Because it is so foreign to our human time scale, the concept of
deep time not surprisingly took several centuries to develop. Leo-
nardo da Vinci was among the first to realize that the fossil shells
found high in the mountains were the remains of animals that had
once lived deep in the sea. Had he not been such a great painter, we
would likely remember Leonardo as the outstanding scientist of his
day. Another great advance came in the middle of the seventeenth
century, when a Dane named Nicolaus Steno compared fossils en-
cased in rock with the shark's teeth that sailors had brought him for
study. He could see that the two were identical and reasoned that
the teeth had somehow become enclosed in the rock; the teeth had
existed before the rock had fully formed, therefore the teeth were
older. This point seems elementary now but in its day was revolu-
tionary, for it led Steno to realize that some materials of the earth
were older than others and therefore that the earth, like a person,
has a history that can be interpreted and understood.

Until two centuries ago, science was required to be consistent
with the Book of Genesis. In the seventeenth century, James Ussher,
archbishop of Armagle, working backward from the beginning of that
book, allowing due time for the events described, calculated that
the earth had been formed about 6,000 years before. Since all of
the earth's history had to be fitted into such a short period, in this
view, geologic processes must be rapid and catastrophe must be the
rule. (Creationists today argue that the earth can be no more than
10,000 years old, even though the Sumerians were so advanced as to
have a written language 6,000 years ago.)

But by the 1780s some had come to find catastrophism unten-
able, for it did not agree with the slow, inexorable processes of ero-
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sion and deposition that they observed and analyzed. One such per-
son was Scotsman James Hutton. A devout man, he believed that
God had created the earth for the express benefit of mankind, and,
since he could see the earth wearing away, became convinced that
some process must restore it. Otherwise the continents would stead-
ily erode into broad, uninhabitable plains—surely not what God had
intended. Hutton sought and found evidence that sediments worn
from the continents and deposited in the sea are subsequently hard-
ened, heated, uplifted, and returned to the continents to start the
process all over again. He viewed earth history as a series of endless
cycles of decay and rejuvenation, with, in his most famous phrase, "no
vestige of a beginning—no prospect of an end." His cycles required
vastly longer periods of time than allowed by a strict interpretation of
the Bible; indeed, they implied an "abyss of time."

It is curious that Hutton has wound up as the "founder of geol-
ogy," for he started with theology rather than with the rocks, drew
conclusions first and then sought evidence for those conclusions, and
propounded a theory of endless cycles that is at best a vast oversim-
plification. Today we would hardly regard these as the mark of a
great scientist. But Hutton has established his place in the pantheon
of geology not for these reasons but because he enunciated a princi-
ple that was to become central to geologic thought and practice:
"Not only are no powers to be employed that are not natural to the
globe, no action to be admitted of except those of which we know
the principle, and no extraordinary events to be alleged in order to
explain a common appearance . . . we are not to make nature act in
violation to that order which we actually observe . . . chaos and con-
fusion are not to be introduced into the order of nature, because cer-
tain things appear to our partial views as being in some disorder.
Nor are we to proceed in feigning causes, when those seem insuffi-
cient which occur in our experience.""

In other words, in explaining the earth, we are to call upon only
those processes that we observe. Given time enough, they will do
the job. This principle was to become the core concept of geology.
Hutton summed up its central premise, in a phrase learned, if not
thoroughly comprehended, by every beginning student of geology
since: "The present is the key to the past." Like most slogans, this one
has a deceptively simple appeal. A moment's thought reveals that
since the time scale of human history is so short compared to deep
time, important processes that act only rarely could have occurred
long ago, but never since, so that there has been no chance for us to
observe them. To the extent that they have not been seen, the present
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is not the only, and certainly not the complete, key to the past. How
was this seemingly obvious point ignored? Largely because of the
influence of Charles Lyell.

Born in 1797, the year that Hutton died, Lyell, through his Prin-
ciples of Geology, became the most influential geological writer of all
time."” He was a lawyer who knew how to frame an argument, and
his treatise, presented as a textbook, was in fact a "passionate brief
for a single, well-formed argument, hammered home relentlessly," as
Stephen Jay Gould has described it."" Lyell believed with Hutton
that God designed the earth for human beings, but that once He set
the earth on its path, He never again intervened in its workings.
Natural laws were invariant. The processes that we observe today,
and only those processes, have been in operation since the begin-
ning. Natural law and process are constant. In Lyell's philosophy
there were no more things in heaven than there were on the earth;
he needed no "help from a comet" to explain earthly processes.”

Lyell also believed that the rate at which geologic processes
acted was constant. He wrote, "If in any part of the globe the
energy of a cause appears to have decreased, it is always probable
that the diminution of intensity in its action is merely local, and
that its force is unimpaired, when the whole globe is considered."”
He meant that violent upheavals in one part of the earth are offset
and averaged out by quiescence elsewhere, leaving the overall rate
of change over time the same. Drastic change therefore, like all pol-
itics, is local.

Given Lyell's belief that neither natural law, the kinds of pro-
cesses that affect the earth, nor their rate, ever change, it is not sur-
prising to find that he also believed that the earth has always
looked as it does now, its history revealing no evidence of direc-
tional change. The pterodactyl is gone, true, but when climatic con-
ditions are again favorable, it may return to "flit again through the
umbrageous groves of treeferns."”’ The earth always remains in the
same state, neither progressing nor deteriorating.

We can divide Lyell's thesis into the constancy of law and process,
and the constancy of rate and state. In what Gould has called "the
greatest trick of rhetoric ... in the entire history of science,"” Lyell
gave them all the same name—uniformity—thus obscuring the funda-
mental difference between them for well over a century. William
Whewell, who reviewed the second volume of Lyell's book, lumped
his two meanings together under the unwieldy term uniformitarian-
ism. (He also coined the word scientist) Whewell asked whether "the
changes which lead us from one geological state to another have been,
on a long average, uniform in their intensity, or have they consisted of



THE PAST AS KEY TO THE PRESENT

epochs of paroxysmal and catastrophic action, interposed between
periods of comparative tranquillity?"” He predicted that the question
"will probably for some time divide the geological world into two
sects, which may perhaps be designated as the Uniformitarians and
the Catastrophists."” He was both wrong and right. The biblical cata-
strophists of Lyell's day were clearly in the wrong and disappeared
more quickly than Whewell predicted, but they have been replaced
by today's neocatastrophists, the pro-impactors.

In order to understand how the earth works, and how geologists
practice their science, the two types of uniformity have to be disen-
tangled. The constancy of law and process, which Gould has called
methodological uniformitarianism, describes not how the earth works,
but how geologists ought to work. In common with other scientists,
geologists reject supernatural explanations and employ known, sim-
ple processes before they turn to unknown, complicated ones. For
example, today we can see streams eroding and depositing; it is only
logical to assume that they have been doing so ever since liquid
water appeared on the surface of the earth, and that many sedimen-
tary deposits were formed by stream action.

Of course, this is not only the way that all science ought to work
and does. It is nothing more than common sense, well expressed
by William of Ockham in the fourteenth century: "One should
not assume the existence of more things than are logically neces-
sary." Throughout the history of science up to the space age, mete-
orite impact was simply a vague idea with very little to support it.
Thus to endorse it, based on the knowledge available, was to violate
Ockham's razor, as it has come to be called. But today just the oppo-
site is the case. As we will see, scientists today are logically required
to acknowledge that impact has happened numerous times.

All scientists reason from cases in which they can examine cause
and effect to those in which only effect is evident. This is especially
true in geology, where practically everything took place before we
arrived. But nothing is special about methodological uniformity; it
says only that geology is a science.

The classic example of the success of methodological unifor-
mitarianism was the work of Swiss geologist and naturalist Louis
Agassiz, who noted that modern glaciers high in the Alps could be
seen to gouge rocks from their beds and to carry the dislodged
pieces along, sometimes moving boulders as big as a carriage. When
these glaciers melted back, the rocks over which they had passed
were left polished and grooved; as they receded from their points of
farthest advance, they were seen to leave behind ridges of rock
debris. Agassiz then proceeded to find all of these features and more
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down the Alpine valleys, far below the snouts of present glaciers. He
reasoned that glaciers must once have extended over a much greater
range than they do today and proposed that there had once been a
great ice age. This was not so hard to imagine when looking up a
Swiss valley, but other scientists, finding glacial deposits far below
the furthest extent of present ice sheets, extended the reasoning to
conclude that huge ice sheets as much as a mile thick had advanced
over much of the Northern Hemisphere.

Lyell presented the other type of uniformity—of rate and state,
which Gould has called substantive uniformitarianism—as an a priori
description of the way the earth works: Over the long span of earth
history there has been no directional change, no progression. But
substantive uniformity was tested and falsified in Lyell's own cen-
tury, when it was learned that glaciers of vast size had advanced over
the continents, that the seas at times had risen to drown the land
and at other times had dried up, that mountain ranges had risen and
been eroded away. Clearly, processes have operated at different
rates and the earth has changed. The coup de grace to substantive
uniformitarianism was the obvious progression shown by the fossil
record, leading from one-celled bacteria in Precambrian rocks to
modern Homo sapiens. But Lyell accepted evolution only in the
1866 edition of his Principles, and only then, Gould believes, be-
cause "it permitted him to preserve all other meanings of unifor-
mity."” Since he believed the rate of biological change always to be
the same, Lyell was forced to conclude that the vast difference be-
tween the creatures that lived in the Cretaceous and those that
lived in the Tertiary implied that the missing interval between them,
which today we call the K-T boundary, represented as much time
as all that has passed since. Today we know that time to amount to
65 million years, and the K-T boundary clay to represent to only a
few thousand years at most.

To sum up, one type of uniformitarianism amounts to the state-
ment that geology is a science; the second, which requires the adop-
tion and maintenance of an a priori position regardless of the evi-
dence, amounts to the statement that geology is not a science. Both
cannot be true. But how then are we to account for the persistence
of both in geological thought for nearly two centuries?

« The two types were so inextricably entangled that few students
of geology ever realized that they were accepting "two-for-one."
Since methodological uniformitarianism worked, the substantive
variety tended to be accepted without anyone realizing that a fast
one had been pulled.
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* All catastrophism became equated with biblical catastrophism,
to geologists an outmoded and shunned belief espoused only by
scientific heretics.

*+ We are always attracted by a hero, and Lyell's writings had
turned Hutton into the founder of geology. By espousing
uniformitarianism, one stood tall beside the founding fathers.

* As uniformitarianism became dogma, it was re-espoused in
each new geology textbook from Lyell to the present. Each
generation of geologists learned uniformitarianism at its parent's
knee, so to speak. Uniformitarianism had been around for so long
that it never occurred to anyone to question it. [An exception who
made public his doubts in his first scientific paper, written at age
25, is Stephen Jay Gould.™]

* To call upon catastrophe to solve difficult problems diminishes
the skills of generations of intelligent, hardworking geologists. It is
too easy—a cop-out.

* Finally, only after World War II did the most dramatic evidence
opposing uniformitarianism—the scarred and magnetized seafloor,
which supported the notion of drifting continents (or moving
plates], and the record of impact on other bodies in the solar
system—become known.

We can now understand how the Alvarez theory ran into trouble
on two grounds. First, it was catastrophic and contradicted the vener-
able doctrine of uniformitarianism. Second (and worse], it appealed
to an extraterrestrial process, seeming to belittle the hard-won scien-
tific achievements of generations of earthward-directed geologists.
Add to these two reasons the natural resistance met by new theories
and we have gone a long way toward understanding why geologists
were far from delighted with the new Alvarez theory.

AN EXERCISE IN NEWSPEAK

Though modern geologists rejected a strict interpretation of Lyell's
uniformity of state, by the 1950s most of those in North America had
come to believe that at least the outer appearance of the earth, with
its continents and ocean basins, had not changed dramatically—cer-
tainly continents had not drifted. The notion that seafloors spread out
to plunge beneath continents, that the ocean basins are geologically
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young, that the continents have never been in the same place twice—
all proved hard for those raised on uniformitarianism to accept.

After a generation to get used to plate tectonics, geologists have
incorporated it into uniformitarianism. Because we can measure with
laser beams, satellites, and global positioning systems the almost im-
perceptible movement of continents and the spreading of the sea-
floors, and can use the data to project backward to determine what
the surface of the earth used to look like, the present can still be said
to be the key to the past. Indeed, the way in which plate tectonics
shows how older crust is buried in the mantle and recycled into
new crust is reminiscent of Hutton's endless cycles. But Hutton and
Lyell would certainly have rejected continental drift as impossibly
antiuniformitarian. In any event, to say that one can infer the past
positions of continents from their present positions and measured
rates of motion is to appeal only to methodological uniformitarian-
ism, which, as we have seen, is only to say that geologists proceed
scientifically.

But meteorite impact as a force on the earth takes us into a new
realm. Since we have never observed a large meteorite striking the
earth, yet the existence of terrestrial craters tells us that they have,
we cannot understand earth history by relying solely on processes
that we can observe today. In short, the present is not a reliable key
to the past. Just the opposite: To understand the role of impact cra-
tering, we have to invert Hutton's aphorism and realize that, in the
case of an event so rare as to fall outside human experience, the past
must provide the key to understanding the present and the future.

By the time the Alvarez theory appeared in 1980, the space age
had brought overwhelming evidence that impactors of every size
had hit every object in the solar system countless times. We could
of course stretch definitions to recognize the ubiquity of impact
and claim that it amounts to a kind of uniformity, but this is equiv-
alent to saying, "catastrophism is uniformitarian," an abominable
oxymoron that would empty both words of meaning. As Ursula
Marvin has pointedly said, "To regard the cataclysmic effects of
impact as uniformitarian is an exercise in 'newspeak.'"”

Walter Alvarez drew the right conclusion about the proper place
for uniformitarianism in geological thinking: "Perhaps it is time to
recast uniformitarianism as merely a sort of corollary to Ockham's
Razor, to the effect that if a set of geological data can be explained by
common, gradual, well-known processes, that should be the explana-
tion of choice, but that when the evidence strongly supports a more
sudden, violent event, we will go where the evidence leads us."*"
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STONES FROM THE SKY

Without help from a comet. . . I will give you a receipt for
growing tree ferns at the pole, or if it suits me, pines at the equator;
walruses under the line, and crocodiles in the arctic circle.
Charles Lyell

I n science as in life, timing is everything. A correct theory proposed
before the time is ripe for its acceptance goes nowhere. The history
of science is replete with theories ignored for years, decades, even
centuries before their eventual acceptance. The most famous exam-
ple is that of Aristarchus of Samos who anticipated by 18 centuries
Copernicus's theory that the sun and not the earth is at the center
of the solar system. In Aristarchus's day, however, Earth-centered
astronomy did a good enough job of explaining the then rudimen-
tary knowledge of the solar system, so that Aristarchus's theory
was not "required." In 1866, the monk Gregor Mendel published
his work on the laws of genetics in the proceedings of a local soci-
ety of naturalists, but no one took notice. In 1900, 16 years after his
death, Mendel's results were rediscovered. Continental drift had
to wait half a century from Alfred Wegener's initial formulation in
1915 to the plate tectonics revolution of the 1960s and 1970s.

Why do ideas that eventually prove worthy often have to wait?
Typically it is because they go against the grain of the current para-
digm, leaving other scientists with no way even to think about
them. When first proposed, they are often little more than inspired
guesses with no supporting evidence. (Mendel was an exception; he
had the evidence but published it where no one saw it.] The appa-
ratus and techniques that will eventually provide experimental sup-
port often have yet to be invented. For example, only a few years
prior to 1980, the Gubbio iridium anomaly could not have been de-
tected, even if someone had been looking for it, because none of the
available instruments were sensitive enough to detect iridium at the
parts per trillion level.



36

CHAPTER 3

The idea that a giant impact could cause mass extinctions,
though consistently rejected by geologists, has a surprisingly long
history, dating back at least to 1742, when Frenchman Pierre-Louis
Moreau de Maupertuis suggested that comets have struck the earth
and caused extinction by changing the atmosphere and the oceans.’
His countryman, astronomer Pierre-Simon Laplace, wrote in 1813
that a meteorite of great size striking the earth would produce a
cataclysm that would wipe out entire species.” In our own century,
the distinguished paleontologist Otto Schindewolf sought an extra-
terrestrial cause for mass extinction. In 1970, Digby McLaren used
his presidential address to the Paleontological Society to present the
idea once again, leading some uniformitarians to assume that he
could only have been speaking tongue-in-cheek.” American Harold
Urey, winner of the Nobel Prize in chemistry, proposed in 1973 in
the widely read journal Nafure that impact was responsible for mass
extinctions and the periods of the geologic time scale on which they
are based.’” Urey, who had published a variety of important research
papers, had developed enough of a reputation in the earth and plan-
etary sciences to be taken seriously, yet still no one paid any atten-
tion. These suggestions were catastrophist, unorthodox, and without
evidence or predictions; therefore, even when made by distinguished
scientists in important journals, they languished.

By 1980, when the Alvarez theory appeared, conditions had
begun to improve. Iridium at the parts per trillion level was not eas-
ily measured, but it could be done at several laboratories around the
world. The space age was nearly two decades old and the surfaces
of other heavenly bodies were known in great detail—the map of
the moon was more complete and accurate (when the ocean basins
were included) than any map of the earth. It was impossible not to
notice that, whatever its effect on the earth, impact had scarred every
other object in the inner solar system innumerable times.

CRATERING IN THE SOLAR SYSTEM

The first person to observe lunar craters was Galileo. In 1609 he
trained his telescope on the moon and saw the seas (the maria), the
highlands, and some circular spots. He observed that as the termina-
tor—the sharp line separating the light and dark sides of the moon—
moved across, the far edges ofthe circles lit up before the centers. This
told him that the rims of the circles were higher than their centers,
which meant that they were depressions, or craters. From the length
of their shadows, Galileo calculated the heights of the crater walls.
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As the techniques of astronomy improved, the full extent of
lunar cratering emerged and needed to be explained. Many eminent
scientists and philosophers, including Robert Hooke, Immanuel Kant,
and William Herschel (polymaths all), took a crack at the question.
Almost to a person they concluded that the craters were the rem-
nants of lunar volcanoes. The idea that impact created the craters was
proposed from time to time but never taken seriously.

In 1892, the great American geologist G. K. Gilbert, whose in-
terest in craters was fostered by his research on one in northern Ari-
zona, began to study lunar craters by telescope. He observed that
their shape, and their central peaks and collapsed terraces, showed
them to be markedly different from terrestrial volcanic craters. For
that reason, he concluded that they could not be volcanic but in-
stead had to have been formed by impact. He conducted scale-
model experiments and found that impact could indeed form cra-
ters, but that when the experimental projectile struck at an angle,
the resulting crater was elliptical. Since meteorites arriving randomly
on the surface of the moon surely must strike at an angle most of the
time, at least some lunar craters should be elliptical, but as far as
Gilbert could determine, all were circular. To reconcile experiment
with observation, Gilbert proposed that a ring of solid objects in
orbit around the moon, like the rings of Saturn, gradually released
chunks that fell vertically onto the moon's surface. But since no evi-
dence supported this theory, it too sparked little interest.

Gilbert conducted his tests in a hotel room, which meant that
the experimental impactors fell at low velocities. He had no way of
knowing that a projectile arriving at interstellar speeds is destroyed
and its energy converted to an explosion that leaves a circular crater
almost regardless of the angle of incidence. That knowledge had to
await the early twentieth century and additional observations, many
of them on the bomb craters that soon became all too available in
the pockmarked fields of Europe.

Gilbert's negative conclusion essentially shut down research on
the origin of terrestrial craters until, in 1961, a new era began when
President John F. Kennedy, calling space the new ocean to be
explored, declared that within that decade the United States would
send a man to the moon and return him safely. Wisely, before astro-
nauts were sent, unmanned vessels such as Ranger, Surveyor, and
Orbiter mapped the moon. They found it densely cratered on every
scale from thousands of miles to fractions of an inch. Missions from
the Soviet Union and the United States showed that the lunar far-
side was also heavily cratered. Craters of every size saturated many
lunar terrains, leaving no room for a new one without obliterating
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one or more previously existing craters. The larger craters had fea-
tures not displayed by volcanic craters: central peaks, terraced rims,
and rays of splashed debris. As this kind of evidence accumulated, it
gradually became clear that lunar craters were not volcanic but were
formed by impact. There was no scientific reason to believe that the
other inner planets would have had a different history.

Astronauts brought back from the lunar highlands samples of
impact breccia, rocks composed of broken, angular fragments em-
bedded in a fine-grained matrix. This is what would be expected
when impact breaks apart the rocks at ground zero, which are later
cemented back together. The first Apollo astronauts, however, stepped
out not on the highlands but onto a plain of basaltic lava, the type
extruded by the Hawaiian volcanoes, showing that although there
were no volcanic cones or craters any longer visible, at some earlier
time vast sheets of lava had flowed out onto the lunar surface. When
the lunar samples were dated, those from the highlands gave ages of
4.5 billion to 4.6 billion years, the same as the oldest meteorites and
the calculated age of the earth, thus supporting the view that all the
objects in the solar system have the same original age of formation.
The volcanic rocks, however, which appeared both to earthbound
geologists and astronauts to be the youngest lunar material, gave ages
ranging from 3.1 billion to 3.7 billion years. In other words, the
youngest moon rocks were almost as old as the oldest rocks on the
earth, which date to 3.8 billion years. Geologists quickly realized that
the moon had not had a continuous, steady geologic history like the
earth—everything had been crammed into the first 1.5 billion years or
so, after which the only significant process was meteorite impact.

The Apollo missions and the analysis of the returned samples had
the ironic effect of debunking all the existing theories of the origin of
the moon. As the full extent of cratering in the solar system came to
be appreciated, Donald Davis and the versatile William Hartmann—
scientist, artist, and author—proposed that early in the history of the
solar system, a protoplanet the size of Mars struck the earth and
blasted both itself and a large chunk of the earth into near-earth
orbit, where the debris gradually amalgamated into the moon.’ The
mass that stuck became part of the earth's mantle. This has now
become the theory of choice among planetologists. (In yet another
example of a theory ahead of its time, Harvard's Reginald Daly pro-
posed this very idea in the 1940s, but no one paid it any mind.")

The space age had hardly begun when it brought evidence of
cratering on other planets. The Mariner 10 spacecraft missions to
Mercury in 1974 and 1975 found a surface as densely packed with
craters as that of the moon. On Venus, Magellan found huge active
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volcanoes, vast lava flows, and a surface pocked with medium- to
large-size craters. (Smaller craters were not found, probably because
Venus's dense atmosphere causes small meteorites to burn up before
they hit.) The Voyager mission showed that Jupiter's moons—Cal-
listo, nearly as big as Mercury, and Ganymede, even bigger—are
cratered on a lunar scale. Mars is not only heavily cratered but con-
tains titanic volcanoes. And thousands of pockmarked asteroids float
in space, some of them in orbits that cross that of Earth. Indeed, of
all the bodies observed since the space age began, only three—Earth,
and Jupiter's moons Io and Europa, all of them with active sur-
faces—lack obvious and plentiful craters.

Thus over the course of the twentieth century, impact cratering
has gone from being viewed as extremely rare to being regarded as a
paramount process in the history of the solar system. To have existed
as a solid body in the solar system is to have been massively bom-
barded since the beginning. But where, then, are the craters that
must have formed on Earth?

WHERE HAVE ALL THE CRATERS GONE?

After all, Earth not only has a much bigger cross-section than the
moon to present to incoming meteorites, it also has a greater mass and
therefore exerts a greater gravitational pull. Calculations combining
area and mass show that at least 20 times as many meteorites should
have hit Earth as hit the moon. The moon has 35 impact basins larger
than 300 km in diameter, most of them nearly 4 billion years old. In
the same period in its early history, 700 giant basins should then have
formed on Earth. Such saturation bombing would have caused the
entire surfaces of the moon and Earth to melt, forming giant magma
lakes that persisted for millions of years (evidence for this is more vis-
ible on the moon than on Earth, where no trace remains of the early
bombardment). Subsequently, both the moon and Earth were struck
countless times, though not as often as during the first few hundred
million years. Why then could the Alvarezes not find ready support
for their theory in an abundance of terrestrial craters?

The first footprint at Tranquillity Base will outlast the pyramids
and the tallest skyscraper—the moon contains no wind or water to
erode the evidence of human visitation. Eternal, this giant fossil of the
early solar system awaits our return. Earth, on the other hand, has
been internally active since its creation, constantly renewing and
reworking its surface materials, altering them beyond recognition. The
erosive action of wind, ice, and water, and the large-scale effects of
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volcanic, plate tectonic, and mountain-building activity, have trans-
formed the surface of Earth, and thus would likely have obscured or
obliterated most terrestrial craters. The oceans cover 70 percent of
Earth's surface and any crater that formed under the sea would be
hidden. To add insult to injury, plate tectonics constantly recycles the
seafloors, none of which therefore is older than about 125 million
years. Since the end of the Cretaceous 65 million years ago, 20 per-
cent of the seafloor has been carried down the deep-sea trenches that
abut most continents, taking any accompanying craters with it.

It might be tempting to posit that terrestrial craters are rare
because Earth, unlike the moon and Mars (but like Venus), has an
atmosphere that incinerates incoming meteorites. We know that
shooting stars suffer such a fate, but they come from tiny meteorites
that weigh only a few grams and burn up completely. Slightly larger
meteorites survive the trip but are slowed by atmospheric drag so
that they arrive intact at nonexplosive velocities. But any meteorite
larger than 40 m or 50 m in diameter blasts its way straight through
the atmosphere and reaches the surface of Earth unimpeded and
at cosmic velocities, whereupon it explodes, releasing tremendous
amounts of energy.

It was not until the nineteenth century that scientists were pre-
pared to believe that meteorites of any size actually came from
space. Thomas Jefferson allegedly was told of the claim of two aca-
demics that they had observed a meteorite fall in Connecticut in
1807 and responded that he "would rather believe that two Yale
professors would lie rather than that stones could fall from hea-
ven."" (Even if apocryphal, this story does capture the sentiment of
the day.) But actual meteor falls observed at Siena, Italy, in 1794 and
at L'Aigle, France, in 1803, when more than 2,000 dropped, made it
impossible to deny that stones do fall from the sky. Establishing the
direct link between meteorites and impact craters was much longer
in coming, however. It was first found at the end of the nineteenth
century, near the Painted Desert, east of Flagstaff, Arizona.

METEOR CRATER

As one drives across the desert of northern Arizona, suddenly, and
for no apparent reason, there looms ahead a mile-wide, nearly cir-
cular hole in the ground called Meteor Crater (Figure 4). In 1891,
G. K. Gilbert, chief geologist of the U.S. Geological Survey and one
of the most prestigious geologists in the world, attended a lecture in
which this feature, known then for its raised rim as Coon Mountain,
was described. Scattered around it were curious metallic fragments
that were unlike any terrestrial rock and closely resembled iron
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FIGURE 4 Meteor Crater, Arizona. [Photo courtesy of David Roddy and the
U.S. Geological Survey.]

meteorites. Gilbert reasoned that if impact created this circular
crater, the meteorite must have fallen vertically and could still be
buried directly beneath the crater, where its iron magnetism would
give it away. Surrounding the crater should be a mixture of ejected
rock and meteorite fragments that together would have a greater
volume than the now-vacated crater.

Announcing that he was "going to hunt a star," Gilbert and his
assistants set out in October 1891 to measure the expected magnet-
ism of the crater floor, but found none. The volume of ejecta turned
out (by coincidence, we now know) to just match the volume of the
crater. As a responsible scientist who followed where the evidence
led, Gilbert had to conclude that impact had not created the crater.
Such a conclusion was especially obligatory in this case, since Gil-
bert had set out his intended investigation of Coon Mountain as a
model of the scientific method. He published his findings in 1896,
four years after his hotel room experiments.” Having failed to find
the predicted evidence of impact, Gilbert was forced to conclude
that something other than impact, most likely a deep-secated gas
explosion, had created the crater. Thus developed one of the great
ironies in the history of geology: Gilbert correctly concluded that
impact created the lunar craters, but incorrectly concluded that it
had not created the most visible of all terrestrial craters. For four de-
cades, Gilbert's enormous prestige and apparently meticulous meth-
ods put the theory of impact craters to rest.

The crater attracted not only scientific but commercial interest.
Geologist and mining entrepreneur D. M. Barringer, "unaware that
such ideas were geological heresy," as Marvin puts it,"” decided that
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the meteoritic fragments at Coon Mountain meant that a large and
valuable mass of meteoritic iron lay buried beneath the crater floor.
He began his investigation in 1902 and continued it for 27 years, stak-
ing a claim and forming a company to mine the iron ore. Barringer
sank exploratory shafts but found only the same fragments of mete-
oritic iron that had always turned up at Meteor Crater, as the cavity
had come to be called. In 1929 he asked astronomer F. R. Moulton to
calculate the amount of iron that should have been left behind. By
this time, impact science had advanced enough for Moulton to con-
clude that the impactor would not have buried itself into the ground,
it would have exploded, a fact of which no one in Gilbert's day was
aware. Furthermore, Moulton calculated the mass ofthe meteorite at a
mere 300,000 tons, far below Barringer's original estimate. Barringer's
role in the search for impact products came to a tragic end only a few
months later, just weeks after the stock market crash in 1929, when
he died of heart failure. Though only fragments of meteoritic iron ever
turned up at Meteor Crater, the work of Barringer and Moulton cre-
ated an important legacy—the knowledge that at least one terrestrial
hole in the ground was formed by an impacting meteorite.

Not long before Barringer died, Eugene Merle Shoemaker was
born. He was just slightly too young to serve in World War I1." A
young man in a hurry, he rushed through Los Angeles's Fairfax High
School and the California Institute of Technology, emerging in 1948,
at age 20, with bachelor's and master's degrees (and having been a
school cheerleader along the way). He immediately joined the U.S.
Geological Survey and went to look for uranium ore on the Colorado
Plateau. Shoemaker recalled that one day in his first year with the
U.S. Geological Survey, on his way to breakfast, it dawned on him
that humans were going to "explore space." He thought, "I want to
be part of it! The moon is made of rock, so geologists are the logical
ones to go there—me, for example."” Shoemaker was right—humans
were going to the moon, but unfortunately, medical problems pre-
vented him from achieving his lifelong goal of being one of them.

By the mid-1950s, Shoemaker, always to be found where the cut-
ting-edge geology was being done, was mapping nuclear bomb craters
at the Nevada test site. His work on the Colorado Plateau had drawn
to his attention a large cavity there that did not have a nuclear origin:
Meteor Crater. Having satisfied the descendants of Daniel Barringer
that he was not a disciple of Gilbert, in 1957 Shoemaker began the
modern study of Meteor Crater. He used the time-honored methods
of the field geologist: Study each rock unit close up and plot its posi-
tion to produce a geologic map, the universal medium by which geol-
ogists communicate.
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Sedimentary rocks of the type that rim Meteor Crater are de-
posited, naturally, with younger rocks above resting on older ones
below. Yet at Meteor Crater, Shoemaker found just the opposite: The
rocks on the crater rim were actually upside down geologically, with
younger underneath older. He concluded that they had been blasted
into the air, flipped over, and then had fallen to the earth again, but
still upside down, forming a kind of upside-down layer cake. To lift
huge masses of rocks and turn them over would have taken a great
deal of energy. He too found the crater floor filled with breccia. Com-
parison with craters produced by nuclear test explosions allowed him
to calculate that Meteor Crater had been formed by an iron meteorite
weighing 60,000 tons, measuring 25 m in diameter, and traveling at
15 km/sec. Shoemaker calculated that the explosion was equivalent to
the detonation of a 1.7 megaton nuclear device (85 times the magni-
tude of the bomb dropped on Hiroshima; recent estimates are higher)
and destroyed all of the impactor save a few fragments. In 1964, the
old generation and the new came together when Shoemaker guided
Walter Bucher on a field trip to Meteor Crater. The evidence appar-
ently convinced Bucher that the crater after all was due to impact, but
he died before he could make his change of heart known."

CRYPTOEXPLOSION STRUCTURES AND IMPACT MARKERS

The Steinheim Basin in Germany was one of the first cryptovolcanic
structures to be described. Although it was initially put down to
meteorite impact, this idea quickly gave way.to the more orthodox
view that the basin and others like it had been formed by ascend-
ing volcanic gases that fractured the rocks but whose associated
lavas remained hidden, giving rise to the name cryptovolcanic for the
structures {cryptoexplosion later became the preferred term). Curi-
ously, however, the deeper the structures were probed, the less the
rocks are deformed. If produced by volcanic activity, it should have
been just the opposite. Some observant geologists wondered if the
cryptoexplosion structures had been hit, not from below, but from
above, and set out to find evidence.

Unfortunately, terrestrial craters, especially the older ones, are
often so heavily eroded that only the barest trace of a circular struc-
ture remains, allowing them to be interpreted as either of crypto-
explosion origin or of impact origin, if not formed by some entirely
different process. What was needed to resolve the issue was a marker,
or set of markers, produced only by impact. It seemed theoretically
possible that such markers exist, for the shock of impact is so intense
and sudden that it produces conditions radically different from the
low pressures typical at the earth's surface.

A3
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The first markers were discovered just after the turn of the cen-
tury in a hill at the center of the Steinheim structure. The striated
and broken cones of rock found there, known as shatter cones, had
clearly formed from shock pressure, though its source was un-
known. Some 40 years later, Robert Dietz, an early proponent of
impact, studied the cryptoexplosion structure at Kentland, Illinois,
located in the middle of the sedimentary rocks and cornfields of the
American Midwest. In a large limestone quarry, he found shatter
cones 6 feet long."”

The narrow ends of shatter cones tend to point back toward the
center of their structure, showing that the fracturing pressure had
come from there. Dietz believed that shatter cones would only be
found at impact craters. Experiments (with Shoemaker participat-
ing) in which a gas gun fired pellets into limestone at 18,000 mph
produced tiny but perfect shatter cones. Eventually they turned up
in scores of other structures, including Meteor Crater, and came to
be regarded, as Dietz had proposed, as an indicator of impact.

As noted earlier, the Sudbury structure in Ontario is one of the
world's largest nickel ore bodies and one of the most thoroughly
studied geologic features in the world. Decades of traditional geo-
logical approaches, however, had by the early 1960s produced no
satisfactory theory to explain its origin. In a way analogous to the
proposal of the Alvarez team that something completely outside
normal experience had destroyed the dinosaurs, Dietz came up with
the notion that Sudbury was created by a process so rare that no one
had even thought to invoke it. In 1964 he proposed that Sudbury
was a giant impact structure and, in his first visit, found the pre-
dicted shatter cones (Figure 5)."

Dietz went even further by endorsing the suggestion made in
1946 by Harvard's Daly that impact had also created the ancient
South African structural dome known as the Vredefort Ring. (An
impact structure that is very old and highly eroded would have
ceased to exist as a topographic feature. All that would be left would
be the concentrically warped rocks that were present at ground
zero, hence the name "ring.") Dietz predicted the presence of shatter
cones and again, in his first visit to Vredefort, found them. But shat-
ter cones notwithstanding, most geologists thought that by proposing
that impact had created the classic and intensely studied Sudbury
and Vredefort structures, Dietz had crossed the line into heresy. At
Meteor Crater, little was at stake and the misguided pro-impactors
could muse as they liked. Sudbury and Vredefort were another mat-
ter; at these famous sites, decades of study and reams of publications
placed reputations and geological orthodoxy on the line.



STONES FROM THE SKY 45

FIGURE 5 Shatter cones
from Sudbury, Ontario.
[Photo courtesy of R. Grieve
and Geological Survey of
Canada.]

Today we know from experiments that shatter cones mark the
lowest pressures of impact, in the range of 5 gigapascals to 10 giga-
pascals. (Named in honor of a seventeenth-century mathematician
and physicist, Blaise Pascal, a gigapascal [gPa] equals 10,000 times
the pressure of the earth's atmosphere at the surface.) At slightly
higher pressures—10 gPa to 20 gPa—quartz and feldspar, the two
most common minerals in the earth's crust, begin to fracture in the
characteristic crisscrossing planes, a few millionths of an inch apart,
that I had originally seen in K-T zircon on the cover of Nature.

When a mineral with a certain crystal structure is subjected to
sufficient heat and pressure, its atoms rearrange themselves into a
structure that better accommodates the new conditions. For exam-
ple, at low temperatures and pressures, pure carbon exists in the
sheetlike structures that we call the mineral graphite. At higher tem-
peratures and pressures, and under certain other conditions, carbon
changes into the interlocking, three-dimensional structure that we
call diamond.

Laboratory experiments show that quartz has two mineral
phases that appear at high pressure but low temperature: The first
to form is coesite, followed at about 16 gPa by stishovite. Thus the
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presence of stishovite at the surface means that the pressure at that
point once reached 16 gPa. As far as we know, only meteorite im-
pact produces such pressures. Coesite and stishovite were first dis-
covered in nature at Meteor Crater. At pressures above 60 gPa min-
erals melt entirely. When these melts cool and freeze, they do not
re-form the original minerals but instead harden into glasses that
resemble ordinary igneous rocks, which explains how those at Sud-
bury, for example, could have been mistakenly identified.

The final impact marker is less direct. Scattered around the globe
from Australia, through southeastern Asia, eastern Europe, the west-
ern coast of Africa, to Georgia and Texas, are large swaths of ground
strewn with small glassy globules called fektites, after the Greek word
for melted. Tektites usually have no relationship to the rocks with
which they occur, leaving their origin a mystery. Their rounded,
streamlined shapes and wide distribution suggest that they have trav-
eled through the atmosphere while molten. For decades a debate
raged over whether tektites had been splashed by impact off the
earth or off the moon, with Nobelist Urey arguing for a terrestrial
origin and Dietz and Shoemaker for a lunar one. Recently some tek-
tites have been linked to particular terrestrial impact craters, showing
that at least these tektites come from impacts on the earth.

CRATER TYPES

Gilbert, and other early observers of lunar craters through tele-
scopes, could see that they were of two types: smaller, rounded,
bowl-shaped depressions, and larger, more complex structures with
central peaks and collapsed rim terraces. Shoemaker, in his study of
Meteor Crater, discovered why. When an asteroid or comet traveling
at interstellar speeds strikes the earth, two powerful shock waves are
created. The first, the explosive wave, travels downward through the
target rocks, pushing them down and out. The second, the release
wave, moves in the opposite direction. The shock and release waves
interact in a complex manner, melting, vaporizing, and ejecting the
rocks at ground zero. Fractured rock and crater walls fall back into
the crater and mix with melt to form a breccia.

If the impactor is less than a few hundred meters in diameter, a
simple crater (Figure 6) like Meteor Crater is formed. Such craters
range up to about 4 km in diameter. Larger craters are not just bigger
versions of small ones, as Tycho (Figure 7) illustrates. Such large
craters start out in the same way as simple ones, but the greater
energy released by the larger (or faster) impactor causes the rocks at
ground zero to rebound to form the central peak. The crater rim can-
not hold and falls in on itself to form terraces.
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(a) contact (b) shock waves

FIGURE 6 The formation of a simple
(c) crater formation impact crater. [After Don Gault."]

LOCATIONS AND AGES

As the photographs of other bodies taken from space began to be
returned to the earth, the full extent of cratering in the solar system
began to become apparent, at least to the more attentive, who con-
cluded that there must be many undiscovered craters on earth, and
set out to find them. They had their work cut out for them. A recent
impact, like that at Meteor Crater some 50,000 years ago, leaves an
obvious crater. But the earth is 4,500 million years old; most craters
will have been so eroded that they no longer have any surface man-
ifestation at all and may be detectable only through geological and
geophysical methods. These techniques work because the shock of
impact distorts the rocks at ground zero, raising central peaks and
causing terraces to slump, as at Tycho. But these surface features,
which on the earth are obscured by time and erosion, are underlain
by structural ones—rock beds bent and twisted into concentric
rings. Imagine, for example, that the moon had wind and water and
that Tycho had been eroded for millions of years. Then the central
peak, the terraces, indeed the crater itself would be gone, leaving no
surficial hint that a crater had once been present at that spot. Buried
in the rocks below the lunar soil, however, would be the bull's-eye
imprint of the now vanished impact crater, detectable by geophysical
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FIGURE 7 Tycho, a complex
lunar crater 85 km in diameter. Note
the central peak, the collapsed and
terraced rim, and the hummocky
ejecta deposits outside the crater.
[Lunar Orbiter V-M125. Photo
courtesy of the National Space
Science Data Center, principal
investigator L. J. Kosofsky.]

techniques. The magnetic, seismic, and gravitational properties of
these rocks would reveal the bull's-eye pattern and show that it was
once a crater.

By the time the Alvarez theory appeared, scientists had discov-
ered some 100 terrestrial craters; today we recognize approximately
160, and the number increases by 3 or 4 each year. One-third are in-
visible at the surface, detectable only by geophysical properties. The
first thing one notices about the distribution of terrestrial craters
(Figure 8] is that although oceans cover 70 percent of the earth's sur-
face, only a handful of impact sites have been found there (off Nova
Scotia and eastern Russia). Since incoming meteorites would strike
randomly, we assume that many more must have formed in the
ocean basins, but that they have been hidden by younger oceanic sed-
iments or carried down a descending tectonic plate. Most craters are
located in the interiors of continents, as in North America, Europe,
and Australia, which are geologically old, stable, and well studied (the
older the surface, the more likely that it has been hit, but also the
more likely that erosion will have removed the evidence). Approxi-
mately 20 percent of the craters are in Canada, a country that occu-
pies only 1 percent of the total land surface of the earth. Oh, have
the gods frowned on fair Canada? Emphatically not. Rather, the Geo-
logical Survey of Canada has mounted an intense search for impact
craters in a country that contains a higher percentage of geologically
old terrain than most. Few craters are known from South America and
Central Africa, where rain forests make the search more difficult.
About 60 percent of the craters discovered so far are younger than
200 million years, a period that represents only about 4 percent of
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FIGURE 8 The distribution of known terrestrial craters. [R. Grieve,
Geological Survey of Canada. Adapted from their web page at http://
gdcinfo.agg.emr.ca/crater/world_craters.html.]

geologic time. Comparison with cratering on other bodies in the solar
system shows that craters less than about 20 km in diameter are
largely missing on the earth, presumably having been removed by
erosion. Thus the observed record is biased toward younger, larger
craters. More craters will be discovered on the earth in the future, but
the smaller the original crater, and the older it is, the greater the like-
lihood that erosion has removed it forever.

FROM THE BACK OF
THE MOON TO THE OUTBACK

What are the objects that strike the earth from space to form
craters, and how is it that they can have such devastating effect, not
only to dent the solid earth, but, as claimed by the Alvarezes, to play
the starring role in dinosaur extinction? Astronomers have discov-
ered that two types of cosmic objects are in orbits that sometimes
intersect that of the earth: comets and asteroids.

Comets are "dirty snowballs"—mixtures of mineral dust and ices
that evaporate under the heat of the sun to produce the visible tails
that follow behind them for thousands of miles. The great comets of
the 1990s, like Hayukatake and the spectacular Hale-Bopp, have been
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seen by hundreds of millions of people. Comets come from much far-
ther away in the solar system than asteroids—from a vast cloud that
surrounds the sun at an average distance about 40,000 times the
earth-to-sun distance. Edmond Halley was the first to recognize that
some comets are periodic, returning to our region of space with pre-
dictable regularity. Great comets had appeared over Europe in 1531,
1601, and 1682, and Halley figured out that these sightings were of
one and the same comet. In another fine example of prediction, he
claimed that the comet would reappear in 1758, and at definite inter-
vals thereafter. Though he was not around to see it, Halley's Comet
reappeared precisely on schedule and has continued to do so since,
most recently in 1986. We can be certain that in 2061, this cosmic
traveler will reappear, right on schedule.

In 1994, a rival to Halley for cometary fame appeared and, almost
as suddenly, disappeared. Gene Shoemaker, his wife, Carolyn, and
their colleague David Levy, had been searching the sky for comets and
asteroids, carefully tracking the orbits of those they found, in order to
determine whether the object might someday represent a threat to
the earth. In 1993, through persistence and good luck, they spotted
the comet that became known as Shoemaker-Levy 9 (SL-9; the ninth
the trio had found together). Shortly after its discovery, SL-9 broke
into pieces to present the image of a "string of pearls" to those who
viewed it through telescopes. When astronomers plotted the comet's
path, they realized to their surprise and delight that in July 1994 it
was going to crash into Jupiter. It did so right on schedule, making
planetary impact a reality seen by millions. Several of the fragments
left dark spots on Jupiter that were larger than the earth. How fitting
that Shoemaker, after a lifetime of studying craters, was not only the
discoverer of the comet that was to produce the first planetary impact
ever seen by human eyes, but was able to witness it."’

Asteroids are made of stone or iron; many are in orbits that cross
that of the earth, meaning that a collision with our planet is theo-
retically possible. In March 1989, a previously undetected asteroid
passed only 690,000 km from the earth, less than twice the distance
to the moon. Calculations show that most earth-crossing asteroids
cannot have been in their present orbits since the beginning of the
solar system, or they would long since have collided with earth or
been ejected into other regions of space. Some as yet unknown
process must channel them into our region.

Because over recorded human history no recognizable impact
crater has been formed (nor has impact cost a single life), it is rea-
sonable to ask why scientists are confident that impacting asteroids
and comets have caused great damage on the earth. The first point,
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TABLE 1

Number of Craters of Different Diameters Produced During Last 100

Million Years, Based on Astronomical Observations.

Crater diameter >20km >30km >50km >60km >100km >150km
Asteroid source 190 58 8 3.2 0.3 0
Comet source 60 24 8 5 1.6 1
Total 250 82 16 8 2 1

noted in Chapter 1, is that by observing comets and asteroids
astronomers can calculate how often one of a certain size is apt to
hit the earth. Note from Table 1, from the work of Shoemaker and
his colleagues, that the larger the crater, the more likely that it was
formed by a comet. Astronomers and crater scientists usually ex-
press the frequency of crater formation as the number of craters
larger than 20 km that form during a 100-million-year period on
each 10 million km” of earth surface. Based on his astronomical ob-
servations, Shoemaker estimates the rate (for asteroids and comets
combined) at 4.9 + 2.9. In other words, Shoemaker reckons that
during the last 100 million years, for each 10 million km’ of earth
surface (the earth has a total surface area of 500 km*), 4.9 £ 2.9 (or
roughly between 2 and 8) craters larger than 20 km have formed.
From his observations of terrestrial craters, Richard Grieve of the
Geological Survey of Canada obtains a rate of 5.5 = 2.7, basically
the same number as Shoemaker's. In recent years, Shoemaker and
his wife Carolyn, when not searching for comets, were apt to be
found camped in the Australian outback, mapping ancient impact
craters. It was on such a field trip in July 1997 that he lost his life in
a tragic automobile accident. Based on his most recent mapping and
age dating, Shoemaker's last estimate of the frequency of impact for
the old Australian craters, presented at a conference at the Geologi-
cal Society of London in February 1997, was 3.8 + 1.9. For impacts
on the moon, including the lunar farside, it is 3.7 + 0.4. It is simply
astounding that all these rates, measured from the back of the moon
to the outback, give the same answer.

Reason requires that we acknowledge that meteorite impact has
been an inexorable fact of life in our solar system and on our planet.
But even if we admit that, it does not tell us why meteorites are so
terribly destructive. How can a ball of ice—even one much larger
than the snowballs we hurled during our childhood with little ef-
fect—create a crater as large as those excavated at sites of nuclear
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explosions? The answer comes from a fundamental law of physics:
Kinetic energy is equal to one-half the mass of an object times the
square of its velocity. An object of little mass, iftraveling fast enough,
can contain a vast amount of energy. Comets and asteroids move at
speeds far beyond our common experience—at cosmic velocities in
the range of 15 km/sec to 70 km/sec, or 33,500 mph to 157,000 mph.
On the average, comets travel at two to three times the speed of
asteroids. Even though ice is less dense than rock or metal, because
energy varies with the square of velocity and because of their greater
speed, comets can do just as much damage as asteroids.

When a comet or an asteroid strikes the solid earth, the energy
inherent in its great speed is converted into an enormous shock
wave. An impact that creates a crater 10 km wide releases about
10 ergs of energy (10 = 10 followed by 25 zeros; the erg is a
standard unit of energy; to lift a pound weight one foot requires
1.35 x 107 ergs). The impact that produces a 50-km crater releases
about 10°" ergs. For comparison, the 1980 eruption of Mount St.
Helens released 6 x 10* ergs, the 1906 San Francisco earthquake
about 10°" ergs. The energy budget of the entire earth for one
year—from internal heat flow, volcanic activity, and earthquakes—
is about 10°" ergs. The asteroid envisioned by the Alvarezes would
have released almost 10’ ergs. Because of their great speeds and
the inexorable laws of physics, the impact of comets and asteroids
releases more energy than any earthly process, placing impact in a
destructive class by itself.

During the 1960s and 1970s, impact cratering came to be seen
as a ubiquitous process in our solar system, one in which every solid
object has been struck countless times by impactors of all sizes.
Some of the projectiles were themselves the size of planets. As
knowledge of the scale, frequency, and ubiquity of impact began to
spread through the community of geologists, the notion that one
might have occurred at the end of the Cretaceous, and even that it
might have caused a mass extinction, no longer seemed quite so
heretical. The saving grace of the Alvarez theory, and the reason it
has proven so useful is that, in contrast to many other explanations
of mass extinction, it can be tested. If the Alvarezes are wrong and
the theory is false, the evidence would show it.
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CHAPTER 4

THEORY ON TRIAL

It must be possible for an empirical
scientific system to be refuted by experience.
Karl Popper

OF PREDICTION AND PROOF

By the early 1980s, the importance of impact in the solar system was
established as a fact, as was the presence of high iridium concentra-
tions in at least a few K-T boundary clay sites. That the Cretaceous
had ended with a great mass extinction was also a fact, though the
suddenness of that extinction was disputed. The Alvarezes invented
a theory that tied these facts together. To explain the observational
facts is merely the first obligation of a theory; often several do a good
job of explaining at least some of the observations. The theories that
prove to have lasting value go further: They predict new facts that
have yet to be discovered. If these predicted facts are subsequently
found, the theory gains strength. Curiously, however, a theory is
never completely proven. The possibility always exists that some
new evidence will come to light to discredit the theory, or that some
clever scientist will come up with an alternative theory that explains
more of the facts. Luis Alvarez never went so far as to claim that
the meteorite impact theory had been proven, though he came per-
ilously close. Typically he would assert only that the theory had met
a large number of its predictions (and "postdictions," which are rea-
sonable predictions that happened not to be thought of until later).
Being human, however, he was not above, in Tennyson's phrase,
"believing where we cannot prove."

German philosopher Karl Popper has done more than anyone to
advance the notion that scientific theories may be disproven, but
never proven. He argued that for a theory to be called scientific, it



56

CHAPTER 4

must be possible to disprove, or falsify, the theory.’ For a theory to
qualify as part of science, it must be possible to devise tests that, if
a theory is wrong, will reveal it as wrong. If no such tests can be
devised, then the theory is not useful, at least for the time being.
This is one reason why premature theories languish: No one can
think of anything useful to do with them. Popper did allow that the-
ories could be "corroborated"; that is, they could prove their mettle
by standing up to a succession of severe tests. Corroborate is a good
word—it means "to strengthen or support with other evidence;
make more certain." Corroboration falls short of proof, but shows
that research is heading in the right direction.

Though philosophers and historians of science debate the utility
of Popper's formulation and are apt to go on doing so, it jibes with
our common sense to say that science advances not by proving the-
ories right but by weakening them until they are falsified. Looking
back at the history of science, it is clear that this is the way it works.
Yet if one were randomly to select a scientist at work and ask, "What
are you doing?" one would be apt to get the answer: "I am confirm-
ing such and such a theory." In their daily lives, most scientists try to
confirm or extend theories, not to falsify them. In part this is
because scientists are rewarded for breakthroughs, not for falsifica-
tion. Rewards aside, however, human beings will not spend long
hours and entire careers searching for falsity. Thus a contradiction
exists between the way individual scientists behave and the way sci-
ence as a whole evolves—as the cumulative result of the work of all
scientists. A host of them, each trying to shore up their favorite the-
ories, will in time lead to the falsification of the weakest, to the great
disappointment of its proponents but to the advancement of science
overall.

ALVAREZ PREDICTIONS

The Alvarez theory revolves around two key hypotheses: (1] 65 mil-
lion years ago, a meteorite struck the earth, and (2) the aftereffects
of the impact caused the K-T mass extinction. Since one can accept
the first without accepting the second, they need to be kept sepa-
rate (although the Alvarezes did not). In the rest of this chapter,
I will examine the evidence for the first half of the theory. (The
second half is covered in Chapters 8, 9, and 10.) Although Luis
Alvarez himself identified 15 pre- and postdictions, not all are of
equal importance. I will focus on six predictions that if confirmed
would be especially corroborative and that can be identified largely
by using common sense. If several of the six predictions turn out to
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be false—certainly if all did—the Alvarez theory would have to be
abandoned. On the other hand, if most or all are met, the theory
would be strongly corroborated.

An explosion of research effort followed publication of the ini-
tial Alvarez paper as geologists around the world set to work, some
seeking to confirm its predictions while others tried to refute them
(in principle, intent does not matter as long as the rules are fol-
lowed). Key events in the refinement of the theory were the confer-
ences held at the Snowbird ski resort in Utah in 1981 and 1988, and
in Houston in 1994." The conferences brought together the leading
workers in the new field of impact studies and a variety of other
specialists, proponents of the theory and opponents alike, and pro-
vided a forum for papers and for debate that went on into the wee
hours. For tracing the evolution of the Alvarez theory, the reports
from these conferences are indispensable.

Here are six of the most important predictions made by the
Alvarez theory, followed in each case by the corresponding findings.

PREDICTION 1: Impact effects will be seen worldwide at the K-T
boundary.

A global catastrophe would leave global evidence. Most if not all
K-T boundary sites around the world will contain an iridium anom-
aly, though the concentration might be greater at sites closer to the
ground zero of meteorite impact. At some locations, however, sub-
sequent geologic processes might have removed iridium or even
eroded the boundary layer entirely away, leaving a gap in the rock
record. Thus although the absence of iridium from a few K—T
boundary clay sites might not falsify the Alvarez theory, were irid-
ium found nowhere other than in Italy and Denmark, the theory
would be in trouble.

FINDINGS

By the time of the first Snowbird Conference in 1981, only a year
after the original paper in Science, the number of sites with confirmed
iridium anomalies had risen to 36. By the end of 1983, it had reached
50; by 1990 it had climbed to 95; today it is well over 100. Iridium
concentrations in the boundary clays are the highest ever measured
in terrestrial materials. Only a few K-T sections lack iridium.

One site was of critical importance, for it was the first in which
the rocks studied had been deposited not in seawater but in fresh.
Some had claimed that impact of a meteorite was not the only way
to get iridium into a rock layer. Seawater contains trace amounts of
the element; perhaps there were processes that could somehow

57



58

CHAPTER 4

concentrate the iridium from a large reservoir of seawater into a par-
ticular rock layer. Iridium might be absorbed selectively on the sur-
faces of the clay minerals, for example. Or, perhaps the clay and irid-
ium were once dispersed minutely throughout a thick, marine
limestone bed that slowly dissolved away, leaving behind only the
insoluble clay and iridium. These ideas might have applied to rocks
deposited in the sea, but not to those laid down as sediments in
freshwater, which contains even less iridium and where there is no
opportunity to tap a vast reservoir. The discovery of a strong iridium
anomaly in rocks from the Raton Basin in New Mexico and Col-
orado, rocks recognizable as having formed in freshwater, put the
idea of seawater extraction to rest.” (Luis Alvarez, with the advan-
tage of hindsight, said that the occurrence of the iridium spike in
freshwater rocks should have been one of his predictions.] At the
exact level of the Raton iridium spike, several Cretaceous pollen
species went extinct and ferns—which are opportunistic and move
in after other species disappear—proliferated.

prepicTioN 2: Elsewhere in the geologic column, iridium
and other markers of impact will be rare.

If high iridium concentrations come from meteorites, they will not
be found in most other rocks. If the indicators of shock described in
Chapter 3—shatter cones, shocked quartz, coesite, stishovite, and
tektites—are produced only by impact, they too will be rare to
nonexistent in other geological settings.

(This is an appropriate place to note that the K-T mass extinc-
tion was one of many times during which substantial numbers of
species disappeared. Paleontologists have identified five, including
the K-T, that were especially severe. If impact is responsible for any
others of the "Big Five," they too might show an iridium spike and
impact markers. However, the presence or absence of indicators at
those horizons would have no direct bearing on the Alvarez theory,
which applies only to the K-T event. The possibility that impact
might have caused more than one mass extinction is a related but
separate theory that I will address later.)

FINDINGS

It is obviously impossible to search for iridium in every rock on the
surface of the earth. Frank Kyte and John Wasson of UCLA did the
next best thing by measuring iridium content in a long, continuous
core of sediment pulled up from the deep seafloor in the Pacific.” It
captured the sedimentary record from about 35 million years ago all
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the way back to the K-T boundary at 65 million years. They found
iridium levels above background only at the K-T boundary. As far as
we know, high iridium concentrations are exceedingly rare in terres-
trial rocks.

PREDICTION 3: Iridium anomalies will be associated with proven
meteorite impact craters.

The Alvarezes started with an iridium spike and inferred an impact;
it should be possible to move in the other direction as well. That is,
it should be possible to find a crater whose origin by impact is undis-
puted, predict where the corresponding iridium-enriched ejecta will
be located, and go find it. But since it is hard to detect terrestrial
craters in the first place, and since erosion will have removed some
ejecta layers, the absence of such a connection would not falsify the
Alvarez theory.

FINDINGS

Two craters have been found to have associated iridium-rich ejecta
layers. One is the 600-million-year-old crater at Acraman, South
Australia, whose ejecta deposit contains not only iridium but other
platinum group metals as well as gold.” This ancient crater has been
so deeply eroded that only a multiringed scar remains. Its ejecta,
even though located more than 300 km away, can still be tied confi-
dently back to the crater. The other is the 40-km diameter, 143-
million-year-old Mjolnir crater, in the Barents Sea north of Scandi-
navia, which was detected through geophysical methods.” A diligent
search led by a group of Norwegian geologists found its ejecta layer,
which contained both iridium and shocked quartz, in a core taken
30 km from the crater's center.

At first it may seem surprising that it is so difficult to connect
iridium-rich ejecta layers to their parent craters. But remember how
difficult it is to recognize terrestrial impact craters, and to find the
thin ejecta layers, in the first place. Comparing it to the search for a
needle in a haystack may be optimistic. In any case, the two exam-
ples prove the principle. As the science of crater detection improves,
other ejecta layers will be tied back to their parent craters.

PREDICTION 4: The boundary clay layer will generally be thin
and of worldwide distribution.

The immediate effects of a giant impact take place in minutes or
hours; the secondary ones may last for hundreds or at most a few
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thousand years. On a geologic time scale, even these are instanta-
neous. Thus the boundary layer will be thin everywhere except, per-
haps, at sites closer to ground zero. The layer ought to be found
globally, though erosion might on occasion have removed it. If a thin
layer is found worldwide at the K-T boundary, it would be the first
universal geologic marker—rock formations ordinarily are no more
than regional.

FINDINGS

Around the world, the K-T boundary is marked by a thin clay layer,
almost always with high iridium levels. (As we will see, in North
America there are two boundary layers, with the thicker one on
the bottom.] No other rock unit extends over even a single conti-
nent, much less over all of them and the seafloors in between. The
very existence of this universal layer is evidence of a rare, perhaps
unique, geologic event, and is as strongly corroborative a piece of
evidence for the Alvarez theory as any.

PREDICTION 5: The K-T boundary clays will contain shock
metamorphic effects.

Known markers of impact—shocked quartz grains; coesite or
stishovite; glassy, tektitelike spherules—will be found in the bound-
ary clays. The presence of these accepted indicators would provide
much stronger corroboration to doubting geologists than the irid-
ium spike, which prior to the Alvarez discovery was unrecognized as
an impact marker.

FINDINGS

In 1981, geologist Bruce Bohor of the U.S. Geological Survey
decided to look for shocked quartz at the K-T boundary and
applied for a Survey fellowship (ironically named in honor of G. K.
Gilbert). Turned down by the fellowship panel (which included a
specialist in shocked quartz), Bohor reapplied, only to be rejected
again. Showing admirable resolve, he went ahead on his own and
shortly did locate shocked quartz at the K-T boundary in a 1 cm
thick Montana claystone that also contained both a large iridium
spike and a pollen extinction.” Bohor's discovery was crucial in
making believers out of many geologists. First of all, one of their
own, rather than a know-it-all physicist, had made the discovery.
Second, instead of being based on an invisible element, shocked
quartz was a tried-and-true indicator that geologists had discovered
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FIGURE Q Imprints left by
K-T spherules where they
fell in soft clay. From a drill
core that penetrated the
K-T boundary underneath
New Jersey. [Photo courtesy
of Richard Olsson, Rutgers
University."]

Spherule impressions

Al

themselves—it was "invented here," and could be seen with a micro-
scope. Bohor and others went on to find shocked quartz at many
other K-T boundary sites around the world. Stishovite, which pro-
vides evidence of extreme pressures, has been found at several.

Many K-T sites have yielded millimeter-sized spherules that
look for all the world like microtektites externally but that internally
are composed not of glass but of various crystallized minerals. Some
show beautiful flowlines on their surfaces. They have been studied
extensively and have a mineralogy unlike anything geologists have
seen before. The pro-impactors interpret them as droplets melted by
the shock of impact and blasted into the earth's atmosphere, where
they solidified and fell to earth (Figure 9), subsequently recrystalliz-
ing into the minerals that we now find.

PREDICTION 6: A huge impact crater formed 65 million years ago.
If it has not disappeared, it may yet be found.

If the Alvarez theory is correct, there once existed, and we can hope
there still does exist, a huge crater exactly 65 million years old. Fail-
ure to find it would not falsify the theory, however, because the
crater could easily have escaped detection. The meteorite might
have hit somewhere in the two-thirds of the earth's surface that is
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now covered with water, leaving the crater hidden under younger
sediments. It might have landed in the 20 percent of the seafloor
that has subducted (carried down beneath an overriding tectonic
plate) since K-T time. The crater might be buried under the polar
ice caps. It might have struck on land but now be so eroded as to be
undetectable, or it might be buried there beneath younger rocks. It
might have triggered a volcanic eruption and now be covered with
lava. Finding the crater thus would require more than good sci-
ence—it would require good luck.

FINDINGS

Locating the K-T impact crater obviously would provide the most
corroborative evidence of all, but prior to 1990, no crater of the
right age and size had been discovered. Indeed, the only candidate
much discussed was the buried structure at Manson, Iowa, but it
seemed too small to create a worldwide catastrophe and, some crit-
ics said, was a cryptoexplosion structure formed by underground gas
explosions, as Gilbert and Bucher had claimed for Meteor Crater.
(Chapter 7 is devoted to the search for the K-T impact crater.)

The six predictions just reviewed are specific to the Alvarez the-
ory, but there is a seventh prediction that can safely be made when-
ever a theory with far-reaching implications is explored.

PREDICTION 7: Unanticipated discoveries will be made.

As theories are explored, unexpected discoveries almost always
turn up. Sometimes these surprising findings turn out to strengthen
a theory; sometimes they provide critical evidence that helps to fal-
sify it. With the advantage of 20-20 hindsight, one can often see
that a particular discovery could have been anticipated and stated
as a prediction.

FINDINGS

Prior to the Alvarez discovery, little was known about the clay layer,
but now a host of techniques were applied to it. Three scientists
from the University of Chicago made one of the most astonishing
finds." Searching the Danish K-T clay for a possible meteoritic
noble gas component, they found large amounts of soot, which was
missing in the other late Cretaceous rocks and marine sediments
that they analyzed for comparison. If the clay layer had been
deposited suddenly, for which there is much independent evidence,



THEORY ON TRIAL

then such a large amount of soot could only have come from global
wildfires in which possibly as much as 90 percent of the total mass
of living matter on the earth burned. Supporters of the impact the-
ory naturally found the presence of the soot highly corroborative.
Opponents pointed out, however, that the conclusion depends on
the assumption that the clay layer was deposited rapidly; if it were
not, the levels of soot would not be extraordinary.

Soot was not the only unexpected substance. Amino acids, the
building blocks of proteins, and ultimately of life, are ubiquitous on
the earth but also occur in a class of meteorites called the carbona-
ceous chondrites. Canadian scientists reported that the boundary
clay contains 18 amino acids not otherwise found on the earth.”

Osmium is a platinum metal almost as rare in crustal rocks as
iridium. Karl Turekian, a geochemist at Yale, noted that the ratio
of two isotopes of osmium, Os 187 and Os 186, in meteorites is
approximately 1:1, but in rocks of the earth's crust it is higher than
10:1. Although chemical and geological processes concentrate some
chemical elements and deplete others, the ratios of the isotopes of
heavy elements such as osmium tend to remain constant. This resis-
tance to alteration is best illustrated by the enormous effort required
in the Manhattan Project to separate fissile U 235 from U 238,
which is 100 times as abundant naturally. Even the heat and shock
of meteorite impact would not change the ratio of isotopes as heavy
as those of osmium, and therefore they can be used as a tracer and
proxy to reveal the origin of the iridium in the K-T layer. If the Os
187:0s 186 ratio in the boundary clay turned out to be close to the
meteorite ratio of 1:1, then the osmium would likely be extraterres-
trial, as would the iridium, an almost identical element. If the
osmium isotopic ratio were much higher, then both the osmium and
the iridium would likely be of crustal origin, weakening the Alvarez
theory. According to David Raup, at Snowbird I, Turekian "made it
abundantly clear that he expected to find ordinary crustal isotope
ratios and that his study would show that the impact theory was nei-
ther necessary nor credible."” A year and a half later, Turekian and
a colleague reported that the osmium isotope ratios in the bound-
ary clay were closer to meteoritic than to terrestrial levels."” The
osmium test was less definitive than had been hoped, however, be-
cause an osmium ratio of approximately 1:1 turned out to mark not
only meteorites but volcanic rocks from the earth's mantle. Thus a
low osmium isotope ratio could indicate a mantle source as well as
an extraterrestrial one. A recent study of samples from across the last
80 million years of earth history, however, turned up a low osmium
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isotopic ratio only at the K-T boundary, again strengthening the
possibility that the osmium and iridium came from space."”

Spinel is a rare mineral that sometimes forms a variety of ruby.
Many of the K-T clays contained a nickel-rich variety of spinel pre-
viously found only in material worn off of meteorites. Furthermore,
the highest spinel abundances occurred at exactly the same place in
K-T sections as the iridium spike—at some locations each gram of
boundary rock contained more than 10,000 spinel spherules.

Until recently, diamonds occurred in nature only in rocks be-
lieved to have originally formed deep within the earth (where heat
and pressure are high), and that subsequently were elevated to the
surface. Within the last few decades they have been produced in
explosion experiments and found in meteorites, where the dia-
monds are so tiny as to be barely detectable. The hope that dia-
monds would also show up at terrestrial impact sites led Canadian
scientists David Carlisle and Dennis Braman to search the K-T
boundary clay in Alberta, where they immediately found them."

Now the story gets even more interesting.”” As the Soviet Union
began to collapse, reports started to emerge that scientists there had
not only found diamonds at several of their impact sites, but in
numbers reaching into the millions. The most thoroughly tested
crater was the 3 5-million-year-old, 100-km-wide Popigai Crater in
Northern Siberia, which the Soviets probed with over 500 bore-
holes. Most of the diamonds there were tiny, but some were as large
as peas. (Although none are of gemstone quality, they may prove
useful for industrial purposes.) A British team searched the Ries
Crater and soon found diamonds by the billions in the melt rock,
which had been the source of the stone for the town hall and the
church in Nordlingen, the medieval German town located within
the crater. The citizens of that town, unbeknownst to them, had
been surrounded all their lives by innumerable diamonds formed 15
million years ago by a giant impact. The Ries diamonds occur in
association with silicon carbide, like diamond a rare and hard min-
eral. From this association and various other chemical indicators, the
British scientists concluded that the diamonds and silicon carbide
had not formed directly as a result of shock but rather had crystal-
lized in midair from the white-hot impact fireball. If they are cor-
rect, then diamonds should be found at other impact craters and
provide an excellent marker of impact. The search was immediately
extended, and by mid-1996 diamonds had been found in each of
the eight impact sites studied. No diamonds occur in rocks immedi-
ately above and below the K-T boundary—only right in it. The find-
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ing of billions of diamonds at impact sites and K-T locations must
rank as the most surprising and important of the unexpected dis-
coveries triggered by the Alvarez theory.

THE FIRST HURDLE

How well, then, has the Alvarez theory done in meeting its first hur-
dle: being tested against the six predictions? It can be summed up as
follows:

1. The K-T iridium anomaly is found worldwide.

2. With a few exceptions, the iridium enrichment is not found at
other geological horizons.

3. Impact does produce distant ejecta deposits enriched in iridium.

*4. Almost everywhere the K-T boundary itself can be located
around the earth, the boundary clay layer is present. Except for
a few sites the layer is thin.

5. Accepted indicators of impact—quartz with planar deformation
features, coesite and stishovite, and spherules that resemble
microtektites—are present at many K-T locations.

6. The impact crater may have been found (see Chapter 7).

In addition, the seventh prediction, of unexpected discoveries,
has not only been met, the surprising findings of soot, amino acids,
meteoritic osmium isotopes, spinel, and finally diamonds, some of
which are difficult or impossible to explain by terrestrial causes, help
to corroborate the theory.

A neutral observer examining this evidence would have to con-
clude that the Alvarezes had a strong initial case for the impact half
of their theory. But when a theory has potentially revolutionary con-
sequences, few observers are neutral. Opponents ofthe theory imme-
diately began to attack in earnest, arguing that either the tests were
not valid, or, if they were, had failed. In this view, the iridium anom-
aly is not restricted to the K-T horizon; indeed, opponents claimed,
iridium is not a true marker of impact at all. The boundary clay
shows no sign of a meteoritic component; besides, shocked quartz
and spherules are not diagnostic indicators of impact. The critics
claimed repeatedly to have falsified the theory or to have found an
alternative that fulfilled the predictions at least as well and that was
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consistent with uniformitarian doctrine to boot. The Alvarez team
rebutted, the critics countered, and thereby was produced one ofthe
most bitter scientific rivalries since the great controversy between
dinosaur hunters Edward Drinker Cope and Othniel Marsh, who in
the late nineteenth century quarreled openly for two decades about
their interpretation of the dinosaur evidence, with one even accusing
the other of stealing his fossils.



CHAPTER 5

COUNTERATTACK

Ifyou start to take Vienna—take Vienna.
Napoleon Bonaparte

Th e first to offer a detailed attack on the Alvarez theory were not
paleontologists, as might have been expected since they were ap-
parently the most offended, but a geophysicist from Dartmouth
College, Charles Officer (Figure 10), and his colleague, geologist
Charles Drake. Officer had had a distinguished career as a seis-
mologist in industry; Drake was one of the most respected American
geologists, having been president of the American Geophysical
Union from 1984 to 1986, at the height of the controversy, and also
president of the Geological Society of America. They began their
rebuttal with two papers in Science,, which together comprised a
three-part plan of attack:

Falsify the impact theory by showing (a) that the K-T event
took place at different times around the world (and therefore
could not have been the result of an instantaneous global
catastrophe), and (b) that the transition from Cretaceous to
Tertiary fossil species was too gradual to be consistent with an
instantaneous extinction. (I will call these arguments 1 a and
Ib, respectively.)

Show that the evidence of iridium anomalies, shocked
minerals, and spherules was far from diagnostic of impact and
often was not even consistent with it (argument 2).

Substitute for impact another process that explains the
evidence at least as well and that does not rely on a
nonuniformitarian deus ex machina (argument 3).

67



68

CHAPTER 5

FIGURE 1 O Professor Charles
Officer. [Courtesy of H-O
Photographers.]

PREEMPTIVE STRIKE

If the Alvarez theory is correct, the change from Cretaceous time to
Tertiary time happened instantaneously, everywhere around the
globe, in which case the K-T boundary clay can represent but a mere
eyeblink of geologic time—a few hundred or a few thousand years at
most. Furthermore, the boundary would have to be the same age
everywhere. Officer and Drake claimed to have evidence that, on the
contrary, the age of the boundary differs by hundreds of thousands
of years at different locales. If the K-T boundary has one age at one
site and quite a different age at another, it obviously was not created
instantaneously and the impact theory is falsified. On the other
hand, without impact as its cause, the K-T boundary is likely to have
somewhat different ages at different locations around the globe. This
surprising fact has its roots in the way geology began.

As their understanding of the earth developed, early geologists
began to recognize that they could define distinctive rock units
that differed both from the older rocks below and the younger ones
above. More than a century ago, geologists began to give names to
these characteristic units that they could trace over wide distances:
Cambrian, Ordovician, Devonian, and so on. In this way the stan-
dard geologic column—the ideal sequence if all rock units were pre-
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sent, none having been removed by erosion—was constructed. It is
the basis for the subdivisions shown in Figure 2. Since in a given
geographical area only a limited portion of the geologic column is
exposed, its fundamental units were sometimes situated in entirely
different countries, leaving no way to correlate them precisely. Near
the end of Cretaceous time, different types of rocks were being
deposited in different environments: a limestone on the undersea
shelf near one continent; a sandstone on a beach halfway around the
globe; a shale in a swamp on another continent. In the absence of a
worldwide, short, terminal event, these processes would not have
ended at exactly the same time, and thus the K-T boundary would
have a slightly different age at different places around the world.

Compare, for example, the K-T boundary at Gubbio with that
at Hell Creek, Montana, source of Tyramnnosaurus rex and the best-
studied dinosaur fossils in the world. As shown in Figure 3, the K-T
boundary at Gubbio is easy to spot—you can place your finger right
on it. On the other hand, at Hell Creek the boundary is exceedingly
difficult to locate, or even to define (it is described in the literature
as "above the highest dinosaur fossil and just below the level of the
lowest coal bed," neither of which occurs at Gubbio). Let us sup-
pose, however, that we could find a boundary at Hell Creek that we
believe demarcates the K-T. How could we determine whether it is
of exactly the same age as the K-T boundary at Gubbio? We cannot
do so by comparing fossils, because those at Gubbio are marine
microfossils (foraminifera) whereas the rocks at Hell Creek were
formed in freshwater and contain dinosaur and mammal bones, but
no forams. One way to determine rock ages precisely is through the
use of a pair of elements in which one, the parent, decays radioac-
tively into the other, the daughter, as when uranium decays into
lead. If one knows how much uranium is present in a sample, and
how much lead, and one knows how fast uranium decays into lead
(the half-life), one can calculate how long the process of decay has
been going on in that sample, and thus derive the age of the rock.
But none of the rocks from Gubbio has enough of the parent ele-
ment or occurs in close association with the volcanic rocks that are
best suited for parent-daughter (radiometric) dating. Even if the
parent-daughter methods could be used, however, they are insuffi-
ciently precise for exact correlation.

Very well, if we cannot show that two rocks from the same sec-
tion of the geologic column on different continents are exactly the
same age, can we do the opposite and show that their ages differ
measurably? Not by using forams on one continent and dinosaurs on
another, nor by using radioactive parent-daughter ages, where the
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same lack of precision remains a limitation. But there is one pos-
sibility: the magnetic reversal time scale that led Walter Alvarez
to Gubbio in the first place. It would be ironic if that same scale
could be used to falsify the Alvarez theory, but that is exactly what
Officer and Drake claimed to have done. Here is the basis for their
approach.

As briefly described in Chapter 1, over the past few decades, geo-
physicists have established that the earth's magnetic field has repeat-
edly reversed its polarity.” The north magnetic pole has acted alter-
nately in the way we define a north magnetic pole as acting, then as
a south magnetic pole, then as a north pole again, and so on, over and
over, throughout hundreds of million of years. These reversals have
affected the entire magnetic field, all around the globe. During a
period of reversed magnetism, a compass needle, which seeks a north
magnetic pole, would instead point toward magnetic south. It is
not known why the earth's magnetic field reverses, though super-
computer modeling is beginning to shed light on the mystery. But
remember that we discover facts and invent theories. We have dis-
covered that the earth's magnetic field has reversed itself hundreds
of times, on the average about every 500,000 years; so far we have
not been inventive enough to figure out why.

Magnetized rocks of different ages around the world have been
dated using one of the radioactive parent-daughter pairs, and thus
we know, within the precision of those methods, when each reversal
occurred. The K-T section of the magnetic reversal time scale is
shown in Figure 11. The major intervals are represented by shaded
and light bands, called chrons, numbered and designated R for
reversed and N for normal. Ordinarily, the magnetic time scale suf-
fers from the same lack of precision as the other methods and can-
not be used to show that two rocks have precisely the same age. For
example, if all we know is that two rocks belong to Chron 29R, we
have not pinned their ages down to better than £750,000 years, the
duration of that chron. But suppose on the other hand that we can
establish that one rock unit belongs to 29R while the other belongs
to 28R. We can then be certain that the two are not of the same age
and that their ages must differ by at least 800,000 years, the dura-
tion of intermediate Chron 29N. (The absence of 29N in the region
under study means either that rocks from that age were never de-
posited, or that they were subsequently removed by erosion.) Thus,
paleomagnetism may be able to show that although two rock layers
date to the same general part of the geologic time scale, they do not
have identical ages. This was the opening that Officer and Drake
hoped to exploit.
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Polarity FIGURE 1 I The magnetic

reversal time scale around K-T

time. Dark bands represent

C27N periods of normal magnetization

(like today); light bands show

C28N : g | Berggren et al.’]

In their 1983 paper in Science, Officer and Drake reviewed the
literature on magnetic reversals near the K-T boundary, focusing
their attention on six deep-sea drilling sites and nine continental sites,
including Gubbio and Hell Creek. Most fell into Chron 29R, provid-
ing no support for their thesis, but three did not, giving Officer and
Drake a foothold. A sample that came from a deep-sea core, and
another that came from the San Juan Basin in Colorado, appeared to
belong to 29N; the third sample, from Hell Creek, they assigned to
28R. Ifthese interpretations were correct, the K-T boundary was not
the same age everywhere and therefore could not have been pro-
duced by an instantaneous event. The Alvarez theory would have
been preemptively falsified, the battle would have been over before
it began, and geologists could return to business as usual.

Officer and Drake's argument received a quick rebuttal from
the Alvarezes, who accused the pair of breaching scientific etiquette
by failing to cite any of the papers presented at the 1981 Snowbird
I conference, even though first the abstracts and then the entire
volume of papers from the conference had been published and even
though Drake himself had not only attended the meeting but,
months before the Science paper appeared, had published a critique
of some of the papers presented there.””” Why was this a serious
error? Because scholarship is cumulative, with each generation stand-
ing on the shoulders of those who have gone before. To fail to cite rel-
evant papers that one knows about is a grievous error (to overlook

= reversed magnetization.[ After
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one you should have known about is bad enough): It cheats the
authors of those papers of their rightful recognition; it misleads read-
ers who are not expert in the subject at hand; and it avoids contra-
dictory evidence, thereby falsely fortifying your own position. Most
scientists would say there are only two reasons for failure to cite a
relevant paper: ignorance or dishonesty. Neither seemed to be an
explanation in this case, first because Officer and Drake clearly knew
of the Snowbird I conference and report, and second because any
attempt to cheat in discussing such a controversial matter in the
most widely read scientific journal would have been instantly appar-
ent. Not only is the failure of Officer and Drake to cite the Snowbird
I report a mystery, so is why their oversight was not corrected during
the peer-review process.

The Alvarez team accused Officer and Drake of making another
scientific error: ignoring explicit warnings from the authors of the
original papers on paleomagnetism that their data might be unreli-
able. Subsequent writers ought not give more credence to data than
those who report them in the first place. Officer and Drake began
their description of the deep-sea core, which appeared to place the
K-T boundary in Chron 29N, by quoting the original paper, where
it was described as "the most complete biostratigraphic record of the
Cretaceous-Tertiary transition."” However, the original authors also
said that this particular core had been disturbed during drilling and
affected by stirring of muds by burrowing organisms (an effect
known as bioturbation), both of which would have upset the mag-
netic patterns, making correct interpretation difficult to impossible.’
By failing to cite published, negative evidence, Officer and Drake
appeared to be unfairly favoring their own position. They also failed
to cite detailed magnetic studies from the San Juan Basin that had
indicated at first that a particular magnetic reversal was present
there that had been found nowhere else, which was so unlikely as to
call into question the interpretation of the magnetic reversal data.’
After further work led to the correction of the discrepancy, the K-T
boundary at that site was found to fall in Chron 29R, which Officer
and Drake neglected to reveal. This left the Montana magnetic re-
sult as the only one remaining from their original set of 15 in which
the K-T boundary appeared to reside somewhere other than in
Chron 29R. Officer and Drake claimed that "The magnetic stratig-
raphy observations cover only a short interval of geologic time, but
on the basis of faunal correlations with the San Juan Basin, we infer
that the reversed interval is 28R."" In this case they did refer to the
original paper, but failed to note that the original authors had also
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warned that "The magnetic zones recorded in these terrestrial sec-
tions in Alberta, Montana, and New Mexico cannot be securely cor-
related with the magnetic polarity time scale.""

Officer and Drake had offered evidence from three geologic sec-
tions that they claimed showed that the K-T event took place at dif-
ferent times around the world and therefore could not have been the
result of an instantaneous global catastrophe, which if true would
falsify the Alvarez theory (argument la). When the original papers
that they cited were reviewed in detail, however, their claimed evi-
dence was found either to be nonexistent or to be in serious doubt.
(Later work confirmed that Officer and Drake were indeed wrong:
Wherever it has been studied, the K-T boundary falls firmly within
Chron 29R.)

In a 1984 paper, Walter and Luis Alvarez, Asaro, and Michel had
the last word: "A review by scientists who have not been active in
the field might have been valuable if it had been balanced, but
unfortunately, Officer and Drake use a double standard, in which
they apply keen scrutiny to evidence favoring the impact theory—
as, of course, they should—but uncritically accept any results, no
matter how flawed, that contradict it. They fail to mention most of
the data that support the theory. Instead, they fix their attention on
a few cases that can be made to look like contradictions."”

The title of Officer and Drake's 1983 paper in Science, "The
Cretaceous-Tertiary Transition," conveyed the message of their argu-
ment Ib, showing that the change from the one geologic period to
the other had not been sudden, much less instantaneous. In their
view, there had been instead a finite "transition," a gradual shift, con-
sistent with uniformitarianism. Under the impact scenario, the time
taken by the transition "should be zero," they argued, and if the
fossils on one side of the boundary had been gradually replaced
by those on the other, rather than disappearing suddenly right at
the K-T boundary, the event could not have been instantaneous. But
as we will see, the fossil record can be hard to read. Fossil-bearing
sediments, after being deposited initially, can be stirred by waves and
redeposited, upsetting the original stratigraphy in a process called re-
working. Burrowing organisms carry material from one stratigraphic
level to another, mixing up the sedimentary and fossil record and
making once sharp peaks appear gradual (bioturbation). Officer and
Drake did acknowledge this difficulty, writing, "Bioturbation is an
important process affecting marine sedimentary sequences and can
blur or obscure transition events," but never again in their paper
did they refer to the process as having any actual effect.” Thus they
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appear to have paid only lip service to bioturbation. Because of
the indeterminacy introduced by reworking and bioturbation, pro-
impactors regarded the Officer-Drake argument from fossils as com-
pletely unproved and no threat to the new theory.

Officer and Drake ended their abstract with this plea: "It seems
more likely that an explanation for the changes during the K-T tran-
sition will come from continued examination of the great variety of
terrestrial events that took place at that time, including extensive
volcanism, major regression of the sea from the land, geochemical
changes, and paleoclimatic and paleoceanographic changes.""” The
Alvarezes, Asaro, and Michel responded that "Officer and Drake's
article seems to be a plea for a return to the time before the iridium
anomaly was discovered, when almost any speculation on the K-T
extinction was acceptable. This idea is pleasantly nostalgic, but there
is by now a large amount of detailed astronomical, geological, pale-
ontological, chemical, and physical information which supports the
impact theory. Much interesting work remains to be done in order to
understand the evolutionary consequences of the impact on different
biologic groups, but the time for unbridled speculation is past.""

Thus both counterarguments concerning the timing of the K-T
boundary and extinction failed: Officer and Drake were unable to
falsify the Alvarez theory preemptively by placing the K-T bound-
ary in different magnetic chrons (argument la). Due to the nature
of the fossil record, they could not show convincingly that changes
in fossil abundances had not taken place in zero time—reworking
and bioturbation made it difficult if not impossible to say how long
the transition took (argument 1b).

Beyond the disagreements that proponents of the Alvarez the-
ory had with Officer and Drake over scientific facts and interpreta-
tions, the failure of the pair to follow standard scientific procedures
aroused suspicion of their motives and their modus operandi. In
their papers in Science, Officer and Drake at times failed to cite rel-
evant papers and contradictory evidence, ignored cautions of pri-
mary authors about the reliability of data, used techniques that
were more common to debating tournaments than scientific litera-
ture, and appeared to pay only lip service to facts that complicated
their arguments. The impression created by their methods sowed
seeds of distrust that were to bear a bitter fruit.

Officer and Drake soon turned to the second part of their attack:
to show that the evidence of impact presented by its supporters—the
iridium spike, the shocked minerals, the microtektite-like spherules—
were not markers of an extraterrestrial event after all.
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IRIDIUM HILLS

Even though later evidence appeared to offer more support for the
Alvarez theory than the iridium findings, it was the Gubbio iridium
anomaly that sent the Alvarezes down the trail of impact in the first
place. If that particular evidence were weakened or falsified the
entire theory would be in jeopardy. Iridium had already met two
tests: It proved uncommon in the geologic record and, as shown by
the presence of the iridium spike in freshwater rocks from the Raton
Basin, did not come from seawater. Officer and Drake focused on
two other ways the iridium evidence might have resulted from some-
thing other than meteorite impact. Their first claim was that iridium
was not concentrated in a sharp peak, but spread out above and
below the K-T boundary. On a graph ofthe amount of iridium found
at different depths, instead of a sharp peak, there would be a "hill." If
such a spread of iridium could be shown not to have been produced
by reworking or bioturbation, then the iridium could not have been
emplaced by an instantaneous event such as meteorite impact. Sec-
ond, if it could be shown that normal geologic processes can concen-
trate iridium, the Alvarez theory would not be required to explain
the high iridium concentrations and the way would be open for a
uniformitarian alternative.

In their 1983 paper, the two authors had claimed that in some
deep sea drill cores that capture the K-T boundary, instead of being
concentrated in a spike, iridium is spread over as much as 60 cm
(2 ft). They cited the measurements of F. C. Wezel, who had
reported high iridium at Gubbio from levels well above and well
below the boundary clay.” In a black shale 240 m below the bound-
ary, equivalent to millions of years of sedimentation before the K-T
boundary, Wezel reported an iridium anomaly twice that of the
boundary clay (which, if true, would falsify prediction 2 discussed
in Chapter 4). When the Alvarezes, Michel, and Asaro attempted
to reproduce Wezel's results, however, they could not. They attrib-
uted the discrepancy to contamination in Wezel's laboratory, which
they said is "all too easy in chemical analytical work at the parts-per-
billion level."”

In 1985, Officer and Drake launched a much more broadscale at-
tack on the Alvarez theory. They repeated their earlier claims and
upped the ante: "The geologic record of terminal Cretaceous environ-
mental events indicates that iridium and other associated elements
were not deposited instantaneously but during a time interval span-
ning some 10,000 to 100,000 years. The available geologic evidence
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favors a mantle [volcanic] rather than meteoritic origin for these ele-
ments. These results are in accord with the scenario of a series of
intense eruptive volcanic events occurring during a relatively short
geologic time interval and not with the scenario of a single large aster-
oid impact event.""

Officer and Drake continued to press the claim that the spread
of iridium values was too great to be explained by bioturbation, cit-
ing evidence of iridium hills rather than spikes from other localities.
They again used Wezel's report of high iridium in samples far from
the K-T boundary at Gubbio, but they failed to cite the point that
the Alvarezes, Michel, and Asaro had made that at least some of
Wezel's anomalous iridium levels were due to contamination. Curi-
ously, Officer and Drake did not attempt at all to rebut the charges
made in 1984 by the Alvarez team, merely lumping them together
with several others under the catchall of "a variety of responses."
One coming late to the debate would never have known that the
"variety" included many substantive criticisms and an accusation of
outright error.

Jan Smit and UCLA's Frank Kyte responded that the Officer and
Drake bioturbation model "is inaccurately applied and inadequately
explains possible sedimentary effects for any given section."” Smit
and Kyte describe what once must have been sharp microtektite lay-
ers that are now dispersed over an average of nearly 60 cm, showing
that bioturbation and reworking can affect far more than a few cen-
timeters and that a stretched-out iridium signature need not falsify
the impact theory. Since it was not even certain which mineral
phases contained the iridium, it is not hard to think of ways of
broadening a once-sharp peak. (1) Before the original sediments
that contained the iridium hardened into rock, they might have
been stirred by waves and then redeposited, which would have
smeared out any originally sharp peaks (reworking). (2) Sediments
rich in iridium derived from the impact cloud might have been
washed off the continents and into the ocean basins where they
would mix with other sediments being deposited there, a process
that could have taken hundreds or thousands of years and spread
iridium over a vertical distance. (3) Iridium might have been dis-
solved chemically from its original level in the boundary clay and
been reprecipitated up or down the section.

In 1988, my MIT graduate school colleague Jim Crocket, of Mc-
Master University in Hamilton, Ontario, an expert in measuring
the concentrations of platinum-group metals, reported a new set of
iridium results.” With Officer and others, Crocket presented high
iridium values that spread for 2 m above and 2 m below the K-T
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boundary at Gubbio, representing some 300,000 years of sedimen-
tation. The authors ruled out bioturbation by citing their own work,
referring to the claim made by Officer and Drake in 1985 that bio-
turbation affects only 5 cm of rock on the average, far less than the
4-m spread observed.

In the spring of 1988, Robert Rocchia and an international group
of pro- and anti-impactors returned to Gubbio to remeasure the
magnetic stratigraphy and the iridium distribution.” They could not
reproduce the high iridium readings above and below the boundary
reported by Crocket et al. In 1990, Walter Alvarez, Asaro, and Ales-
sandro Montanari measured a detailed iridium profile across 57 m of
the K-T section at Gubbio, which represents about 10 million years
of sedimentation.” They found an iridium anomaly of 3,000 ppt
exactly in the K-T boundary clay, with small molehills of 20 ppt-
80 ppt on either side, fading away to the background level of about
12 ppt. Their results essentially matched those of Robert Rocchia and
his colleagues.

When responsible authorities come to different conclusions over
what is essentially an analytical matter (how much of an element is
present in a set of samples), the best procedure is to have the sam-
ples analyzed in several independent laboratories, in what is called a
blind test, with none of the laboratories knowing the exact deriva-
tion of the individual samples. Robert Ginsburg of the University of
Miami supervised the collection and distribution of samples from
Gubbio. When the results were returned, only a single iridium peak
had been found, though it did retain its adjacent shoulders.”

This debate reveals the difficulty of saying whether the vertical
spread of a chemical signature such as iridium's indicates that the
element was deposited with that distribution, as Officer and Drake
argued, or whether instead it was deposited in a sharp peak that was
later degraded by secondary processes, as the Alvarez team would
have argued had they believed the data. To rephrase the question: Is
a spread-out iridium hill, as opposed to a sharp peak, a primary or a
secondary feature? We certainly know of processes that can degrade
a sharp peak into a hill: reworking, bioturbation, erosion and deposi-
tion, and chemical solution and reprecipitation. Since 1980 when the
Alvarez theory appeared, processes have also been discovered that
can remove the iridium naturally present in minute amounts in a sec-
tion of rock and concentrate it at a particular geologic level, thus
turning a broad distribution into a peak. However, these processes do
not appear to be able to produce the high iridium levels found at the
K-T boundary. Thus it seems safe to conclude that the sharp peaks
found at Gubbio and the Raton Basin, for example, are highly likely
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to be primary and to record an instantaneous and singular event. For
this reason, sharp iridium peaks corroborate the Alvarez theory to a
far stronger degree than the negative or indeterminate evidence of
iridium hills at other locations detracts from the theory. One peak is
sufficiently likely to be primary as to be worth several hills.

In 1996, A. D. Anbar and his co-workers at Caltech used ultra-
sensitive techniques to measure the minute amounts of iridium in
rivers and the sea.” They found the K-T boundary clay to contain
1,000 times as much iridium as all the world's oceans put together,
confirming that the iridium did not precipitate from normal sea-
water. They also determined that iridium, once present in the oceans,
remains there for some 10,000 to 100,000 years before it is removed
by sedimentation, providing yet another way to explain the iridium
hills: They could merely be the result of the long residence time of
iridium once it had been injected into the oceans by meteorite
impact.

SHOCKED MINERALS

Bruce Bohor's 1981 discovery of shocked quartz (previously found
only at known impact craters and at the sites of nuclear explosions,
in the K-T boundary clay in the Hell Creek area of Montana, home
of T. rex) convinced many geologists that impact was a reality. Glenn
Izett of the U.S. Geological Survey, who wrote the definitive paper
on the K-T section in the Raton Basin, spoke for them: "I started off
as a nonbeliever. What got me was the appearance of these shocked
minerals at the K-T. In the impact bed, you see grains everywhere
that have these features in them. Just a millimeter or two below,
you'll never see any of those features."”

Unshocked quartz has no fracture planes; quartz deformed in
other geologic settings than impact sites sometimes has single sets.
The multiple sets of crisscrossing planes illustrated in Figure 12,
however, are diagnostic of great shock. The planes actually are close-
ly set layers of glassy material precisely oriented to the crystal struc-
ture of quartz. Officer and Drake took exception to the claim that
shocked quartz was diagnostic of impact: "The presence of lamellar
quartz features [the parallel planes] does not in and of itself demon-
strate a meteor impact origin."” As evidence, they stated: "Lamel-
lar features . . . are also a characteristic of both normal tectonic
[mountain building] metamorphism and shock metamorphism,
although the normal tectonic features are quite different from the
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FIGURE 12 (Top) Unshocked quartz
from an explosive volcanic rock in the

Jemez Mountains, New Mexico. Note
the absence of shock planes. (Right)
Shocked quartz from the K-T boundary
in the Raton Basin, Colorado, showing
two sets of shock planes. [Photo
courtesy of Glenn Izett.”]

Al

shock features," meaning that shocked quartz is produced not only
by meteorite impact, but by such familiar geologic processes as
metamorphism.**

Officer and Drake cite as evidence the presence of shocked min-
erals at the giant, ancient structures of Sudbury and Vredefort, which
they say are of internal, nonimpact origin, and conclude on that basis
that shock features do not "demonstrate a meteor impact origin."”
They state two premises and use them to draw a conclusion: (1) Sud-
bury and Vredefort were not formed by impact but are of internal
origin; (2) both contain shocked minerals; therefore (3) shocked min-
erals are not diagnostic of impact. If this technique seems familiar, it
is. It has a history among debaters and rhetoricians extending all the
way back to Aristotle. If the original statement in such a three-step
syllogism is itself false, however, then the chain of logic breaks down
and the final conclusion may be false. If Sudbury and Vredefort are
of impact origin, then the conclusion in step 3 could be false (it could
also be true but there is no way of knowing from this logic). Based on
several lines of evidence, geologists now believe that meteorite
impact did create both structures. At least it is sufficiently likely that
Sudbury and Vredefort were formed by impact that they cannot
be cited as evidence that the recognized impact markers, such as
shocked quartz, are not diagnostic of impact.
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The Officer-Drake paper drew a strong rebuttal from Bevan
French of NASA, an expert on shock metamorphism and the co-
editor of a 1968 classic” on the subject, who stated: "No shock-
metamorphic effects have been observed in undisputed volcanic or
tectonic structures."' Officer and Drake and their co-workers soon
responded, pointing to the giant caldera of the ancient volcano Toba,
on the island of Sumatra, near Krakatoa but 50 times larger, which
last erupted about 75,000 years ago. In 1986, Neville Carter of Texas
A & M, an expert on shocked quartz, along with Officer and others,
reported that feldspar and mica in the Toba volcanic ejecta contain
microstructures resembling those produced by shock, although the
structures were rare in quartz from Toba, and were not the multiple,
crisscrossing sets known as planar deformation features.”

Bohor and two colleagues from the U.S. Geological Survey then
reported shocked quartz at seven additional K-T boundary sites.”
They also studied quartz grains in the Toba rocks and found that
1 percent show fractures, contrasted with the 25 percent to 40 per-
cent of quartz grains in a typical K-T boundary clay that show the
fractures. More importantly, the deformed quartz from Toba exhibits
only single sets of parallel planes, not the multiple planar deforma-
tion features characteristic of impact shock.

A group of Canadian geologists compared quartz grains from
Toba, a known impact site, the K-T boundary clay, and two sites
known to have undergone tectonic deformation. They found that
the appearance and orientation of planar features from the known
impact structure and those observed in samples from the K-T
boundary were essentially identical. They concluded that although
other lamellar deformational features in quartz can result from
other geologic processes, these features only superficially resemble
those from the K-T boundary and those believed to have resulted
from impact.”

According to an article by Richard Kerr, a reporter for Science
magazine who has covered the meteorite impact debate from its
inception, Neville Carter agreed, saying that "there is no question
that there is a difference."” Kerr noted that Carter found "no quartz
lamellaec whatever in distant Toba ash falls."” In his published re-
buttal with Officer, however, Carter appeared to reverse himself:
There, their evidence was said to "clearly repudiate a// [italics theirs]
assertions of Alexopoulos et al."”’

Such claims did not persuade Kerr, who summed up: "Try as they
might, advocates of a volcanic end to the Cretaceous have failed to
find the same kind of so-called shocked quartz grains in any volcanic
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rock. Because shocked quartz continues to maintain its exclusive link
to impacts, the impact hypothesis would seem to be opening its lead
over the sputtering volcanic alternative."”

In 1991, Officer and Carter published a lengthy review paper
on what they called "enigmatic terrestrial structures."” Although
they did admit that some of the cryptoexplosion structures studied
by Walter Bucher and others were due to meteorite impact, they
concluded that the Sudbury and Vredefort structures, and several
others whose origin had been disputed, were of "relatively deep-
seated," that is, internal, origin. One of the features presented as of
internal origin was the buried structure at Manson, lowa, which
as we will see became a prime contender for the K-T impact site
and is now firmly regarded as caused by impact. After an extensive
review of shock metamorphism, Officer and Carter wound up their
argument:

Perhaps the widely held, but erroneous, belief that only multiple sets of
these features are diagnostic of shock deformation has resulted from their
many recent illustrations at the Cretaceous/Tertiary boundary. However,
surprisingly, this myth has also been promulgated recently by workers with
extensive experience with dynamic deformation of quartz. The experi-
mental work summarized above should be sufficient to convince the criti-
cal, unbiased reader that single sets of planar features are just as diagnostic
of shock deformation as multiple sets. This information combined with the
observation that single sets are just as common as are multiple sets in nat-
urally shocked quartz should finally put this nontrivial matter to rest.”

It appears to be true that single sets of deformation planes indi-
cate some level of shock. As the debate went on, single sets were
found in other volcanic rocks, including ash from Mount St. Helens.
But it is also true that the multiple, crisscrossing sets of deformation
lamellae—the planar deformation features—found repeatedly in
quartz at the K-T boundary, occur only at known impact structures,
in high-pressure laboratory experiments, and at the sites of nuclear
explosions. Volcanic rocks do not contain them, and therefore the
multiple sets of planes remain diagnostic indicators of a higher level
of shock than produced by volcanism—or, as far as we yet know, by
any internal process. To quote three experts: Impact-shocked quartz
and quartz altered by other terrestrial processes "are completely dis-
similar . . . due to the vastly different physical conditions and time
scales. . . . Well characterized and documented shock effects in
quartz are unequivocal indicators of impact.""
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MYSTERIOUS SPHERULES

While working on the iridium-rich K-T boundary clay at Caravaca,
Spain, in 1981, Jan Smit and G. Klaver discovered rounded, sand-
sized grains of feldspar.” Similar spherules showed up at the other
prominent K-T sites and in several deep-sea cores that captured
the boundary. On the basis of the mineralogy and texture of the
spherules, Smit, Alessandro Montanari, the Alvarezes, and their col-
leagues concluded that they were congealed droplets of molten
material that had been blasted aloft in the K-T impact explosion.”

Wezel and his group reported that, like iridium, the spherules
spread out above and below the K-T boundary at Gubbio, undercut-
ting the claim for a special event at the boundary.” Officer and two
colleagues from Dartmouth wrote that they had found spherules
over a vertical span of rock at Gubbio equivalent to 22 million years,
analogous to their alleged findings of spread-out iridium.” The
Wezel claim led to one of the more bizarre episodes in the debates
over the Alvarez theory, which is saying a lot. Officer presented
Wezel's results at the 1985 meeting of the American Geophysical
Union, but Montanari, who had also collected and studied the Gub-
bio spherules, came up with quite a different interpretation of what
Wezel and company had found, which he then shared with his col-
league, Walter Alvarez. Let us pick up the story in the words of the
protagonists, as reported by Malcolm Browne in the New York Times
of January 19, 1988:

But according to Dr. Alvarez, "My son Walt took just two minutes to
demolish Officer after he delivered that paper." Dr. Alvarez said his son
showed that the "spherules" found by Dr. Officer's team were merely
insect eggs and had been mistaken for mineral spherules because they
were not cleaned well enough. "At that point," Dr. Alvarez wrote in his
autobiography, "the audience of several hundred Earth scientists burst into
laughter, something I'd never witnessed before in my 53 years of attending

scientific meetings."

Dr. Officer responded: "This is a misstatement. There was no outburst
of laughter following Walter's brief comment, and no direct or implied
derision of me as a scientist by the audience." "My talk at that meeting,"
he said, "concerned the hypothesis that intense volcanic activity and the
lowering of sea levels explains the mass extinctions at the end of the Cre-
taceous. During that talk, mention was made of the distribution of
microspherules. Walter had kindly pointed out to us previously that there
were contaminant hollow spherules of recent origin as well as solid

spherules of a mineral composition indigenous to the geologic section."
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"After duly eliminating the insect eggs and giving due credit to Walter in
our subsequent scientific publications," Dr. Officer said, "we found that all
the solid spherules, throughout the whole section, extended above and
below the terminal Cretaceous layer. They were present in sediments
spanning a time period of several million years and could therefore not

have come from impact.""

As research continued, the spherules turned up at over 60 K-T
sites. Those found outside the United States were solid, rich in
nickel and iron, and often composed of spinel. Some of the spinels
have iridium concentrations of up to 500 ppt. These spinels are not
a dispersed chemical element like iridium, which for all we know
can be dissolved and reprecipitated, and whose exact source in the
boundary clay is not known to this day, but rather are physical
objects—spherules up to 100 microns (1 micron = 10~" m) in diam-
eter. Once locked into a sediment, these spherules would be difficult
to move and thus they help to decide whether the strange features
of the boundary clay—iridium, shocked quartz, spherules—were
originally present in a peak or in a hill. A group of French geologists
found that at El Kef, Morocco, and at several other K-T sites, iridium
spreads over a broad hill, but the spinels occur in a razor-sharp peak
right at the boundary.” They concluded that the spinels (and thus
the boundary clay) took less than 100 years to deposit—a blink of
the eye in geologic time.

CHALLENGE MET

Officer and Drake succeeded neither in their effort to falsify impact
by showing that the K-T event was not instantaneous (arguments 1a
and 1b) nor in their attempt to discredit the evidence for impact
(argument 2). In the process, though, scientists learned a great deal,
especially about the geochemistry of iridium. Certainly the efforts of
the doubters failed to discourage the proponents, who were growing
in number. But on the other hand, those who supported the theory
were equally unable to sway its firmest opponents. In fact, only a
vanishingly small number are on record as ever having changed their
minds on the Alvarez theory. One need read only a fraction of the
vast literature on impact to predict with near certainty which side a
given author will take in all subsequent papers: the same as in previ-
ous ones. Glen notes that he has "found neither in planetary geology
nor in impacting studies anyone who ever wavered from the impact-
as-extinction-cause component of the hypothesis, nor in vertebrate
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paleontology anyone who converted to embrace it."" Michael
Rampino of New York University and NASA; paleontologists Leo
Hickey and Kirk Johnson ofthe Denver Museum of Natural History;
and Peter Ward of the University of Washington, plus a handful of
others, are exceptions, but they merely prove the rule. Some of the
reluctance to switch sides is undoubtedly due to honest convictions
firmly held, but some also results from the unwillingness of scien-
tists, being human, to admit in public that they were wrong. And the
role of tenacious skeptic, adhering faithfully to the old ways that
have served so well for so long, can be a proud one. Even if eventu-
ally proved wrong, one fought the good fight and can hold one's
head high. The trick is not to fight too long, or unfairly.

The critics of the impact theory next turned to argument 3: to
replace the Alvarez theory by showing that another process—one as
familiar to geologists as an old shoe—explains the evidence equally
well and obviates the need for a deus ex machina. If they could not
convince the pro-impactors of the error of their ways, at least the
anti-impactors could present a persuasive case that would shore up
support among those who had not yet made up their minds. The
Alvarez theory would then eventually be discarded in that large
dustbin of discredited theories.



CHAPTER 6

THE VOLCANIC RIVAL

Is he in heaven? Is he in hell?
That demmed, elusive Pimpernel?’
Baroness Orczy

In 1972, Peter Vogt, a volcano specialist at the U.S. Naval Research
Laboratory in Washington, D.C., called attention to the huge vol-
canic outpourings that had occurred in India at the time of the K-T
boundary and wondered if the resulting injection of poisonous trace
elements into the atmosphere might not have been the cause of the
mass extinction.” Volcanism indeed makes an attractive rival to the
Alvarez theory, as it is the only process other than impact that
meets the dual criteria of being lethal and global. Furthermore, vol-
canoes erupt today and it is easy to project their effects backward
in time. In conformity with Hutton's teachings, present volcanic ac-
tivity might well be the key to past extinction.

In 1978, Dewey McLean of Virginia Tech proposed that the car-
bon dioxide accumulations at the end of the Cretaceous had caused
changes in oceanic circulation and global climate (perhaps a kind of
greenhouse effect) that in turn led to the mass extinction.” In 1985,
Officer and Drake adopted and refined these arguments, claiming
that the iridium, shocked minerals, and spherules found at the K-T
boundary are more likely to have been formed by volcanism than
by impact.’" Although a single volcanic eruption can be almost as
sudden as impact—witness the explosion of Mount St. Helens in
1980—it takes hundreds of such eruptions spread over hundreds of
thousands or millions of years to build up a volcanic cone. If Officer
and Drake are correct that the supposed impact markers can be pro-
duced by volcanism, the alleged spread of the markers for several
meters above and below the K-T boundary would then be naturally
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explained. Thus, to the Officer-Drake school, volcanism tied together
all the facts remarkably well.

There was no denying that they were onto something. After the
eruptions of Krakatoa in 1883, Mount St. Helens in 1980, and
Pinatubo in 1991, the dust and sulfur injected into the atmosphere
shaded the earth enough to cause average world temperature to
drop, though by only one or two degrees. And remember that it was
the report of the darkening effects of the Krakatoa eruption that set
Luis Alvarez on the trail of meteorite impact in the first place. It
would be the height of irony were Krakatoa now to be used to
defeat his theory.

VOLCANIC IRIDIUM

The picture of iridium anomalies as uniquely diagnostic of mete-
orite impact began to cloud in the mid-1980s, lending additional
credence to the volcanism theory. The chemistry of aerosols (sus-
pensions of fine solid or liquid particles in gases) emitted from
Kilauea Volcano in Hawaii had been under investigation by scien-
tists from the University of Maryland.” Although for five years they
detected no iridium, aerosols from the 1983 eruption unexpectedly
contained up to 10,000 times as much iridium as the Hawaiian
basalts. Officer and Drake pointed out that the iridium in the air-
borne particles was "comparable to concentrations associated with
meteorites."’

The picture quickly clouded further: High iridium levels were
discovered in particles emitted by a volcano on the remote island of
Reunion in the western Indian Ocean’ and in the ejecta of silicic
volcanoes on Kamchatka.® Iridium levels as high as 7,500 ppt, com-
parable to the K-T levels, were found in layers of volcanic dust
buried in the Antarctic ice sheet.” Thus, contrary to the view that
prevailed when the Alvarez theory was first introduced, as the
1980s progressed it began to appear that certain volcanic processes
can concentrate iridium and in amounts approaching K-T boundary
levels.

In 1996, Frank Asaro, an original member of the Alvarez team,
and Birger Schmitz of the University of Gothenburg in Sweden,
reported iridium measurements in a number of ash deposits, includ-
ing some near the K-T boundary.” They confirmed the discovery
that some types of explosive volcanism produce ash with up to
7,500 ppt iridium, but said that by comparing the levels and ratios
of various chemical elements in volcanic rocks and meteorites, it is



THE VOLCANIC RIVAL

easy to tell that these were terrestrial iridium anomalies rather than
impact-related ones. They found no iridium in the types of ashes
studied by the Russian geologists, whose claim, they therefore said,
needed further confirmation. They thought that the Antarctic irid-
ium, rather than stemming from volcanism, might be derived from
the meteoritic dust that has settled there for millennia. The other
clay layers they studied contained no iridium.

For the volcanic alternative to be viable, volcanoes must have
emitted large enough volumes of lava to allow their by-products,
such as carbon dioxide or dust, to cause a mass extinction. Those by-
products would have to include the iridium, shocked quartz, and the
spherules found at the K-T boundary, all of which the volcanoes
would have to distribute around the globe. The difficulty is that
although all types of volcanoes taken collectively might explain
these observational facts, none of the individual types do. We know
that volcanoes such as Krakatoa, and those of the Ring of Fire—the
group of active volcanoes that encircle the Pacific Ocean basin from
Tierra del Fuego around to the Philippines—explode suddenly and
unexpectedly. They do so because the chambers beneath them hold
a volatile mixture: magmas (subterranean lavas) rich both in silica
and in gases kept in solution under high pressure. These silicic mag-
mas are thick and viscous, like molasses, which causes them to clog
their volcanic conduits, trapping the dissolved gases. The gases can
then burst free in a gigantic explosion, like a too-rapidly opened bot-
tle of carbonated beverage, shooting plumes of dust and ash into the
stratosphere and showering debris for thousands of kilometers. In
1980, Mount St. Helens blasted itself to pieces in an explosion that
sent fine ash wafting over most of the United States. By the time it
reached the eastern states, however, the heavier fraction of the ash
had already settled out, leaving suspended a portion so fine as to be
almost invisible.

K-T quartz grains and spherules are much larger and heavier
than fine volcanic ash. Had they erupted into the stratosphere, they
would quickly have fallen back to earth. No one has been able to
show how explosive volcanism can send large particles winging
around the globe; in any case, volcanic explosions produce angular
glass shards, not rounded spherules. And as noted in Chapter 5, the
multiple, crisscrossing planar deformation features common in
boundary clay quartz have never been found in volcanic products
(including the quartz from Mount St. Helens).

The high iridium levels measured in volcanic aerosols from
Hawaii came from a different type of volcano than those of the Ring
of Fire. The Hawaiian variety erupts basalt, which is lower both in
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silica and in dissolved gases than the lavas of the Ring of Fire, mak-
ing it less viscous and more able to flow. For this reason, basaltic
eruptions are quiescent rather than explosive and their lavas are
restricted to the nearby area. Although gases emitted from these
basaltic volcanoes might convey iridium around the globe, the lavas
themselves contain almost none. Because basaltic lavas erupt qui-
etly, it is hard to see by what process they could produce the re-
quired worldwide distributions of iridium, shocked minerals, and
spherules, especially since basalt contains negligible iridium and no
quartz. Thus basaltic volcanism also fails to explain all the evidence.

Although silicic volcanoes contain quartz and explode, they
emit smaller volumes of material, and for more limited periods
of time, than the basaltic variety. The famous eruptions of Toba,
Krakatoa, and Mount St. Helens did not come close to causing a
mass extinction. The only volcanoes known to erupt large enough
volumes of lava over a long enough period of time to produce po-
tentially lethal amounts of chemicals and cause a global mass extinc-
tion are basaltic, yet basaltic volcanoes emit their products so quietly
that they do not receive worldwide distribution. It is hard to put
all this together into a satisfactory substitute for meteorite impact.
Nevertheless, one of the most massive outpourings of basalt in earth
history did erupt in India close to the time of the K-T boundary, a
worrisome coincidence for the pro-impactors. Another is that the
greatest mass extinction of them all—the one between the Permian
and Triassic periods—occurred at nearly if not exactly the same time
as a huge outpouring of basaltic lava in Siberia.

FLOOD BASALTS

The Indian Deccan traps occur over an area of at least 1 million
km’®. (Deccan is Sanskrit for southern; traps is Swedish for staircase,
which the edge of a giant sequence of nearly horizontal lava flows
sometimes resembles.) In places they are 2 km thick. Their total
volume exceeds 1 million cm’, more than the outpourings of all the
Ring of Fire volcanoes put together. Scientists believe that the Dec-
can eruptions produced 30 trillion tons of carbon dioxide, 6 trillion
tons of sulfur, and 60 billion tons of halogens, gases that enhance the
greenhouse effect.

To reflect their vastness and mode of eruption, geologists call
these enormous outpourings flood basalts.” They occur in the geo-
logic record from the Precambrian to the Tertiary and on nearly
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every continent. Examples are the Columbia River country of Ore-
gon and Washington, the Parana basin of Brazil, the South African
Karroo, and the Siberian traps. Before the advent of plate tectonics,
their origin was a mystery, but Tuzo Wilson, tolerated but unheeded
in my graduate school seminar, provided the key insight.

Wilson was a master at providing an innovative interpretation of
facts that had stumped others, in this case, that the Hawaiian Islands
lie along a straight line. Wilson noted, as had many, that the islands
to the southeast, where Kilauea and the other great volcanoes are
active today, are youngest and that they grow steadily older in a line
to the northwest. Beyond the most northwesterly island lies a linear
chain of submarine seamounts that become progressively deeper
and older, also to the northwest. Unlike the many others who knew
these facts, Wilson deduced their meaning. Deep in the earth's man-
tle, beneath the present active volcanoes, lies a hot spot, a zone that
melts periodically, sending jets of less-dense magma up to be ex-
truded onto the surface. But plate tectonics tells us that the rigid,
uppermost surface layer of the earth moves horizontally over the
fluid mantle, so that as time passes different sections of the crust lie
over a given spot in the mantle deep below. Now we can begin to
see what Wilson envisioned: A fixed hot spot deep beneath the cen-
tral Pacific crust episodically spurts magma toward the surface, but
by the time each spurt arrives, the crust has moved laterally so that
the new eruption occurs at a different point on the surface, produc-
ing a new volcano. The former volcanic sites move progressively fur-
ther and further away from the point directly above the hot spot,
becoming older, eroding, and finally disappearing beneath the sea.
From this, Wilson deduced that the crust in the mid-Pacific has been
moving steadily to the northwest, over the fixed position of the
deep hot spot. Since the ages of the Hawaiian volcanoes and some of
the seamounts are known precisely, we can calculate the speed at
which the crust there is moving; the rate checks exactly with results
obtained using the magnetic reversal time scale.

Jason Morgan of Princeton extended Wilson's idea to explain the
origin of flood basalts. When he reconstructed the past positions of
tectonic plates, he noticed that the basalt provinces lie directly over
present-day active volcanoes. For example, the hot spot that is now
under Yellowstone National Park once produced the Columbia River
basalts. Morgan thought that hot spots at the base ofthe earth's man-
tle sometimes produce huge, bulbous masses of hot, low-density,
low-viscosity basaltic magma, that then "float" to the top of the man-
tle, like a hot air balloon rising through colder, denser air. There these
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giant mushrooms of magma rapidly decompress and flow out on the
surface. Some think all this happens in only a few million years. Thus
hot-spot eruptions can produce not only midoceanic islands but, per-
haps, giant floods of basalt.

In the late 1980s, the Ocean Drilling Program explored the west-
ern Indian Ocean and found a chain of seamounts extending from
southwest India to the island of Reunion. The ages of the seamounts
ranged from 2 million years near Reunion to around 55 million to
60 million years just south of India. A reconstruction of movement
of the plates in the Indian Ocean area shows that at the end of the
Cretaceous, the Deccan trap province resided just over the hot spot
that is now feeding Reunion.

THE DECCAN TRAPS

The sharp iridium peaks, the spinel spikes described in the last
chapter, and the thin boundary clay tell us that whatever the origin
of the K-T event, it did not last for millions of years, or even for
1 million years. As we have seen, some think it lasted for no more
than 100 years! If Deccan volcanism caused the K-T event, the
eruption of the traps must have started just prior to K-T time and
lasted just beyond it, covering at most a few hundred thousand
years. If the Deccan traps do not date exactly to the K-T boundary,
or if they erupted over several millions of years, the volcanic alter-
native would itself be falsified.

Thus the crucial question is this: When did Deccan volcanism
begin and how long did it last? One way to answer the question is
to use the magnetic reversal time scale. Frenchman Vincent Cour-
tillot and colleagues measured the magnetic reversal age patterns of
the Deccan basalts and concluded that the eruptions began during
Chron 30N, reached a maximum in Chron 29R, and were waning
by the time of Chron 29N."” This means that Deccan volcanism
could have lasted for 1 million to 2 million years (see magnetic re-
versal time scale in Figure 11). Chron 29R is the time period during
which the K-T event, whatever caused it, took place.

As noted before, magnetic reversal dating suffers from an inher-
ent lack of precision, generally coming no closer than a few hundred
thousand years. The ages that had been reported in the older litera-
ture for the Deccan traps were also anything but precise, ranging
from 80 million down to 30 million years, a spread far too great to
be plausible and now believed to have stemmed from the difficulty
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of applying the potassium-argon dating method to altered basalts. A
newer technique, the argon-argon method, is more precise and has
largely supplanted the older method. Its use narrowed the wide
range of the older age results, leaving a spread that was small but
real, from 67 million years down to 62.5 million years. As more
measurements have been made, this spread has held firm.

To determine whether the Deccan eruptions have the same age
as the K-T boundary, we must know the exact age of that boundary.
So far, I have simply stipulated that the K-T event took place 65 mil-
lion years ago, but without presenting any evidence. How is it that we
date geologic boundaries precisely? As noted earlier, we cannot do so
by using fossils, for they provide only relative ages. We cannot use
the magnetic reversal scale because not only does it give a range of
ages, ultimately it must tie back to radiometric dating using pairs
of parent and daughter atoms, the only method to give absolute
rather than relative ages. In short, to date the K-T boundary pre-
cisely we must find rocks and minerals from that time whose ages
can be measured by one (for comparison ideally several) ofthe radio-
metric techniques.

The great interest in the Alvarez theory naturally placed the
then-existing estimates of the age of the K-T boundary under close
scrutiny and led to a new set of measurements. Beginning in the
mid-1980s, several precise analyses were made using different
parent-daughter pairs; the results clustered closely around 65.0 mil-
lion years. Thus we can say with rare assurance that the age of the
K-T boundary is 65.0 million years, plus or minus a few hundred
thousand. The K-T is surely the best dated of any of the major
boundaries of the geologic time scale.

INDIAN [IRIDIUM

By the mid-1980s, even the fiercest opponent of the Alvarez theory
had to admit that the iridium anomalies, however much they spread
above and below the K-T boundary and whatever their cause, did
mark the position of the K-T boundary and must reflect a global
event. If Deccan volcanism was the source of that iridium, it might
then be possible to find an iridium-rich K-T boundary layer amidst
the Deccan basalt flows. An intensive search for iridium by the
French team came up empty, however. Finally a group of Indian geol-
ogists, led by N. Bhandari of the Physical Research Laboratory in
Ahmedabad, discovered the iridium needle in the Deccan haystack.”
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The basalt flows that make up the traps alternate with layers of sed-
iment called intertrappeans. The alternating stratigraphy of the basalts
and the intertrappeans tells us that volcanism began, stopped long
enough for sediments to accumulate, resumed, stopped again while
more sediments collected, and so on until a layer cake of basalt and
sediment built up.

The Indian geologists sampled in the Anjar region of Gujurat
State, where seven basalt flows are recognized, each separated from
the next by intertrappean sedimentary layers several meters thick.
The third intertrappean bed from the bottom, ITIII, contains bones
and eggshells of dinosaurs. The Indian geologists used the argon-
argon method to date the lava beds designated Fill and FIV, which
lie above and below ITIII, at 65.5 £ 0.7 and 65.4 + 0.7 million years,
identical to the 65.0-million-year date for the K-T boundary. (This
evidence also shows that dinosaurs were still alive up to the very
end of the Cretaceous.) Since the third lava bed is 65 million years
old, the two earlier ones must be older, as the magnetic reversal
results indicated they are, confirming that Deccan volcanism started
well before the K-T boundary.

Within sedimentary layer ITIII, just above the highest dinosaur
fossil, there are three chocolate-brown layers each less than a cen-
timeter thick. In one of these thin layers, Bhandari and colleagues
found a sharp iridium peak reaching 1,271 ppt, compared to a back-
ground of less than 10 ppt in the basalts (the low levels in the basalt
were later confirmed by Schmitz and Asaro) and to less than 100 ppt
in the nearby intertrappean sediments. Osmium levels are high in the
layer and the osmium:iridium ratio is the same as in meteorites and
the mantle. The remarkable perseverance and skillful detective work
of the Indian geologists clearly confirm that this thin, unremark-
able layer is the K-T boundary clay. Even when you know where to
look and have good age control, finding an iridium-rich ejecta layer is
difficult.

The exemplary findings of the Indian geologists and the accu-
mulated knowledge of the chronology of the Deccan traps lead to
several conclusions:

* The magnetic results obtained by the French geologists show
that the Deccan eruptions began at least 1 million years before
K-T time and lasted for at least 1 million years after it, far too long
an interval to be consistent with the considerable evidence that the
K-T event was rapid.

* Contrary to the claims of some paleontologists, and others who
have opposed the Alvarez theory, the dinosaurs did not die out
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well before the K-T boundary but lived right up to it. (And some
claim they lived on into the Tertiary!)

* Since three Deccan trap flows lie below the layer that contains
dinosaur remains, the dinosaurs, and presumably the other species
that were exterminated in the K-T event, survived at least the first
few phases of Deccan volcanism. Thus the eruption of the Deccan
volcanoes was not immediately inimical to life, even when the
volcanoes were right next door.

*  Some geologists have speculated that a major meteorite impact
might have released so much energy that the earth's mantle below
ground zero melted, initiating a period of volcanism. In this view,
impact might have precipitated Deccan volcanism. But that idea
does not work for the Deccan eruptions, which began at least a
million years too early.

* Since the K-T boundary is located near the middle of
sedimentary layer ITIII, which itself was deposited well after the
volcanism that produced basalt flow III had ceased, it is hard to
understand how Deccan volcanism could have been the source of
the K-T iridium—the iridium was deposited after the Deccan
volcanoes had stopped erupting (though they did resume).

* Since none of the other intertrappeans have high iridium, the
element apparently was not produced in the normal course of
Deccan volcanism and intertrappean sedimentation. Its presence in
one thin layer among many suggests, if it does not demand, that
the iridium has a special origin, unconnected with Deccan basalts
and sediments. The extremely low concentrations of iridium in the
Deccan basalts—among the lowest levels ever measured—make
them a most unlikely source.

CAREER DAMAGE

By the mid-1980s, not only did the volcanic theory appear to be los-
ing out to the Alvarez theory, some of its proponents felt that they
had been treated unfairly by the media. In 1993, Dewey McLean,
who has done as much as anyone to develop the volcanic alternative,
sent Science a complaint that the magazine had shown "indefensible
favoritism toward the asteroid and virtual censorship of the volcano
extinction theory. Since 1980, Science has published 45 proimpact
manuscripts and Research News articles and four strictly nonimpact
items."" Dan Koshland, editor of Science, responded that "For our
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peer-reviewed papers . . . 'freedom of speech' cannot mean 'equal
space' for all points of view.""

Walter Alvarez passes over these and other unpleasant aspects of
K-T debates, saying that "The field as a whole did reasonably well in
maintaining a civilized level of discourse."” Anti-impactors such as
Officer and McLean, and many others, would surely disagree. Wal-
ter's claim contrasts vividly with McLean's poignant open letter to
Luis Alvarez, and with other information provided on McLean's
web page."”

According to McLean, Luis Alvarez tried to destroy McLean's
career starting at one of the first K-T conferences:

Luis Alvarez's response was to take me aside at the first coffee break and
threaten my career if I opposed him publicly. I had written the first paper
showing that greenhouse warming can trigger global extinctions (for the
K-T). Alvarez warned me on what happened to a physicist who had
opposed him: "The scientific community pays no more attention to him."
Alvarez followed through on his threat.

That situation devastated me. By my own originality, I was a principal
in a great scientific debate with one of the world's most creative living
geniuses, himself working in an environment predicated upon creativity,
and I had been undermined, and nearly destroyed, in my own! The
stresses over the damage to my career here at VPI did its work. Through-
out 1984, nearly every joint in my body was so inflamed, and swollen,

that any movement was excruciating; medication kept me nauseated.

Vicious politics by Alvarez, and some paleobiologists, were injected
into my department, and used to undermine me in the early-mid 1980s.
They nearly destroyed my career, and my health. I developed a Pavlovian-
type response to the K-T such that from the mid 1980s until the 1990s, I
had great difficulty doing K-T research. My health was so damaged that I
was never able to recover, and had to retire in May, 1995.""

In his 1988 interview with Malcolm Browne of the New York
Times, Luis Alvarez said, "If the president of the college had asked
me what I thought of Dewey McLean, I'd say he's a weak sister. |
thought he'd been knocked out of a ball game and had disappeared,
because nobody invites him to conferences anymore.""

VOLCANISM DENIED

In Chapter 4 we saw how the meteorite impact theory met several
important predictions, and in Chapter 5 how it avoided falsification
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by the Officer-Drake school. In this chapter, we have seen that the
evidence fits an impact scenario better than a volcanic one. If the
K-T crater could be found, then, as was said about the meteorite-
impact theory in its early days, the volcanic alternative would not be
"required." Finding the crater would establish impact as an observa-
tional fact and ice the cake of the pro-impactors. As G. K. Gilbert
put it long ago when he set out to confirm that impact had created
Arizona's Meteor Crater, it is time to "hunt a star."
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CHAPTER 7

To CATCH A CRATER

It is of the highest importance in the art of detection
to be able to recognize out of a number of facts which
are incidental and which are vital'

Sir Arthur Conan Doyle

he Alvarezes and their supporters had recognized from the start
that finding the K-T impact crater would clinch the impact half of
their theory, but they also knew that the odds against finding it were
high. For one thing, an incoming meteorite has about a 67 percent
chance of striking in the ocean, where, ifthe resulting crater did not
lie in the 20 percent of the seafloor that has disappeared down the
deep-sea trenches since K-T time, it is likely to have been covered
by younger sediments. If the meteorite struck near one of the poles,
the crater might now be covered with ice. In short, it was far easier
to think of reasons why the K-T crater, if it existed, should not be
found than reasons why it should. Clever detective work, and even
more importantly, good luck, would surely be required.

CLUES

Fortunately, the crater detectives had the benefit of some important
clues. At first, the clues seemed to point toward an oceanic location
for the crater, a worrisome possibility given the likelihood that in
that case it would no longer be visible. As the K-T boundary clay
continued to be studied, however, other evidence began to come to
light that suggested a continental landing site. For example, the
boundary clay contains a small but persistent fraction of broken rock
fragments, the majority of which are granitic, and granite is only
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FIGURE 1 3 The K-T boundary in the Raton Basin. [Photo courtesy of
Glenn Izett.]

found on continents. The chemistry of the Haitian glasses, as ana-
lyzed by Glenn Izett and his colleagues, and the ubiquitous grains of
shocked quartz in the boundary clay, also pointed landward. Quartz
is an essential mineral in granites but is absent in the basalts of the
ocean floors. By the mid-1980s, quartz grains in the boundary clay at
North American sites were recognized to be both larger and more
abundant than those found elsewhere, suggesting that the crater was
to be found on or near North America. Based on the evidence from
the first reports of shocked quartz in rocks from Montana, in 1984
impact specialist Bevan French made the bold prediction that the
target must lie no more than 3,500 km from the Montana site.’
The North American K-T boundary sites proved to be different
in another way, for at them not one but two boundary layers are
often found, as shown in Figure 13. The upper layer, about 3 mm
thick, contains the iridium spike, shocked quartz, and spherules; the
lower layer, about 2 cm thick, carries much less of all three. This
double layering, first recognized by Jan Smit, turns out to occur in
many of the K-T sections from North America, but nowhere else.
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Smit, Walter Alvarez, and others attribute the two layers to two tra-
jectories of impact explosion. Immediately after impact, the explo-
sive fireball, composed mostly of superheated vapor and mineral
dust, was lofted high above the stratosphere. Like the volcanic dust
from Krakatoa, it took several months to settle back to the earth;
arriving last, it became the upper layer. The coarser material, ejected
next from the crater, traveled on ballistic trajectories that did not
carry it to high altitudes. Thus it settled out first and became the
lower layer. The presence of the double layer only in North America
was yet another indication that the crater is located there.

The upper stratum shown in Figure 13 is the K-T clay layer on
which we have focused so far—the one marking the boundary at
Gubbio and the other sites outside North America. It occurs sand-
wiched within a variety of marine and nonmarine sediments that
were deposited at greatly differing rates. Yet regardless of how rapid
the rate of sedimentation of the rocks on either side, the clay layer
always has the same thickness: 2 mm to 4 mm. This can only mean
that it was deposited independent of normal sedimentation processes
and at a much faster rate than that of any of the surrounding sedi-
ments.” Comparison with the settling rates of atmospheric dust sug-
gests that deposition of the upper layer took place over only two to
three months.

MANSON

In proposing that the target was within 3,500 km of Montana, Bevan
French went on to identify two possible craters, one of which was
the Manson structure in lowa. Because it is covered by 30 m to
90 m of glacial debris, Manson is not visible at the surface. Such hid-
den geological structures are detected using geophysical techniques
that rely on magnetism, gravity, and seismic waves. For example,
rocks with more magnetic minerals than average produce a positive
magnetic anomaly; those that are more dense give rise to positive
gravity anomalies. Using such methods, geophysicists can tell a great
deal about rock structures that they cannot see; indeed, this is the
way they discover buried structures that may contain oil. The geo-
physicists confirmed that the Manson structure is about 35 km in
diameter, smaller than the predicted size of a crater resulting from
the impact of a 10 km projectile. On the other hand, Manson is of
late Cretaceous age and the basement rocks in the area are granitic.
Although Officer and Drake concluded from their analysis that
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impact did not create the Manson crater (as they also but incorrectly
concluded for Sudbury and Vredefort), the discovery of shocked
quartz with planar deformation features at Manson, as well as the
overall form of the structure, showed that it should be added to the
lengthening list of terrestrial craters. Recent seismic studies show
that it has a structural central peak (not visible at the surface) nearly
3 km high.

As the attention of the crater hunters turned increasingly to
North America, Manson loomed as the natural candidate. Their
interest seemed to be justified when the first argon-argon age deter-
mination from Manson returned an age of 65.7 + 1.0 million years, a
range that included the age of the K-T boundary.” As Manson drew
more attention, however, its small size continued to cast doubt. The
10-km impactor predicted by the Alvarezes on the basis of the
worldwide iridium levels would create a crater five times Manson's
size; one no larger was unlikely to have been able to produce the
observed impact effects. Doubt increased when the Izett group ob-
tained additional drill core samples from Manson and dated (by the
argon-argon method) unaltered feldspar grains that appeared to have
crystallized from the impact melt and which therefore should give
the structure's true age. The age came back not at 65 million years,
but at 73.8 + 0.3.° The discovery that Manson is normally mag-
netized and thus cannot belong to K-T Chron 29R confirmed that
it is not of K-T age. To pin the matter down, Izett and colleagues, in
a neat piece of work, journeyed to nearby South Dakota, where, at
the stratigraphic level equivalent to an age of 73.8 million years, they
found a zone of shocked minerals.” Thus as more evidence has accu-
mulated, Manson has been confirmed as an impact crater, but one
that formed at a time different from the K-T.

How TO RECOGNIZE AN IMPACT CRATER

If the K-T crater was located on a continent and easy to spot, it
would have been discovered long ago; if it exists, it must either be
so eroded or covered by younger sediments, as at Manson, that it is
detectable only through the use of geophysical methods. Unfortu-
nately, geologists could not turn to earthly examples to learn how to
recognize such huge and obscure structures, for it is rare to find ter-
restrial craters larger than 100 km. Those that do occur, as at Sud-
bury and Vredefort, are ancient, distorted, and eroded. Other bodies
in the solar system, however, provide ready examples. As exempli-
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fied by Tycho (see Figure 7), the moon has many complex craters,
with central peaks, collapsed rim terraces, and internal zones of melt
rock and impact breccia. Their ejecta can be seen to be scattered
over hundreds or thousands of kilometers. From studying smaller
craters on the earth, and larger ones on other bodies in the solar sys-
tem, geologists have built up an accurate and detailed picture of
what the K-T crater and its associated features would be like.

o Ifthe impactor were 10 km in diameter, as the Alvarezes
calculated, then based on studies of nuclear explosions and
cratering on other bodies, the crater would have a diameter of
about 150 km. However, if some of the impact material had been
blasted completely out of the earth's gravity field, then the
boundary clay would not contain all the ejecta, and the resulting
calculation would give too small a size for the meteorite and the
resulting crater.

e Magnetic, gravity, and seismic anomalies will reveal a circular,
bull's-eye pattern and a buried central peak.

« Ifthe crater is not too deeply buried, it might have an obscure
but recognizable surface topography, perhaps represented by
concentric, arc-shaped ridges and valleys.

* The structure will contain impact breccia and once-molten
rock. (However, volcanic rocks were also once molten and can be
mistaken for impact melts.)

* The melt rock will be enriched in iridium, display reversed
magnetism, and have a radiometric age indistinguishable from 65
million years.

* Glass spherules resembling tektites and dating exactly to the
K-T boundary will be found in the vicinity.

* Ejecta layers located farther away will contain shocked minerals
and iridium. If they can be dated, they too will be 65 million years
old.

+ Ifthe impact occurred in the oceans near a continent, say on a
continental shelf, it might have given rise to giant waves that would
leave unusual sedimentary rocks behind.

This is a long list. Were any putative K-T impact structure to
meet even most of these predictions, the search would be over. A
site that met them all would close the case for impact.
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THE RED DEVIL

Having concluded that the crater is likely to be in North America
narrows the field, but it still leaves an impracticably large area to
explore. When confronted with such a task, the intelligent geolo-
gist heads not for the field but for the library, there to scour the
literature for reports of unusual K-T deposits and descriptions of
circular geophysical patterns. The most diligent crater sleuth and
literature searcher was Alan Hildebrand, a doctoral candidate at the
University of Arizona who is now with the Geological Survey of
Canada.’ One report in particular caught his eye: the description
by Florida International University's Florentin Maurrasse of a set of
peculiar, late Cretaceous rocks exposed at the top of the Massif de la
Selle on the southern peninsula of Haiti.” Maurrasse depicted a thick
limestone sequence, the Beloc Formation, that contained a 50-cm
layer that he thought was volcanic. In June 1989 Hildebrand visited
Maurrasse and, as soon as he saw the Beloc samples, recognized them
as altered tektites of impact rather than volcanic origin. Hildebrand
then went to Haiti himself to collect from the Beloc Formation, and
found the dual K-T layering that by that time had been described at
many North American sites. In this case, however, the lower ejecta
layer was about 25 times as thick as elsewhere and contained the
largest tektites and shocked quartz grains ever found, suggesting that
the Haitian site was close to the K-T target. Hildebrand and his col-
leagues estimated that ground zero was within 1,000 km of Haiti.

In May 1990, Hildebrand and William Boynton reported that the
only crater candidate their literature search had turned up was a
vaguely circular structure lying beneath 2 km to 3 km of younger
sediment in the Caribbean Sea north of Colombia."” They acknowl-
edged, however, that an impact at this seafloor site probably could
not have provided the continental grains and rock fragments found in
the boundary clay. Hildebrand and Boynton did note, almost as an
afterthought, that in 1981, at the annual meeting of the Society of
Exploration Geophysicists, geologists Glen Penfield and Antonio
Camargo had reported circular magnetic and gravity anomalies from
the northern Yucatan Peninsula and had speculated that buried there,
beneath younger sedimentary rocks, might lie an impact crater.

By 1990, a peculiar kind of sedimentary rock deposit of K-T age
had been found at several sites rimming the Gulf of Mexico. To the
pro-impactors it appeared that these rocks were formed by giant
waves, or tsunami, of the kind that a meteorite splashdown in the
ocean would have produced. Since the Colombian basin site turned
out to be the wrong age, the giant wave deposits helped to persuade
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Hildebrand and Boynton that the Yucatan peninsula location identi-
fied by Penfield and Camargo was the more likely candidate. Soon
after Hildebrand and Boynton announced in an article in Natural
History™ that it was indeed the K-T crater and claimed partial cre-
dit for the discovery: "In 1990, we, together with geophysicist Glen
Penfield and other coworkers, identified a second candidate for
the crater. It lies on the northern coast of Mexico's Yucatan Penin-
sula, north of the town of Merida. The structure, which we named
Chicxulub [pronounced Cheech-zhoo-loob] for the small village at
its center, is buried by a half mile of sediments."*

In a letter to Natural History a few months later, reflecting
the scientist's vital interest in priority, Penfield took exception to
Hildebrand's claim, noting that ke had "identified" the structure in
1978, and reminding readers of the words with which he and
Camargo had closed their 1981 presentation: "We would like to
note the proximity of this feature in time to the hypothetical
Cretaceous-Tertiary boundary event responsible for the emplace-
ment of iridium-enriched clays on a global scale and invite investiga-
tion of this feature in the light of the meteorite impact-climatic
alteration hypothesis for the late Cretaceous extinctions."”

Whew! In 1981, only months after the Alvarez theory appeared,
and in public at a scientific meeting, a prime candidate for the K-T
crater had been identified, but no one had noticed. The Yucatan
structure thus had to be rediscovered a decade later, after hundreds
of person-years had been spent in the search. Poor timing may be a
partial explanation: The meeting at which Penfield and Camargo
presented their paper took place in the same week as the Snowbird
I conference, to which the pro-impactors naturally were drawn. It
turned out that the circular nature of the Chicxulub structure had
been discovered in the 1950s by Petroleos Mexicanos (PEMEX)
through the use of geophysical techniques. In the 1960s and 1970s,
probing for possible oil-bearing structures, PEMEX drilled the struc-
ture and extracted rock cores. According to the account of Gerrit
Verschuur, Penfield wrote to Walter Alvarez in 1980, right after
he read the original Alvarez paper, to tell him that the crater might
be located in the Yucatan, but he never heard back.” (At that time,

"Ever since the crater was named, uncertainty has prevailed over the proper trans-
lation of the Mayan word, Chicxulub. According to Mayan specialist George Bey of
Millsaps College in Jackson, Mississippi, there are two acceptable meanings: "the
place of the cuckold" and "the red devil." Since "red devil" is so evocative of the
actual event, it seems the better choice.

03
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however, Walter was focusing on the belief that the crater was
located in an ocean basin and might not have taken a proposed con-
tinental site seriously.")

The failure of the geological community to jump at the Penfield-
Camargo suggestion and save everyone a decade becomes even more
poignant when we learn that a reporter for the Houston Chronicle,
Carlos Byars, interviewed Penfield and Camargo in 1981 and wrote
an article about their work."” In March 1982, an account of the
Penfield-Camargo finding was published in Sky and Telescope:
"Penfield . . . believes the feature, which lies within rocks dating to
Late Cretaceous times, may be the scar from a collision with an
asteroid roughly 10 km across."” How could it have been more clear
that here was a lead that demanded to be followed up? And yet it
was not. At least a few pro-impactors must have read that issue of
Sky and Telescope, if so, they did not take the report seriously. Byars
continued to attend meetings of pro-impactors to push the idea that
the crater might lie underneath the Yucatan, but no one paid any
attention. Perhaps it was necessary for the crater to be discovered, or
rediscovered, not by a journalist or oil geologist, but by a bonafide
member of the pro-impact research community.

Walter Alvarez argues that not finding the crater for 10 years
"was actually a blessing" because it forced the pro-impactors to con-
front the repeated challenges from the Officer-Drake school.” Since
one cannot rerun history and thereby learn what would have hap-
pened had he and others paid attention to Penfield and Camargo, it
is hard to know whether he is right. In the long span of scientific his-
tory, a decade is not much, surely, and yet one can wonder what
advances might have been made had the crater been confirmed in
1980 or 1981 and the next 10 years been spent differently.

TESTING CHICXULUB

The geophysical maps ofthe Chicxulub feature (Figure 14) showed
it to have the form of a buried crater. The announcement of its dis-
covery by a card-carrying pro-impactor, Alan Hildebrand, galvanized
his colleagues into furious activity. Today, only a few years later, a
vast amount of information has been assembled about the Chicxu-
lub structure, more than enough to test the proposal that it is the
K-T impact crater. Following the list of predictions given earlier, I
will summarize the results of the many person-years of work on
Chicxulub that have been crammed into the brief period from 1991
to 1997.
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ring at Chicxulub (dark
circles) superimposed on

Note how the cenotes to
the middle and left trace

circle. [Photo courtesy
of Alan Hildebrand and
Geological Survey of

images, see web page at
http://dsaing.uqac.

uquebec.ca/-mhiggins/
MIAC/chicxulub. htm. ]

SIZE AND SHAPE

Although the Chicxulub structure lies buried beneath a kilometer
of younger sedimentary rocks, gravity anomaly maps clearly reveal it
(see Figure 14). (Structural domes, which often contain petroleum
deposits, also produce concentric geophysical patterns, thus explain-
ing the decades-long interest that Chicxulub held for PEMEX.) The
edge of the gravity anomaly indicates a structure at least 170 km in
diameter, consistent with an impactor of 10 km in diameter. If Chic-
xulub is of impact origin, and if the outer perimeter of the gravity
pattern represents the true outer rim of the crater, then that is its
diameter. On the other hand, if the edge of the gravity pattern in-
stead represents one of the inner concentric structures of a complex
crater, for example, a collapsed terrace rim, then the structure might
be larger, even much larger.

Still another possibility is that Chicxulub is not a complex crater
of the kind shown in Figure 7 but something more: a giant, multi-
ringed basin like the Orientale Basin on the moon. In any case, the
original Alvarez calculation of 10 km was sufficiently imprecise that
a greater radius for the crater is certainly possible. Virgil "Buck"
Sharpton and his colleagues at the Lunar and Planetary Institute

the gravity anomaly map.
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argue that Chicxulub may be as large as 300 km."" At 170 km, it
would be one of the largest craters yet discovered on the earth; at
300 km, Chicxulub would be one of the largest impact basins
formed in the inner solar system in the last 4 billion years. Since a
300-km crater would have released far more energy and been far
more destructive to life than one just over half as wide, measuring
the true size of Chicxulub is crucial to understanding the extinc-
tion. Drilling, geophysical studies, and topographic work of the kind
being done by Kevin Pope and Adriana Ocampo of the Jet Propul-
sion Laboratory in Pasadena should soon resolve this dispute.”

The distribution of impact ejecta of various sorts can be used to
learn more about how Chicxulub formed. Why, for example, is the
shocked quartz in the North American sites only in the upper of the
two impact layers, and why does more of it exist to the west than to
the east of Chicxulub? Walter Alvarez, planetary-impact specialist
Peter Schultz of Brown, and their colleagues are addressing both
questions by studying the trajectory of the impactor and the mech-
anism of fireball creation and ejecta formation.

Note in the gravity anomaly map that the structure appears
breached on the northwest side, an effect sometimes observed in
craters on other bodies in the solar system. Peter Schultz believes
that the K-T impactor was 10 km to 15 km in diameter and was
descending toward the northwest at an angle of about 30 degrees
from the horizon. According to Schultz, an impact from that angle
and direction would explain the observed distribution pattern of
shocked quartz, tektites, and iridium.

How important to the K-T event was the particular geology
of ground zero in the Yucatan? Had the target area not been com-
posed of limestones and sulfate deposits, would the extinction have
been so great? Understanding the importance of the target rock types
is critical to comparing Chicxulub with other potential impact-
induced mass extinctions.

TOPOGRAPHY

Kevin Pope, a consulting geologist now associated with the Jet
Propulsion Laboratory, and two colleagues, came close to being the
first to "rediscover" Chicxulub. He and Charles Duller of NASA
were examining Landsat high-altitude satellite photographs, trying
to determine the relationship between the ancient Mayan sites on
the Yucatan Peninsula and the location of surface water deposits.
They soon noticed a set of small ponds, which they later found went
by the Mayan name of cenotes, that were arranged along the arc of
an almost perfect circle. What could cause a set of small ponds to
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line up along the circumference of a circle? In an attempt to answer,
Pope and Duller assembled PEMEX gravity and drill-core data and
in 1988, during a conference in Mexico at which they first presented
the cenote ring finding, showed the results to geologist Adriana
Ocampo. She came to the brilliant conclusion that the combined
gravity, core, and satellite data revealed a buried impact crater.
Between 1989 and early 1990, the three worked on a paper to be
submitted to Science, outlining their theory that a crater of K-T age
was buried in the Yucatan. Before they were able to send it off, how-
ever, the 1990 Science paper by Hildebrand and Boynton appeared.
Pope and his colleagues were astounded to learn that others were
looking for a crater in the Yucatan. Pope then contacted Hildebrand,
who sent preprints of a paper in which he named the structure
Chicxulub. Pope, Ocampo, and Duller eventually saw their work
published,” but by then priority for the rediscovery had gone to
Hildebrand. Of course, the original discoverers were Penfield and
Camargo.

As far as we know, the only process that can produce a circular
ring with a diameter of 170 km is impact; no volcanic caldera is both
so large and so perfectly circular. Pope, Ocampo, and colleagues
interpret the cenote ring as having forming by postimpact collapse
of the Yucatan limestones at the boundary between the fractured
and unfractured zones that mark one of the impact rings, an effect
commonly seen on other planets. If they are correct, the cenote ring
is an inner circle, not the outer perimeter, and Chicxulub is much
larger than 170 km. Later work on the morphology, topography, and
soil types at the surface has led them to conclude that the crater is
about 260 km in diameter.

ROCK TYPES

In 1992, the indefatigable Officer and Drake weighed in.”" Along
with the late Arthur Meyerhoff, an American geologist who had
been a consultant to PEMEX in the 1960s when the Chicxulub
structure was drilled, they published an article in GS4 Today, whose
title, "Cretaceous-Tertiary Events and the Caribbean Caper," sug-
gested that, far from having capitulated and accepted Chicxulub as
the K-T impact crater, the authors intended instead to treat the
notion as risible. Meyerhoff had been one of the most bitter oppo-
nents of plate tectonics and had made fossil identifications that, if
correct, falsified the claim that Chicxulub was the K-T impact
crater. He had a great deal at stake.

PEMEX's drilling of the Chicxulub structure in the 1960s and
1970s uncovered what their specialists at the time interpreted as a
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volcanic rock called andesite overlain by a thick sequence of Creta-
ceous sedimentary rocks, some of them brecciated. If this interpre-
tation is correct, the claim that Chicxulub is the K-T crater would
appear to be falsified on two counts: (1) it contains volcanic rather
than melt rocks, and (2) a 10-km meteorite striking at the exact end
of the Cretaceous would not leave a structure capped with Creta-
ceous rocks—the period ended with the impact. Thus for those who
claimed that Chicxulub was the long-sought impact crater, two crit-
ical questions arose: (1) Is the igneous rock volcanic, or an impact
melt? (2) What are the true ages and origins of the overlying sedi-
mentary rocks? Only a detailed examination of the rocks could give
the answers.

The required data could be obtained in two ways: by examining
the older PEMEX drill cores and by drilling new holes. Unfortu-
nately, the Coatzacoalcos, Mexico, warehouse in which the original
PEMEX cores had been stored was destroyed in a fire, apparently
leaving the notes that Meyerhoff had made on the specimens two
decades earlier as the only extant reference source.” It eventually
came to light, however, that a PEMEX employee had shipped a
number of samples of the andesite to a colleague in New Orleans.
Penfield then arranged to have some of those specimens sent to
Hildebrand, whose associate David Kring immediately found that
they contained shocked quartz. Meanwhile, new drilling efforts had
begun to make new cores available for study; they showed that the
Chicxulub rocks have relatively high concentrations of iridium and
osmium, and reversed magnetism. Cores extracted from several holes
drilled in the mid-1990s revealed the typical impact breccias, melt
rocks, and structures of known impact craters. In particular, the
Chicxulub sequence closely resembles that at Ries Crater.

AGE

Although its general stratigraphy and paleontology appeared to
define the Chicxulub structure as Cretaceous, geologists argued
about its exact age. Officer, Meyerhoff, and their colleagues said
that since Cretaceous strata lay above it, the structure must be older
than latest Cretaceous and therefore could not be the K-T impact
crater. They based their conclusions on the earlier identification by
Meyerhoff that the fossils in the breccia blocks above the melt rock
were late Cretaceous. Subsequently, however, these fossils were
redated and found to be from the Tertiary period. In any case,
impact ejecta often contains blocks of older rocks that were exca-
vated during a cratering event and blasted into the air, from whence
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they resettle, landing on top of younger ones in a way reminiscent of
the upside-down-cake stratigraphy that Shoemaker found at Meteor
Crater.” Ejecta from Ries Crater contains blocks of all sizes (some
over 1 km) derived from rocks much older than the Miocene age of
the crater. A single Chicxulub drill core could encounter such an
older, out-of-place block on the way down and lead to the erroneous
conclusion that, for that site, the K-T impact crater was falsified.

The first radiometric age report dated the Haitian tektites at
64.5 £ 0.1 million years, and for comparison, a feldspar from the
K-T boundary at Hell Creek, Montana, source of 7. rex skeletons, at
64.6 £ 0.2 million years.” These two ages do not quite overlap the
65-million-year age of the K-T boundary within their error bands.
However, such bands reflect only the "intralaboratory" error, that is,
they give the probable range within which the age would fall if mea-
sured again in the same laboratory. But the argon-argon method also
requires reference to an interlaboratory standard, which can intro-
duce small differences when different laboratories analyze the same
sample, enough to bring the Haitian tektite ages into conformity
with the K-T boundary age. Chris Hall of the University of Michi-
gan and colleagues confirmed Izett's results in their own laboratory,
obtaining an age of 64.75 million years for four separate Haitian tek-
tites.” They noted that the ages of the tektites measured within
their lab agreed so well that they "would make an excellent [argon-
argon] standard"; for an isotope geochemist, this is the ultimate
compliment. Izett's measurement represented the first time that a
K-T impact product, if that is indeed what the Haitian tektites are,
had been directly and absolutely dated.

Next came measurement of the age of the Chicxulub melt rock
itself, and from two different laboratories. First to report were Carl
Swisher and colleagues from the Institute of Human Origins at
Berkeley.” They measured the age of the Chicxulub igneous rock
and obtained 64.98 = 0.05 million years, establishing the Chicxulub
event as of exact K-T age. They also dated tektite glass from Haiti
and glass embedded in rocks of K-T age at Arroyo el Mimbral in
northeast Mexico (rocks that Smit and others believe were gener-
ated by the K-T event), and obtained almost exactly 65 million
years for both. A few weeks later, Buck Sharpton of the Lunar and
Planetary Institute and his co-workers reported an argon-argon age
of 65.2 £ 0.4 million years for a different sample of the Chicxulub
melt rock.” All ofthese measurements are consistent and show that
the Chicxulub event, the Haitian tektites, and at least one K-T
ejecta deposit, date to precisely 65 million years.
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GEOCHEMISTRY

The Haitian glassy spherules are of two kinds: more abundant ones
made of black glass, and rarer ones made of yellow glass. The chem-
ical composition of the glasses indicates that they could have been
derived from continental rocks of granitic composition, plus a minor
component of limestone and clay.” This is consistent with an
impact onto a continental shelf, where limestones, muds, and sulfur-
bearing rocks are apt to be found, and which was the setting of the
Chicxulub region during late Cretaceous time.

Imagine again the impact of a meteorite 10 km in diameter, but
now focus on the target rocks and what happens to them. The tem-
perature at ground zero instantly far exceeds the point at which
limestone and sulfur-bearing rocks are converted into gases. These
gases, along with vaporized meteorite and other target rocks, are
lofted high into the atmosphere and distributed around the entire
earth. Estimates are that billions oftons of both carbon dioxide and
sulfur were injected into the atmosphere.

Not only did the chemical signatures of the Haitian glasses match
those of the rocks from Chicxulub, so did the isotopes of oxygen,
neodymium, and strontium. The isotopic measurements were made
by Joel Blum and Page Chamberlain of Dartmouth, the university of
Officer and Drake, showing that the geology department there
was not monolithic in its view of the Alvarez theory.” Blum and
Chamberlain found the Chicxulub igneous rock and the Haitian
tektites to have identical isotopic ratios. The odds of this happening
by chance are vanishingly small, and therefore not only are the two
of the same age, as previously confirmed, they are linked by origin.
However it was that the Chicxulub melt rock and the Haitian tek-
tites formed, they come from the same source.

EJECTA DEPOSITS

Adriana Ocampo and Kevin Pope of the Jet Propulsion Lab, and
Alfred Fischer (who moved from Princeton to the University of
Southern California) have discovered the closest ejecta deposit to
ground zero.” In a quarry on Albion Island in the Hondo River in
Belize, 360 km from Chicxulub, at the top of the Cretaceous, they
have come upon a double layer reminiscent of those found else-
where around North and Central America, except that here some of
the rock fragments are truly on a giant scale. The lower layer is
about 1 m thick and contains abundant rounded spherules, 1 mm to
20 mm in size, composed of dolomite, a magnesiated limestone.
Above it lies a 15-m layer containing broken fragments of a variety
of rocks of Cretaceous age; some of the chunks are as big as a car.
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Albion Island is important not only because it is the nearest Chic-
xulub deposit to ground zero, but because unlike all the others so far
discovered, it appears to have been deposited above sea level, with-
out the stirring and mixing effects produced by deposition in water.

The possibility that the impactor might have struck in the ocean
and generated a tsunami, which in turn would have left behind char-
acteristic deposits, was first suggested in 1985 by Smit and Romein.”
They studied the K-T boundary in the Brazos River country of Texas,
famed in American song and story, and found a rock known as tur-
bidite (from the Latin turbidus, or disordered; with the same root as
bioturbation). Turbidites are thought to be produced when sediment,
jarred loose at the head of a submarine canyon by an undersea earth-
quake, cascades down as a submarine "landslide" and flows outward
for hundreds and even thousands of miles. Turbidity currents pro-
duce layers of silt and sand several meters thick, with the coarsest
material, which settles out first, at the bottom, grading upward to the
finest sediment at the top. However, a giant wave, such as would be
produced by a large meteorite striking near shore, would generate
an carthquake which would also stir up sediments and produce a
turbidite-like effect. It struck Smit and Romein as important that the
only occurrence ofsuch a rock type in the Brazos country was exactly
at the critical K-T boundary, especially when that boundary also con-
tained an iridium anomaly. Sedimentologist Joanne Bourgeois of the
. University of Washington concluded that the Brazos River turbidite
was created by a tsunami 50 m to 100 m high.” Subsequent field-
work identified many other examples of possible impact-generated
sedimentary deposits in the Gulf-Caribbean region. The one that by
now is the most thoroughly studied is at Arroyo el Mimbral, one of
several outcrops in northeast Mexico that expose the boundary layer.

"The significance of the Mimbral section lies in the combination
of altered and unaltered glassy tektites, shocked minerals, anomalous
iridium abundance, continental plant debris, and evidence for deep-
sea disturbances and coarse-sediment transport precisely at the K-T
boundary," according to Jan Smit and co-authors.” Charles Officer,
Wolfgang Stinnesbeck of the University of Nuevo Leon, and Gerta
Keller of Princeton were quick to disagree.” They too had studied
Mimbral and "found no evidence of a nearby impact." Each piece of
evidence presented by Smit and his co-authors, Stinnesbeck and
company explained away. A key point in the disagreement was the
position of the K-T boundary, which they placed above the level of
Smit's uppermost unit, inevitably causing them to conclude that the
rocks below it were older than, and therefore could not have been
caused by, the K-T event. According to Smit, however, Stinnesbeck
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and colleagues placed the K-T boundary at the appearance of new
Tertiary foraminifera. This is the way geologic boundaries have tra-
ditionally been set: at the level of first appearance of one or more
abundant new species. However, a mass extinction caused by impact
might delay the evolution of new species for tens of thousands or
hundreds of thousands of years, until conditions were again hos-
pitable. Therefore, Smit argued, to use the first appearance of new
species to mark the boundary in the case of impact will always place
the boundary too high, making it appear younger than it really is
and by definition making the rocks immediately below it appear
older than they really are. In contrast, ejecta and turbidites produced
by impact would settle within a few hours or days of the event and
would have exactly the same age as the impact.

On the contrary, Stinnesbeck and company argued, the deposits
at Mimbral and elsewhere formed through normal geologic pro-
cesses, possibly as coastal sediments slumped into deeper water. In
that view, the Gulf of Mexico K-T sections, including Mimbral,
were not impact-generated, but are of pre-K-T boundary age and
were probably deposited by turbidite or gravity flows.” Thus the
debate turns on whether the Gulf K-T deposits, as Alfred Fischer
put it in an address at the Snowbird III conference, "formed in
100,000 seconds [1.15 days] or 100,000 years."”

The controversy resembles the one over the sharpness of the
iridium peak at Gubbio. In both cases, experts viewing the same evi-
dence come to opposite conclusions and debate the matter at length
in the literature. But having seen the example of the blind test at
Gubbio, the solution to the Mimbral controversy became obvious,
though it needed a modification: Since the outcrop could not be
brought to the geologists, the geologists had to be brought to the
outcrop. Accordingly, a field trip to Mimbral was organized at the
time of the 1994 Snowbird III conference, held not in Utah but in
Houston. In the party were four former presidents of the Society for
Sedimentary Geologists, including Robert Dott of the University of
Wisconsin, regarded by many as the dean of American sedimentolo-
gists. According to Richard Kerr, the Science magazine reporter who
has made the impact controversy a specialty, Dott spoke for these
experts on sedimentary rocks: "We were impressed with the evi-
dence that this sequence was very rapidly deposited. [It must have
taken] closer to 100,000 seconds than 100,000 years."”’

According to Kerr, the assembled sedimentologists concluded
that the most likely cause of what they had seen was an impact-
generated tsunami. Keller, ignoring Mark Twain's advice never to get
into a contest with a man who buys ink by the barrel, took vigorous
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exception to Kerr's account. In her rebuttal, she claimed that "The
impact tsunami scenario did not win the day. . . . Sedimentologists
generally disagreed with Smit's model of tsunami wave deposi-
tion."” Kerr replied, "Of the five sedimentologists on the trip other
than Lowe that I interviewed for the story, four of them agreed that
the deposit is consistent with waves from an impact and that no pro-
posed alternative can reasonably explain the deposit."”

PREDICTIONS MET

Officer followed up his 1992 paper (with Drake and Meyerhoff)
with one in the journal Geology (with Dartmouth colleague J. B.
Lyons and Meyerhoff) and, later, with a section in his book with
Page, The Great Dinosaur Extinction Controversy.”” 1In the book,
after setting up the anti-impact position by citing the various (to
him at least, successful) challenges to the Alvarez theory that
Charles Officer has championed through the years, the two authors
come at last to the vexing issue of the crater itself. But for them,
Chicxulub is not vexing at all; they merely rebury it: "The impactors
[pro-impact scientists] would have something of a case if they would
point to a massive impact crater . . . dating to the proper time in the
geological record. They have searched far and wide around the
world for evidence of even one such crater, but sadly for them, they
have come up wanting. . . . One ofthe things that did not happen at
the K-T boundary was impact by a gigantic meteorite.""

How, in the face of all the evidence just reviewed, can two
authors come to such an opposite conclusion from almost everyone
else who has studied the Chicxulub crater? Here is how Officer and
Page managed it:

¢ Their book appeared in July 1996, allowing plenty of time for
them to incorporate the results of the new drilling tests that by
1994 had begun to be reported at scientific meetings and in
abstracts. Yet Officer and Page base their conclusions on only two
sources: a report from 1975 and Meyerhoff's three-decades-old
notes.

* They do not mention the strikingly concentric gravity patterns,
the cenotes, or the import of the size of the structure (at 170 km
to 300 km, perhaps the largest on the earth).

* The older paleontologic interpretations dated the Chicxulub
structure at 80 million to 90 million years, far older than K-T
time. Officer and Page mention the modern radiometric age
measurements, but say only that they "give values ranging from
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58.2 to 65.6 million years...in accord with what would be
expected from samples...with loss of argon content."” They
compare this with the revision of Manson's age (although there
the more recent measurement gave an older, not a younger age).
To the unwary, their discussion leaves the distinct impression that
the most recently obtained ages at Chicxulub are suspect and that
the original ones stand unchallenged. Officer and Page do not
reveal that two different laboratories conducted the modern age
measurements on the Chicxulub igneous rock, that they used the
highly precise argon-argon method, and that both gave precisely
the same result—exactly 65.0 million years. It is true that in one of
the studies, a few of the samples gave ages as low as 58.2 million
years, which the original authors attributed to alteration, but most
from that study gave 65.0 million years. Since argon loss causes
ages to be younger than they really are, not older, the older ages
are the more reliable. As testimony, in the other of the two dating
studies, three samples of the Chicxulub melt rock gave 64.94,
65.00, and 64.97 million years.

* Although they list among their references the paper by
Dartmouth scientists Blum and Chamberlain, who used isotopic
ratios to establish a genetic link between the Chicxulub melt rock
and the Haitian tektites, Officer and Page never actually mention
this result in their text.

* They do not reveal that the Chicxulub igneous rock has
anomalously high iridium levels. They acknowledge that it does
contain shocked minerals, but pass them off as "of the volcanic/
tectonic type."" (The original authors, however, clearly stated that
the shocked minerals show the multiple deformation planes indic-
ative of impact, features that have never been found in volcanic
rocks.”) They do not mention that the Chicxulub melt rock is
reversely magnetized, consistent with (but not proof of) a K-T age.

* Although in an earlier section they discuss the visit of the
sedimentologists to Mimbral, in their section on the crater search
they never mention the conclusion that the sedimentologists
reached: that the Mimbral sediments "were deposited on short
time scales (more likely 100,000 seconds than 100,000 years)."*

Chicxulub has met each of a reasonable set of predictions for
the impact crater, and then some. First, the concentric gravity pat-
terns and its huge size show that Chicxulub is not a volcanic feature
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but an impact crater. Second, with its breccias and a melt rock that
is reversely magnetized and enriched in iridium and shocked miner-
als, it has the features expected of the K-T crater. Third, Chicxulub
formed at precisely the time of the K-T boundary. Fourth, its age
and isotopic geochemistry link it conclusively to the unusual Haitian
tektites. Finally, turbidite-like K-T deposits enriched in iridium,
spherules, and spinels, and believed by most experts to have been
laid down in a day or so, encircle Chicxulub. In sum, ifthis structure
is not the K-T crater, it is hard to imagine what would ever qualify.
One could describe this result using the tiresome metaphor of
"smoking gun," but in this case it is not really apt. When the perpe-
trator is long gone, merely finding a smoking gun is not enough—
you need to know whose fingerprints are on it.

THE ZIRCON FINGERPRINT

Although the list of features of Chicxulub is long and closely
matches those to be expected of the K-T impact crater, each indi-
vidual piece of evidence is circumstantial. To be precise, what has
been demonstrated is that on the Yucatan Peninsula, buried under a
half-mile of sedimentary rock, lies a crater of K-T age that is some-
how linked to the unique Haitian tektites. What has not been
demonstrated is that this crater is the parent of the K-T boundary
clay around the world. It is highly likely, to be sure, but not proven.
But surely circumstantial evidence is the best we can hope to find
for an event buried so deep and so far in the past.

Not so. A new kind of evidence, based on the fractured zircon
that caught my eye on the cover of Nature, offers proof of a genetic
link between the crater and the boundary clay and completely rules
out volcanism. To understand this evidence, we need to go a bit
deeper into the way radioactive parent-daughter pairs are used to
measure rock ages. The principle is simple: Atoms of some elements
spontanecously emit subatomic particles, such as neutrons and pro-
tons, and in so doing change into atoms of other elements. Each
decay occurs at a known rate, called the half-life, which is the time
it takes for one-half of any original number of parent atoms to con-
vert to daughter atoms. If we know how much of the parent and
how much of the daughter are present in a sample today, and we
know how rapidly the parent changes into the daughter (the half-
life), we can calculate how long it took for the original amount of
parent to decay to that amount of daughter. As an analogy, imagine
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that you enter a room at exactly 9:00 A.M. and find an hourglass
standing on a table, with three-quarters of its sand in the bottom
cone. You would quickly conclude that the sand has been flowing
for 45 minutes and therefore that the hourglass had been turned
over at 8:15 A.M. Radiometric dating is similar but adds two wrin-
kles. First, imagine that as the grains pass through the constriction
between the upper and lower cones of the hourglass, they change
color, analogous to one element turning into another. Second, imag-
ine that the constriction is adjustable and is tightened a little more
as each grain of sand falls through. The speed with which the grains
fall from top to bottom is then related to how many grains remain
in the upper half: The fewer that are left, the more slowly they fall
through. You could no longer figure out in your head when the
hourglass had been turned over, but if the tightening followed cer-
tain rules, a simple mathematical formula would do the trick.

Of course, in practice radiometric dating is not so simple. Some-
times atoms of the daughter element, inherited from some ancestral
rock, were already present when the decay clock started to run, thus
causing the rock being dated to appear older than it is. In other
cases, parent or daughter atoms are gained or lost after the decay
clock has started to run, throwing off the calculation. Daughter loss
is commonly caused by heat, which expands and opens crystal
structures and allows the loosely bonded daughter atoms to escape
(this is a particular problem with argon atoms when using the older
potassium-argon method). If all the daughter atoms are lost, the
radiometric clock is set back to zero and the time subsequently
measured is not the true, original age ofthe specimen, but rather the
time that has elapsed since it was heated. However, geochemists
know how to tell when each of these problems has arisen and usu-
ally can correct for them.

The decay of uranium into lead is unique among the geolog-
ically useful parent-daughter pairs because two isotopes of ura-
nium, each with its own half-life, decay into two isotopes of lead:
U 238 decays to Pb 206 and U 235 decays to Pb 207. Thus two
uranium-lead clocks keep time simultaneously. If one plots the
uranium-lead isotopic ratios of samples that have suffered no lead
loss, they lie along a special curve called Concordia (after the god-
dess of agreement), shown in Figure 15. If several samples of the
same rock or mineral plot at the same point on Concordia, we
know that the material has not lost uranium or lead and that the
date obtained is its true original age. Because uranium is present at
measurable levels in a variety of rocks and minerals, the method has
wide applicability.
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FIGURE 15 Composite diagram showing a section of Concordia (the
smooth curve) and the position of K-T zircons from Chicxulub, Haiti,
Colorado, and Saskatchewan. The fit of the lead-loss line is nearly perfect. A
few points that appear to have a different history are also shown. [Data from
Krogh and colleagues; recalculated by the author.]

Sometimes, however, the uranium-lead ratios of a suite of
related specimens plot not on Concordia, but on a straight line that
intersects it twice, like a chord to an arc. The mathematics of
uranium-lead decay reveal why: When a rock or set of minerals has
been altered and lead has escaped, samples with different degrees of
lead loss plot along a line that intersects Concordia at two points.
The upper, older intercept of the straight line and Concordia gives
the original age of the rock; the lower, younger intercept gives the
time at which the rock lost lead. When measured ratios plot neither
on Concordia nor along a straight line, we know that the geologic
history of the samples is more complicated—they may have passed
through more than one heating event or they may have lost variable
amounts of both uranium and lead. Such results give little or no use-
ful information, and the geochronologist tries again with different
samples. But when several samples do plot on a straight line that
intersects Concordia twice, we know that the material has passed
through only a single lead loss episode and that we have measured
both its original age and the time at which it lost lead. Uranium-lead
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dating thus provides two essential pieces of information and is one
of the most powerful tools in the geologist's kit.

The ideal substance for uranium-lead dating would be one that
contained no original lead but enough uranium to have produced
measurable amounts of radiogenic lead (lead derived from uranium
decay) over periods of geologic time. It should occur in a variety of
rock types. While we are at it, why not ask for a mineral that is so
hard and chemically inert that it survives weathering, erosion, and
the heat and pressure of metamorphism? Believe it or not, exactly
such a mineral exists: zircon. When zircon crystallizes, it contains
uranium but no lead, thus eliminating the problem of original daugh-
ter atoms. A minor by-product in granitic rocks, zircon sometimes
grows large enough to form a gemstone (a fact well known to view-
ers of home-shopping networks). Because it survives erosion and
every geologic process known except complete remelting, zircon
winds up in a wide variety of rocks and looms much larger in under-
standing earth history than its infrequent occurrence would suggest.

The application of zircon dating to the K-T boundary problem
now begins to become clear. If the rocks that existed at ground zero
contained zircons, which many continental rocks do at least in small
amounts, these zircons might have been shocked, heated, and had
their clocks at least partially reset. The fireball cloud might have
lofted them high and distributed them over thousands of miles. If
suites of such zircons show up in the K-T boundary clay, their
uranium and lead isotopes might have retained both the original age
of the target and the time of the impact—65 million years. They
would then fall along a straight line that intersected Concordia at
65 million years and at some older age defined by the true age of the
target rocks. But surely this is too much too expect.

Bruce Bohor ofthe U.S. Geological Survey and Tom Krogh, who
now operates one of the world's most sophisticated lead-dating lab-
oratories, at the Royal Ontario Museum in Toronto, examined sam-
ples from the upper K-T layer at the Raton Basin in Colorado and
discovered zircons with the same multiple shock deformation lamel-
lae that characterize impacted quartz.” Shocked zircon had never
before been seen. Krogh and his Royal Ontario Museum colleague
Sandra Kamo set out to measure the uranium and lead isotopic
ratios of these zircons, but ran into two difficulties. First, although
the analysis had to be done grain by grain, the individual zircons
weighed only from 1 millionth to 3 millionths of a gram and could
not even be seen with the naked eye, making them hard to handle,
to say the least. Second, the =zircons contained only between
5 picograms and 200 picograms (a picogram is a trillionth of a gram,
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or 10""” gram) of radiogenic lead, almost too little to be measured.
This made analysis especially difficult because, as with iridium, it is
almost impossible to rid a laboratory of the effects of contamination
from environmental lead. To overcome these two problems, Krogh
and Kamo invented new methods of lead analysis, in the process
reducing their laboratory lead background (the amount of environ-
mental lead contamination that cannot be eliminated) to the lowest
of any lab: 2 picograms of lead per experiment.

Using an electron microscope, they found that they could arrange
the tiny Raton Basin zircons visually in a series with unshocked spec-
imens at one end and increasingly shocked and finally granular zir-
cons (whose crystal structures had been completely destroyed) at
the other. On the Concordia diagram, the uranium-lead isotopic
ratios of these zircons plot along a nearly perfect straight line, show-
ing that they came from a single target and experienced a single
episode of lead loss. The line intersects Concordia once at 550 £ 10
million years, which must be the original age of the zircons, and again
at 65.5 + 3 million years, which must be the time of lead loss. The
more shocked the zircons, the farther down the line they plot, closer
and closer to the lower, 65-million-year intercept. This point is
absolutely critical: Zircons that originated in a volcanic eruption
65 million years ago would have crystallized at that time. They would
possess, and would display, an original age of 65 million years—not
550 million years. Subsequent lead loss would make them appear
younger than 65 million years, not older. The least altered and unal-
tered zircons would give the true age of 65 million years. But just the
opposite is the case for the Raton Basin zircons: The unshocked and
least shocked zircons give the oldest ages, while the most shocked,
including those that are completely shocked, give the youngest,
approaching and in extreme cases reaching 65 million years. Because
65-million-year-old zircons could not produce this result, neither
the zircons nor the clay itself could have come from a 65-million-
year-old volcanic eruption.

Krogh and his group went on to take the next logical step: They
analyzed zircons from both the Chicxulub breccia and from the
Haitian Beloc Formation.” Plotting the Chicxulub, Haitian, and
Raton Basin zircons on the same Concordia diagram, they found
that 18 of 36 fell on a straight line that intersected Concordia at
545 + 5 million and 65 £ 3 million years, "as though they had come
from a single sample."” Finally, the group studied zircons from
the K-T site most distant from Chicxulub, in South Central
Saskatchewan, 3,500 km away.” They found an upper intercept
age of 548 = 6 million years and a lower of 59 + 10 million years,
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the same within the analytical precision as the results from the
other three sites.

In all, Krogh and his colleagues studied 43 K-T zircons. A few
seemed to point to an age of about 418 million years for the parent
rock; several others scatter randomly when plotted on the Concordia
diagram, indicating they have had a more complex history, perhaps
having lost lead twice. But as shown in Figure 15, of the 43 zircons
from all four sites, 30 fall exactly on a straight line (the 418-million-
year-old zircons are omitted from the diagram). These 30 zircons,
found at four sites separated by thousands of kilometers and repre-
senting three completely different geologic settings—a Chicxulub
breccia, Haitian tektites, and K-T boundary clays from two loca-
tions, one 3,500 km from the Yucatan—plot precisely on a single
straight line with a coefficient of correlation, the statistician's test of
"goodness of fit," of 0.998. (When all 43 zircons are included, even
those that obviously have a more complex history, the correlation
coefficient is still a remarkably high 0.985.) If one were to collect
and analyze 30 zircons from a single rock unit, their fit could be no
more perfect. Even though scattered over 3,500 km, these are the
same zircons.

One of the most surprising results of Krogh's work, after one
gets used to the near perfection of the fit, is that so many of the zir-
cons have the same original age. Since we know that the impact that
formed Chicxulub excavated a crater some 20 km deep, a huge slice
of crustal rocks, with diverse ages and compositions, should have
been caught up in the ejecta. Yet most of the zircons give the same
550-million-year upper age. Krogh and his co-workers speculate
that the upper few kilometers at the Yucatan ground zero may have
been made up of zircon-free limestone, so that most of the zircons
came from a single underlying, zircon-bearing layer.

The remarkable sleuthing of Krogh and his colleagues has to
rank as one of the great analytical triumphs of modern geochemistry
(though Officer and Page do not cite them in their 1996 book or
once mention zircon). Here is what the zircons tell us:

1 . The K-T boundary clay was not formed by volcanism. Had it
been, none of the K-T zircon ages would exceed 65 million
years. Furthermore, volcanic zircons are angular and unshocked,
not the opposite.

2. At least in the Western Hemisphere, the clay had a single
source crater rather than having been derived from multiple
impacts, as some had suggested in the late 1980s.
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3. The K-T ejecta deposits from Haiti, Colorado, and
Saskatchewan each came from the same target rock, of age
545 million to 550 million years, and each was shocked at
exactly the same time: 65 million years ago.

A. Since rocks 545 million to 550 million years in age are rare in
North America, and since the Chicxulub zircons themselves
give both that upper age and the 65-million-year lower age, the
K-T ejecta in Haiti, Colorado, and Saskatchewan almost
certainly came from the Chicxulub structure.

Thus the K-T zircons provide direct, noncircumstantial evidence
that Chicxulub is the K-T impact crater. This is no longer a fascinat-
ing speculation, but closely approaches the status of observational
fact. Today, those who doubt that Chicxulub is the long-sought crater
can be counted on one's fingers. Yes, a giant meteorite did strike the
earth at the end of the Cretaceous. But did it cause the K-T mass
extinction and the death of the dinosaurs?
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CLUES FROM
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With respect to the apparently sudden extermination of whole
Sfamilies or orders . . . we must remember what has already
been said on the probable wide intervals of time between our
consecutive formations;, and in these intervals there may
have been much slow extermination.
Charles Darwin

WHAT EXTINCTION?

Craters are physical features. Even one hidden under a kilometer of
rock can be discovered using geophysical techniques, then drilled,
and samples brought back to the surface and studied in the labora-
tory. As more and more craters have been discovered on earth using
such techniques, and as the evidence that Chicxulub is the K-T
impact crater has accumulated, more and more geologists have come
to agree that a giant impact ended the Cretaceous. Specialists have
calculated that the crash released the energy equivalent of 7 billion
bombs the size of the one dropped on Hiroshima, and produced the
loudest noise heard and the brightest light seen in the inner solar sys-
tem in the last 600 million years. Such an event, like the passage of
billions of'years, is far beyond our experience and our ability to com-
prehend. Surely nothing could more clearly refute Hutton's maxim,
"The present is the key to the past." Confined as we are to the pres-
ent, it has taken geologists nearly 200 years to discover that large
meteorites have struck the earth and that terrestrial craters—many
of them—exist. That recognition leads to a new question: What are
the consequences of a giant impact for living creatures, such as those
that inhabited our planet 65 million years ago? On that point, far less
agreement exists. There is consensus, however, that the answer is to
be found in the fossil record.
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The question of the effect of impact on life is surely important,
for if the collision that left the Chicxulub crater behind did not
cause the extinction ofthe 70 percent of species that perished at the
end of the Cretaceous, the Alvarez theory would remain merely a
scientific curiosity. Yes, objects from space do strike the earth now
and then, but even one the size of a large mountain does little harm
to life (or to geological orthodoxy). If on the other hand, impact did
cause the extinction, then paleontology, geology, and biology would
never be the same. Our conception of the role of chance in the cos-
mos, our view of life and its evolution, our understanding of our
own place—each would be irrevocably altered.

The Alvarez team left no doubt that they believed that the
impact caused the mass extinction. They might have called their
1980 article in Science "Evidence for Impact at the Cretaceous-
Tertiary Boundary" and waited until the case for impact was strongly
corroborated before going on to connect it to mass extinction.
Instead they gave it the provocative title, "Extraterrestrial Cause for
the Cretaceous-Tertiary Mass Extinction" and set out to show both
that impact had occurred and that it had caused the K-T mass
extinction.

The original paper was unusually long for Science, indicating that
Luis's Berkeley protege from long ago, editor Philip Abelson, under-
stood that the new theory might be of more interest than most.
However, almost all ofthe article's 13 pages were devoted to describ-
ing the iridium measurements and other chemical tests; the bio-
logical consequences of impact covered only half a page. This was
undoubtedly because the Alvarez team, though long on scientific tal-
ent, was demonstrably short on knowledge of paleontology. Luis was
a physicist; Asaro and Michel were chemists; Walter was a geologist,
but not a paleontologist. In retrospect, since they did not have pale-
ontological credentials, it was both proper and good strategy for the
Alvarezes to introduce their theory but to leave to others the task of
testing it against the facts. Walter knew that Wegener's theory of con-
tinental drift had languished for decades in part because in seeking a
mechanism to explain why the continents had drifted, he strayed
outside his field into the territory of the geophysicists, who immedi-
ately pronounced drift impossible, thus putting an end to the matter
for half a century.

For the first few years after its appearance, paleontologists did
not believe that they needed to take the Alvarez proposal seriously.
Even if impact were strongly corroborated—even if the crater were
found—that would not necessarily mean that the impact had caused
the mass extinction. More importantly, paleontologists believed that
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for the all-important dinosaurs, the question had already been an-
swered: Evidence that they had collected over more than a century,
and especially in the Montana dinosaur beds in the 1970s and early
1980s, they interpreted to show that the dinosaurs had gone extinct
gradually, not instantaneously. This point of view infuriated the al-
ready irascible Luis Alvarez: "I simply do not understand why some
paleontologists—who are really the people that told us all about the
extinctions and without whose efforts we would never have seen any
dinosaurs in museums—now seem to deny that there ever was a cat-
astrophic extinction. When we come along and say, 'Here is how we
think the extinction took place,’ some ofthem say, '"What extinction?
We don't think there was any sudden extinction at all. The dinosaurs
just died away for reasons unconnected with your asteroid.'"

RETURN OF THE PTERODACTYL?

The founders of geology and biology were not much interested in
extinction. Lyell thought that extinction was so impermanent that
the vanished pterodactyl might return to flit through a forest once
again primeval. Darwin thought that gradual change was the essence
of natural selection: "Species and groups of species gradually dis-
appear, one after another, first from one spot, then from another,
and finally from the world."> "Extinction and natural selection . . .
go hand in hand."' He did occasionally make exceptions: "In some
cases . . . the extermination of whole groups of beings, as of the am-
monites towards the close of the secondary period, has been wonder-
fully sudden." (Scientists of Darwin's day thought there were four
main geologic periods: primary, secondary, tertiary, and quaternary.)

Extinction was simply the natural end of every species and there-
fore unremarkable. Biologists were much more interested in specia-
tion, the process by which an evolutionary lineage divides, giving rise
to two species where only one existed. Reflecting the increased inter-
est in extinction since the Alvarez theory appeared, paleontologist
David Raup of the University of Chicago and the Field Museum has
written a fine book on the subject, Extinction: Bad Genes or Bad
Luck?” Raup's most fundamental conclusion about mass extinction,
drawn from a lifetime of study, is that, because species typically are
well adapted to the normal vicissitudes of life, "for geographically
widespread species, extinction is likely only if the killing stress is one
so rare as to be beyond the experience of the species, and thus out-
side the reach of natural selection."” His conclusion is key to under-
standing the role of meteorite impact in earth history.
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The core concept of natural selection is that species continuously
adapt to their environment. This means that organisms tend to be
well suited to the normal stresses they encounter, even those that
occur on a time scale of thousands or hundreds of thousands of years.
(Note that Raup said that the stress has to be unfamiliar not only
to individuals but to entire species.) Normal environmental changes,
such as a gradual lowering or raising of sea level, or a gradual alter-
ation in climate, cannot by themselves cause a mass extinction—they
allow species time to adapt or to migrate to more favorable climes.
Some species, it is true, will be unable to do either and will become
extinct, but those few do not a mass extinction make. This is more
than theory. Another Chicago paleontologist, David Jablonski, exam-
ined the fossil record from major mass extinctions in the geologic
record to see ifthey correlated in any way with known changes in sea
level, global climate, and mountain building; he found that they did
not." Of course, catastrophic events such as floods, earthquakes, and
volcanic eruptions can and do kill many individuals and, on rare
occasions, even species (if they occur in a limited geographical area),
but these are not global or even continental in their reach. For spe-
cies, the opposite of the old saying, "What you don't know can't hurt
you" is true: It is what a species does know that can't hurt it.

But suppose that Raup is wrong and that global cooling can cause
a mass extinction. Then the evidence should be readily at hand, for
the earth has just suffered a succession of ice ages, the last one end-
ing only some 15,000 years ago. Temperatures fell so far that huge ice
sheets advanced thousands of miles, covering, for example, most of
the northern half of the United States. Many of the large mammal
species (of perennial fascination to Homo sapiens) did become ex-
tinct during the last ice age, but the overall extinction rate was far
below that of the five major mass extinctions and barely makes it
onto a chart of extinction intensity (Figure 16). Admittedly, scientists

FIGURE 1 6 \Variation in intensity
Mean of extinction for the last 600 million
years broken up into 1-million-year
intervals. [After David Raup.] The
Big Five are out on the right tail;

Pi refers to the Pleistocene extinction

20 40 60 80 100 rate, which is far below that of a mass
Percent extinction per extinction, even though climate and
|-m.y. interval sea level changed drastically.
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have not figured out how the ice ages spared so many species, though
perhaps the ice advanced slowly enough to allow some to migrate to
warmer climes, while others may have been preadapted for cold or
survived in ecological refuges. Some think that the arrival of skilled
aboriginal hunters on a virginal North American continent has much
to do with the Pleistocene mammal extinction, but many disagree,
pointing to the millennia of coexistence of humans and large mam-
mals in Africa.

If we accept Raup's conclusion that species living over a wide
area can be killed off only by stresses with which they are unfamil-
iar, and that those stresses must occur too rapidly for migration or
adaptation, it follows that rare, sudden, and global catastrophes must
also exist—otherwise there is no way to explain the several mass
extinctions that mark the geologic record. This is worth repeating:
To accept that global mass extinctions have occurred is also to
accept that global catastrophes have occurred, a conclusion that is
the antithesis of strict uniformitarianism.

The five largest mass extinctions in terms of percent of species
killed—the Big Five—are shown in Table 2. Note that the record for
intensity is held not by the K-T but by the end-Permian extinction.

Until recently, paleontologists believed that extinction came in
two forms: a regular, low-level, background extinction, and the much
more destructive mass extinctions. Over the last few years, they have
had the benefit of databases meticulously compiled by such paleon-
tologists as John Sepkoski, also of the University of Chicago. He and
Raup studied the fossil record of over 17,000 extinct genera of
marine animals, and several times that many species. Their database
shows that the mean duration of a genus is about 20 million years
and that of a species is about 4 million years.

TABLE 2

The Big Five Mass Extinctions

Age (million years Estimated species
Extinction episode before present) extinction %
Cretaceous-Tertiary 65 70
Triassic-Jurassic -202 76
Permian-Triassic -250 96
Late Devonian 367 82

Ordovician-Silurian -438 85
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The database can also be used to help answer a question over
which paleontologists have puzzled: Are the giant extinctions fun-
damentally different from the background extinctions, or do they
merely represent the extreme end of a continuum? Figure 16 helps
us decide. This chart was constructed by dividing the 600 million
years since life began to flourish, at the beginning of the Cambrian
period, into intervals of 1-million-year duration, and computing for
each the number of species still alive at the end as a percentage of
those alive at the beginning. The mean is a 25 percent extinction
rate per million years (on the average, of 100 species alive at the
beginning of a 1-million-year period, 75 were still alive at the end).
The Big Five lie off on the right tail, but there is no break between
them and the lesser extinctions—the distribution appears continu-
ous. Background and mass extinctions therefore do not seem to be
qualitatively different, but rather to grade imperceptibly into each
other. If all extinctions had a common cause, but one that operated
at different intensities at different times, this is the pattern we
would expect. We cannot say, however, that some combination of
extinctions with different causes might not give the same result.

The great extinctions reached diverse organisms in almost every
ecological niche. The K-T extinction wiped out animals as unlike as
microscopic foraminifera, intricately coiled ammonites, land plants,
and dinosaurs—from the tiniest creatures of the sea to the largest
denizens of the mountain slopes. Obviously, such different organ-
isms, in such completely different environmental settings, did not
compete in Darwin's sense. Most species that died appear to have
been as successful as those that survived. Before their fall, there
would have been no reason to predict that they would be the ones
to go, yet go they did. The converse is also true. In most cases it is
impossible to say why the species that survived did so; certainly it
was not because they were more "fit." Thus, Raup concludes, evolu-
tion and survival may be more matters of chance than fitness, of
good luck than good genes. In his view and that of the Alvarezes, the
dinosaurs, and the others that joined them in disappearing at the
end of the Cretaceous, were more than anything unlucky enough to
be in the wrong place at the wrong time.

THE FOSSIL RECORD
When the Alvarez theory broke upon the world, most paleontolo-

gists were quite confident that it could immediately be judged by
the weight of more than a century's worth of fossil evidence and
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rejected out of hand. But they were wrong. An obstinate set of prob-
lems makes interpreting fossil data so difficult that testing the
extinction half of the Alvarez theory proved much harder than any-
one could have anticipated. In the testing, however, so much was
learned that some paleontologists believe that their field is undergo-
ing a procedural if not a scientific revolution. For the first time, large
collections are being established with the specific aim of testing
whether extinction near a major geologic boundary was gradual or
sudden, and whether species that have always been thought to have
gone extinct at a boundary truly did so.

In order to understand how the second half of the Alvarez the-
ory was tested, it is important first to recognize some of the prob-
lems inherent in trying to read the fossil record. Common sense tells
us that to corroborate the extinction half of the theory, we need to
find two kinds of evidence: (a) that prior to the K-T boundary, most
species were not already going extinct for some other reason, and
(b) that the dinosaurs and others did not survive the K-T impact—
that their remains do not lie above the iridium layer. To test both
predictions, geologists needed to be able to pin down the exact point
in a sequence of rocks at which the extinction of a particular species
occurred. Can that be done?

GAPS

Darwin recognized, as noted in the epigraph that opens this chapter,
one insuperable problem with interpreting the fossil evidence: Ero-
sion has caused the geologic record to be riddled with missing rock
units. As shown in Figure 17, a missing unit can lead to the false con-
clusion that a fossil species became extinct earlier and more sud-
denly than it actually did. Therefore, unless there is independent
evidence that a geologic section contains no gaps, an apparently sud-
den extinction cannot be taken at face value. This works against the

FIGURE 1 7 Erosion
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distorts the geologic record.

[After Raup."”]
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pro-impactors, who hope to use a pattern of sudden extinctions as
evidence of catastrophe; they must first establish that the section
they are studying is free of gaps.

Sometimes gaps are obvious (there's a spot in the Shoshone
Gorge in Wyoming where you can put your finger on one repre-
senting 2 billion years, for example). But especially in rocks formed
in the deep sea—limestones and mudstones, for example—gaps may
be nearly impossible to detect. Due to the intense study the K-T
part of the geologic column has received since the Alvarez discovery
broke, more gaps have been discovered there than had ever been
imagined.

Some geologists studying the K-T boundary found what they
thought was a pattern of extinction intermediate between cata-
strophic and gradual. In this so-called stepwise extinction, species
appeared to disappear in sets, one after the other, as the K-T bound-
ary was approached. What could explain stepwise extinction? Some
proposed that a cluster of meteorites had fallen one after another,
each wreaking its own bit of havoc and each causing an extinction.
A large comet might have broken into pieces that then went into
orbit, and these pieces might subsequently have fallen to earth one
after another, like the Shoemaker-Levy 9 "string-of-pearls,"” though
over a much longer period of time. If stretched a bit, this idea could
accommodate everyone: Impact had occurred, not once but several
times, satisfying the pro-impactors; the sequence of impacts gave
rise to a kind of gradual extinction, pleasing the paleontologists. Not
a bang, but something more than a whimper. And because volcan-
ism tends to occur in pulses over geologic periods of time, stepwise
extinctions also had a natural appeal for the volcanists. Everyone
could be happy] Distinguished scientists from various sides of the
debate came together to co-author papers proposing multiple im-
pacts and stepwise extinctions. Gaps can also produce a false step-
wise extinction pattern, however. As the evidence has accumulated
favoring a single impact, interest in the stepwise variation on the
original Alvarez theory has waned.

MIGRATION AND DISSOLUTION

Another process that makes interpreting the fossil record difficult is
that species, rather than going extinct, sometimes simply abandon an
area in favor of another one nearby. If today we were to search only
locally, we might mistakenly conclude that the species had become
extinct. Yet a broader search finds it on a nearby island or in an adja-
cent region. It did not expire, it moved. Migration causes us to under-
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estimate the true ranges of species in the fossil record and to think
they became extinct before they actually did. (In Chapter 9 we see a
good example in the ammonites.)

Fossil material is usually composed of carbonate or phosphate,
chemicals that can dissolve in groundwater. Thus even though an
organism becomes fossilized, its remains may later be dissolved away
and disappear. This causes us to underestimate the true range of a fos-
sil species, or in the extreme, to miss it entirely.

POOR PRESERVATION AND EXPOSURE

Only a small fraction of the organisms that live ever become fos-
silized, and almost all of those that do have hard parts such as bones
or shells. The many with only soft parts are not preserved, although
now and again we find an imprint of one of their bodies. Bony and
shelled creatures therefore dominate the discovered fossil record.
We find only a fraction, and an unknown fraction at that, of the
complete record.

A different problem arises from the way in which rocks are
exposed at the earth's surface. As the Grand Canyon shows so beau-
tifully, sedimentary rock formations generally are horizontal or not
far from it. They may extend in area for hundreds or thousands of
miles. But where are such rocks exposed? Not along a horizontal sur-
face. With few exceptions, there they are covered either with soil or
by other rock layers. To observe bedrock, we usually have to find a
spot where some human or natural agent, like the Colorado River,
has made a vertical cut down through the rocks, exposing a cross sec-
tion. Although rock formations extend for vast horizontal distances,
they can be seen and sampled only here and there, in road cuts, quar-
ries, river banks, sea cliffs, and so forth, and therefore we have access
to but a tiny fraction of their true volumetric extent. The lack of rock
exposure causes us to find fewer organisms than actually lived and
therefore to underestimate the true ranges of species.

BIOTURBATION AND REWORKING

As discussed in an earlier chapter, many marine animals—clams, for
example—burrow downward into the sediment beneath, dragging
down younger material from the surface and bringing older mater-
ial back up, an effect known as bioturbation. When these disturbed
sediments eventually harden into rock, the fossils that they contain,
as well as any iridium and tektite layers, are stretched out over a
broader range than the one in which they were deposited. Studies of
bioturbation in modern sediments have shown that material can be
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moved up and down by many centimeters, equivalent to tens of
thousands of years.

Reworking is a similar, but mechanical, process in which a layer
of sediment, and the biota it contains, is deposited in the sea or in a
streambed but, before it is hardened into rock, is stirred by waves or
currents, and redeposited. As with bioturbation, such disturbance
before sediments are consolidated mixes them up and causes some
of the temporal information to be lost.

Both bioturbation and reworking raise fossils from the dead, like
zombies, and redeposit them higher in the section than they deserve
to be, in younger rocks than those in which the organisms actually
lived. This makes it appear that the organisms lived longer than they
did and thus causes a sudden extinction to appear gradual, or not to
have happened at all. For example, Tertiary sedimentary rocks some-
times contain foraminifera that some specialists believe lived only in
the Cretaceous; to be present in Tertiary sediments, therefore, the
forams must have been reworked. Others believe that instead these
forams survived the K-T event and lived on, into the Tertiary, in
which case they were not killed off by an impacting meteorite and
the Alvarez theory is undercut. (In Chapter 9 we see how paleon-
tologists go about trying to solve this particular puzzle.)

CHANNEL CUTTING AND DEPOSITION

Rivers move back and forth across their floodplains, eroding
here and depositing there. They cut channels down into the rocks
beneath them at one time and later deposit fresh river sediment into
those channels. Rivers can dislodge fossils from the rocks along their
beds and banks and deposit them in their water-cut channels. This
effect, like bioturbation, juxtaposes material of different ages.

As long as the channel-deposited rocks can be distinguished
from those the channel is cut into, no one is led astray, but if, say,
both are sandstones, it may not be easy to tell them apart. When we
do not recognize the channel deposits for what they are, younger
fossils carried downward into older rock appear to belong there and
to have originated before they actually did. In the famous dinosaur
beds of Montana, for example, fossils of mammals that were to be
important in the Tertiary have been said to occur well down in Cre-
taceous rocks, suggesting that the replacement of dinosaurs by
mammals began well before K-T time, which likely means that the
dinosaurs were going extinct long before the boundary. But if the
mammal fossils were washed off a Tertiary landscape and deposited
into channels cut by Tertiary streams down into the Cretaceous
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rocks below, then the mammals and the channel deposits in which
they are found are Tertiary, not Cretaceous, and the early replace-
ment is an illusion. Here is another difficult puzzle for paleontolo-
gists and sedimentary rock specialists.

SAMPLING EFFECTS

At the first Snowbird conference in 1981, paleontologists Phil Signor
and Jere Lipps presented what has proven to be one of the most
important papers in modern paleontology." Like some others that
have had such a result, their paper was short and simple. The authors
showed that sampling can have two separate but related effects on
paleontological evidence, both of which make it harder to draw firm
conclusions.

The first is illustrated by Figure 18, adapted from their paper,
which shows how the diversity of ammonites, the beautifully coiled
and chambered marine fossils that grace natural history museums,
waxed and waned during the Mesozoic era, which includes the Tri-
assic, Jurassic, and Cretaceous periods; and how the extent of sedi-
mentary rocks deposited during the Mesozoic also varied (the Meso-
zoic lasted from 250 million to 65 million years ago). Though the
match is not perfect, the chart shows that the more rock exposed,
the more diverse the ammonites appear to be and the less rock
exposed, the less diverse. For example, ammonite diversity appears
to have declined from the middle to the end of the Cretaceous. But
so does the amount of rock deposited. Thus the apparent decline in
diversity can be explained entirely by the decreasing amount of rock
available to be sampled. Ammonites might have been thriving when,
by coincidence, the amount of rock being deposited and preserving
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FIGURE 18 The diversity of
ammonite genera and the area of
sedimentary rock across the
Mesozoic era. Note that the two
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their remains was shrinking, causing us to conclude incorrectly that
their true diversity had fallen. Of course, a direct link between the
two might have existed: Whatever caused fewer deposits might also
have caused ammonite diversity to decline, but that we cannot
know. Signor and Lipps concluded that "diversity data cannot be
taken at face value": The availability of rocks to be sampled can con-
trol the apparent abundance of fossils.”

This first effect has relevance to the diversity of dinosaurs. Sev-
eral scientists have noted that there are fewer dinosaur species found
in the last stage of the Cretaceous, called the Maastrichtian, than in
the immediately older stage. (Each section of the geologic column is
named either for a place where it was first recognized, or where it is
thought to be particularly well exposed. In this case, the "type local-
ity" is the Dutch town of Maastricht near the Belgian/German bor-
der.) This decline in species collected suggests that the dinosaurs
were already on the wane by the middle and late Cretaceous, leaving
nothing for meteorite impact but a possible coup de grace. But dino-
saur specialist Dale Russell pointed out that since the Maastrichtian
lasted for only about half as long as the Campanian, we would natu-
rally expect it to produce only about half as many species.” This
conclusion has been disputed, but the ammonite and dinosaur exam-
ples remind us that apparent changes in diversity may simply be arti-
facts of differing sample sizes. To the extent they are, we underesti-
mate the true range of species and conclude they went extinct before
they actually did.

In order to understand the second of the two effects pointed out
by Signor and Lipps, imagine that you have to approximate the
Canada-United States boundary using one of two methods: (1) by
locating the houses of the northernmost residing United States citi-
zens, or (2) by locating the houses of the northernmost residing
members of Congress.” Obviously, using the abodes of citizens
would give the more accurate result. Using the homes of the more
rare congressional representatives would cause you to place the
boundary further south than it really is. In the same way, the more
rare a fossil species, the less likely we are to find its true geologic level
of extinction. This gives rise to the "Signor-Lipps effect,” a concept
with which every paleontologist studying changes in diversity over
time henceforth must wrestle.

Figure 19 represents a hypothetical cross section down through a
formation that contains three fossil species, each marked by a dif-
ferent geometric symbol. The diagram assumes that each species
became extinct at the same time, represented by the top of the draw-
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FIGURE |1 9 The Signor-
Lipps effect. [After Michael
Williams."]

ing. Suppose that we sample every portion of this imaginary section
of rock, missing nothing. What do we conclude? That the rarest fos-
sil, shown by the large white circles, went extinct first, below its
actual extinction level as represented by the top of the drawing.
Because this species is rare, our chances of finding it anywhere, much
less at its true level of extinction, are small. The next rarest species,
shown by the small filled circles, appears to have become extinct a
little higher up. The most common, marked by the small diamonds, is
found right up to the "true" extinction boundary. Thus the "diversity"
of species in this formation over time—the number preserved at each
level in the rock—appears to have steadily decreased upward toward
the extinction boundary, where all three actually disappeared. We
conclude that extinction was gradual—no sudden disappearances
here—but we are dead wrong: All three species lived right up to the
boundary.

Now, factor in our inability to ever collect more than a fraction
of the fossils present in a rock formation, by imagining that our sam-
pling catches 10 percent of each species present. Mentally strike
out, at random, nine of ten of the symbols representing the three
fossil types and see what conclusion you would draw. You would
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miss all specimens of the rarest species (fewer than nine are present
to start with) and conclude that it had become extinct even before
this geologic section formed. The apparent level of disappearance of
the other two species would move down in the section, causing you
to place each of their extinctions at a level even further below their
actual occurrence.

Thus the rarer a species and the less perfect the sampling, the
earlier and more gradual its extinction appears. We see, not reality,
but the false, gradual extinction of the Signor-Lipps effect. If each of
the three symbols stands for a dinosaur species and the time period
represented is the late Cretaceous, we would conclude that dinosaur
diversity gradually declined and therefore that they were already
doomed—no meteorite impact is required. But we would be wrong,
victims of the Signor-Lipps effect.

This has been a thought experiment. What about a real one? A
clever geologist named Keith Meldahl went, not back in time, but to
a modern tidal flat in Mexico, where the muds are full of shelled
marine species.”” He imagined that an extinction suddenly occurred
the day he visited the tidal flat, and that it was then preserved and
sampled by some paleontologist far in the future. Meldahl drilled
eight cores into the muds to a depth of about 70 cm and studied the
extracted sediment centimeter by centimeter, making a careful record
of each species and the highest point at which it was found. (Remem-
ber that all the species are alive today.) He located 45 different spe-
cies in all; their positions in the cores are shown in Figure 20.

Even though this imaginary "extinction" was perfectly abrupt—
far more so than any real extinction including that produced by
impact—Meldahl actually observed the false, gradual pattern pre-
dicted by the Signor-Lipps effect. Of the 45 species that were pres-
ent at the tidal flat, 35 appeared to go extinct below the surface,
and this happened even though the cores were crammed full of
"fossils-in-the-making," averaging almost 40 percent shell material
by weight. In other words, the Signor-Lipps effect distorted the
record even for relatively common species. Had the effect been for-
gotten with time, the paleontologist of the future, unaware, would
naturally conclude that three out of four species had gone extinct
gradually.

Sampling problems can never be entirely eliminated, but they
lessen as more samples are collected, which is exactly what paleon-
tologists have been doing since the Signor-Lipps effect was described.
But no matter how exhaustive and exhausting the collecting, the
inexorable mathematics of sampling means that some effect will
always remain. "Gradual extinction patterns prior to a mass extinc-
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FIGURE 20 The Signor-Lipps effect in operation at a modern tidal flat.
Depending on their rarity, species appear to become extinct at different
depths in the core, equivalent to different times in the past. Yet each species
is alive today. [After Meldahl."]

tion do not necessarily eliminate catastrophic extinction hypotheses,"
Signor and Lipps concluded at Snowbird I. "The recorded ranges of
fossils . . . may be inadequate to test either gradual or catastrophic
hypotheses."

INTERPRETING THE FOSSIL RECORD

Remember that to test the Alvarez theory, we want to know
whether fossil species were already on the way out in advance of'the
Chicxulub impact, and whether those that became extinct did so
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TABLE 3

Problems of Interpreting the Fossil Record

Problem Effect
Gaps Gradual extinction appears sudden.
Migration Range shortened; extinction seems to

have occurred earlier than it did.

Poor preservation Range shortened; species appear more
and exposure; rare than they were; extinction seems
dissolution to have occurred earlier than it did.
Bioturbation Ranges extended upward and

and reworking downward; sharp layering is smeared

out. Reworked and survivor species
confused. Sudden extinction appears

gradual.

Channel deposition Species appear too early; those that
did not live together may be found
together.

Reduced sample size Sudden extinction appears gradual.

Signor-Lipps effect Sudden extinction appears gradual.

exactly at the K-T boundary. To perform these tests, geologists
needed to be able to pinpoint the exact level in a bed of rock at
which a species became extinct. This brief review has shown what a
formidable challenge such a requirement presents (summarized in
Table 3). The fossil record begins in imperfection and is then altered
by sedimentary and biologic processes; what was gradual may
appear falsely sudden, what was sudden may appear falsely gradual;
the highest fossil is never found.

In 1980, when the Alvarez theory broke upon the scientific
world, geologists had already been aware of these problems (except
for the Signor-Lipps effect) for a long time. Since they had not been
focusing on extinction, however, they had not been attempting to
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determine exactly where a fossil species disappeared. Their initial
response was to rely on the data already collected, and their prior
interpretations of it, but those soon proved inadequate to provide a
proper test. Paleontologists returned to the field to collect the much
larger sample fossil databases that were required to probe the Alvarez
theory. Gradually, enough data became available to allow researchers
to test in detail its predictions for mass extinction.
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CHAPTER 9

A WHIMPER OR A BANG?

We really hadn't been looking at the record in enough
detail to pick this extinction up, and we weren't disposed
to look at it as a catastrophe.’

Leo Hickey

1t is easy to say that 70 percent of all living species became extinct
at the K-T boundary, but what does it really mean? Who, and how
many, died? Remember that with the exception of species, the taxo-
nomic groupings established by biologists and paleontologists have
no inherent meaning—they are just one of many ways of organizing
flora and fauna. Phyla, families, groups, and genera do not die; they
are artificial constructs of the human mind. Only living individuals
die. How many have to do so before too few breeding pairs (if that
is the way they do it) are left to allow a species to survive? Although
we cannot be sure of the answer, the family hamster provides a
familiar (too familiar?) example. David Carlisle has stated that as far
as we know, "every golden hamster now alive is descended from a
single pregnant female trapped in Syria early in this century." In the
case of the ubiquitous hamster, survival did not even require a pair!
Try to imagine, if you are willing, what it would take to exterminate
Homo sapiens. Only a few couples surviving in caves or in remote
regions near the poles might carry us through, to begin again, as in
Walter Miller's classic, 4 Canticle for Leibowitz? To truly eliminate
our species, would not nearly every human being on earth have to
die?

This repugnant thought experiment and the hamster example
may lend some credibility to Carlisle's claim that 99.99 percent of
all individuals of every species alive before the K-T boundary—
including individuals of the species that survived—died in the K-T
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event, leaving a minimum breeding population of no more than
0.01 percent. Carlisle does not say how he arrived at this figure, but
his claim does provoke us into contemplating the enormity of the
task of extinguishing entire genera—an almost unimaginable num-
ber of individuals must die. Although an event that kills such a high
percentage of all living creatures is indeed nearly impossible for us
to imagine, one would not want to be around to learn whether an
explosion with the energy of 7 billion bombs the size of the one
dropped on Hiroshima would do the awful job. Carl Sagan and the
other modelers of nuclear winter feared that a set of explosions
totaling only a fraction of the energy released by the Chicxulub im-
pactor might cause the extinction of the entire human race.

Surely a dying massive enough to eliminate 70 percent of all
species would leave in the fossil record clear evidence of its destruc-
tiveness. Whether it has—whether the fossil evidence corroborates
or falsifies the Alvarez theory—hinges on two critical predictions.
The first searches for evidence below the boundary; the second
searches above it.

THE EFFECTS OF IMPACT ON LIFE

PREDICTION 1: Prior to the K-T boundary, most species were not
already going extinct for some other reason. Their extinction was
sudden and right at the boundary.

We can summarize this prediction by saying that the K-T impact
will not have been "anticipated." That is, most species that did not
survive the boundary were not already going extinct for some other
reason; instead, their extinction was delayed until the impact and
was caused by it. Critics of the theory argue that just the opposite is
true. They say that the dinosaurs, for example, were already on the
way out, and being replaced by mammals, well before the end of the
Cretaceous. In their interpretation, impact may have happened, but
if so it only finished off a few doddering stragglers. Thus meteorite
impact has no appreciable effect on life and can be ignored as a fac-
tor in evolution. To test this first prediction, geologists need to find
and to trace fossils of key species from levels well down in the Cre-
taceous right up to the boundary.

Of course, as paleontologists have known for over a century,
some species did become extinct late in the Cretaceous, but before
the boundary, as happens in any geologic period. Conversely, some
made their first appearance then. The question is whether this was



A WHIMPER OR A BANG?

the case with the most prominent fossil families that we know did
not survive the boundary, including the four that are the focus of
this chapter: the ammonites, plants, forams, and dinosaurs. Were any
of them already well on the way out long before the K-T meteorite
made its appearance?

PREDICTION 2: Except where reworking has occurred, species that
became extinct at the K - T boundary will not be found above the
iridium horizon.

The Alvarez theory maintains that the primary lethal effects of the
impact were immediate and that the secondary ones lasted for at
most a few hundred or a few thousand years. Since on a geologic
time scale these are instantaneous, the time of impact as located by
the iridium horizon and the time of the mass extinction are the
same. In effect, this prediction holds that the mass extinction, the
iridium horizon, the clay layer, and the K-T boundary all are syn-
chronous. Fossils of the major groups that became extinct at the
K-T boundary, such as the ammonites and dinosaurs, or that experi-
enced a major species turnover then, such as the foraminifera and
plants, will not be found above the iridium level (unless they were
brought there by bioturbation or reworking).

But suppose that a few species thought to have gone extinct at
the boundary were to turn up above the iridium layer, in confirmed
Tertiary rocks: Would that falsify this prediction? In fact, dinosaur
fossils have been claimed from Tertiary rocks in China and Montana,
though the claim naturally depends on exactly where scientists
placed the K-T boundary in each locale and on the assumption that
the fossils there are in their original geological sites. We know from
their absence in the subsequent fossil record that dinosaur survival
into the Tertiary would at best have been rare and temporary. The
finding that a few species made it through, only to become extinct a
short while into the Tertiary, would have no bearing on whether
impact caused the mass extinction and would be nearly immaterial
to broad earth history. Iff however, the main extinction horizon for
taxa (a catchall name for an unspecified taxonomic group: species,
genus, family, order, etc.) that have always been regarded as having
gone extinct at the K-T boundary—say the ammonites and dinosaurs
and most plants and forams—were actually found to lie above the
iridium, the case for impact-induced, large-scale extinction would be
weakened. If all were consistently found above the iridium, this pre-
diction would have failed and this half of the theory would be un-
done. We would know that a giant impact occurred at the end of the
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Cretaceous and that something else caused the mass extinction; we
would be back at square one.

OF AMMONITES, PLANTS, AND FORAMS

It is hard to think of four more diverse groups of organisms than the
ammonites, plants, and forams plus the dinosaurs. The ammonites
and forams both made their lives in the sea, but in completely dif-
ferent ways; both are fundamentally different from the plants. These
four have now been studied sufficiently to allow us to use them to
test the extinction half of the Alvarez theory.

AMMONITES

Ammonites were mollusks, like the squids and octopuses, that
ranged from about a centimeter to a meter in size. Their intricately
coiled and chambered shells provide some of our most beautiful fos-
sils. The ammonites first appeared in the mid-Paleozoic, survived
even the deadly end-Permian extinction, when 96 percent of all
species died, and expired at the end of the Cretaceous, 330 million
years after their arrival. Geologists, including Darwin (whose contri-
butions to that field earn him the title geologist) for over a century
had noted that the ammonite extinction marked the K-T boundary.
Yet when modern geologists took a closer look, they were not so
sure. Peter Ward of the University of Washington, a leading expert
on ammonites, tells of being invited to Berkeley in 1981, not long
after the Alvarez theory had appeared, to give a talk to assembled
Alvarezes and Berkeley paleontologists.” He told them of a theoret-
ical study he had just completed, which showed that the ammonites
should have gone extinct suddenly. This was music to the ears ofthe
Alvarezes, who lost no time in inviting Ward to dinner. According to
Ward, William Clemens, a Berkeley paleontologist whose office was
down the hall from Walter's and who was to become a bitter oppo-
nent of Luis's, left immediately after the talk without comment.” A
year later, after having done extensive ammonite collecting, Ward
returned to Berkeley to give another talk, this time announcing that
his new findings showed that the ammonites had apparently gone
extinct well below the boundary, thus contradicting prediction 1
and undercutting the Alvarez theory. This time Luis Alvarez stayed
away, while Clemens invited Ward to dine.

One of the best locations for finding ammonites near the K-T
boundary is in the Bay of Biscay off Spain, at its border with France,
where the relevant geologic section is well developed and well
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exposed in huge, wave-cut sea cliffs. Ward's favorite outcrops were
near the town of Zumaya, where a strong iridium anomaly was
found in the same kind of thin clay layer as at Gubbio. In 1983, not
long after the appearance of the Alvarez theory, Ward reviewed the
life and death of these fascinating creatures in an article in Scientific
American.” Because the highest (youngest) ammonite he could find
occurred some 10 m below the K-T boundary—equivalent to tens
of thousands of years before the impact—Ward concluded that the
Alvarezes were wrong: "The fossil record suggests . . . that the ex-
tinction of the ammonites was a consequence not of this catastrophe
but of sweeping changes in the late Cretaceous marine ecosystem . . .
studies ... at Zumaya suggest they became extinct long before the
proposed impact of the meteoritic body."” At the end of his article,
however, Ward added a crucial caveat: "This evidence is negative
and could be overturned by the finding of a single new ammonite
specimen."”

Ward's reference to negative evidence was meant to emphasize
that the absence of evidence is not evidence of absence. Failure to
find a fossil species at a given horizon near its upper limit does not
prove that the organism had already gone extinct at that level, as
Ward understood—maybe a more diligent search would turn it up.
The only way to make progress against the Signor-Lipps effect is to
return and search again. Ward returned to Zumaya to do exactly
that. "Finally, on a rainy day," he writes, "I found a fragment of an
ammonite within inches of the clay layer marking the boundary."

Thus encouraged (and perhaps influenced by the appearance on
the Zumaya beach first of armed Spanish soldiers and later of dis-
gruntled Basques, each asking what he was doing to their rocks),
Ward began to enlarge his collecting areas to include other sites
along the Bay of Biscay where the K-T boundary is exposed. With-
out the impetus of the Alvarez theory, Ward would not have gone to
this extra trouble. What would have been the incentive to spend
more of his life on these same cliff faces? His redoubled effort paid
off. Within the first hour of collecting near the French town of Hen-
daye, just around the corner from Spain, he found abundant
ammonites in the last meter of Cretaceous rock. In papers given at
the second Snowbird conference in 1988, Ward reported that "col-
lecting...east and west of the Zumaya section ultimately showed
that ammonites are relatively common in the last meter of the Cre-
taceous sediment.""” He thought that their scarcity at Zumaya had
stemmed "from some aspect of ammonite ecology, rather than col-
lection failure or preservation effects."” For now vanished reasons,
the ammonites had migrated away from Zumaya, but had not gone
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far. Only a short distance away, at Hendaye, they showed up in abun-
dance. In 1994, Ward summed up: "My decade-long study ... in
Spain and France ultimately showed that the ammonites had
remained abundant and diverse right up until the end ofthe era; the
last ammonites . . . were recovered just beneath K-T boundary clay
layers.""

Ward's latest approach to the problem of ammonite extinction
is to apply statistics. Considering the difficulties inherent in trying to
locate the true extinction horizon of a species, using statistics not
only makes sense, it is essential. At best, for a given horizon in time,
scientists have access to only a tiny fraction of the geologic record.
Combine that with the Signor-Lipps effect, and you can see that the
chances are vanishingly small that the last surviving individual of
any fossil species—say, the last ammonite to have lived and be fos-
silized—will ever be found. The time of the true, last survivor will
always lie above the horizon ofthe highest specimen recovered. One
way around this difficulty is to collect large numbers of samples and
then to apply statistical techniques, as Ward and Charles Marshall
of UCLA have done for the ammonites at Zumaya."” This allowed
them to define a range over which a given ammonite species most
probably became extinct. They found that a few ammonite species
disappear all the time in a kind of background extinction, and that,
prior to the K-T boundary, a drop in sea level apparently had killed
off a few others, though this happened gradually. They concluded
that 50 percent of the Zumaya ammonite species had undergone a
sudden extinction right at the boundary.

What lessons can we learn from the story of the Biscay ammo-
nites? Most important, and contrary to the initial impression of
Ward and others, half the ammonite species lived right up to the
K-T boundary, when they suffered an extinction that was both sud-
den and catastrophic, corroborating prediction 1. Ammonites are
not found above the iridium, corroborating prediction 2. Although
their numbers waxed and waned throughout the Cretaceous, as
they had done for the preceding 330 million years, as nearly as we
can tell given the vicissitudes of the fossil record, the final demise of
the ammonites is fully consistent with the Alvarez theory.

PLANTS

The accumulation of knowledge has meant that scientists today
must practice in finer and finer subspecializations: One is not a pale-
ontologist, one is an invertebrate paleontologist specializing in am-
monites; or one is a palynologist, an expert not just in fossil plants,
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but in fossil pollen spores. One of the most beneficial by-products of
the Alvarez theory is the way in which it has brought together sci-
entists from an unprecedented variety of disciplines. Pollen special-
ists, for example, have found themselves for the first time in the
same room with dinosaur experts, chemists, physicists, and astron-
omers, all discussing supernovae, precious metals, impact explosions,
and mass extinctions. Advances have been made that would have
been impossible had only one group been involved. In this sense,
few theories in the history of science have been as fertile as the
Alvarez theory.

Two vertebrate paleontologists, William Clemens and David
Archibald, along with plant specialist Leo Hickey, were among the
first to speak up in opposition to the Alvarez theory, though in much
less detail than did Officer and Drake. Only months after the original
Alvarez paper appeared in Science,” Clemens, Archibald, and Hickey
published "Out With a Whimper Not a Bang."" This 1981 paper and
its title have become metaphors for the initial reaction of paleontol-
ogists to the proposal that meteorite impact caused the K-T mass
extinction. They closed with this paraphrase of T. S. Eliot's lines:

This is the way Cretaceous life ended,
Not abruptly but extended.™

Although plants have received far less notice than the more fas-
cinatingly popular dinosaurs, paleontologists have known for a long
time that many plant species also failed to survive the K-T bound-
ary. The lack of attention is unfortunate, for fossil plants can tell us
a great deal about mass extinctions. First, as the base of most food
chains, plants determine much of what happens in the entire realm
of biology. Second, because they are so different from animals and
are sensitive environmental indicators, fossil plants reveal a lot about
the nature of extinction events. Third, pollen and leaf fossils can be
present in large numbers, reducing sampling errors and allowing the
statistical techniques that add confidence to conclusions about
extinction rates and timing.'

"On the whole the pattern of change in land plants and the
increasingly cooler affinities of the latest Cretaceous to early Pale-
ocene [earliest Tertiary] palynofloras [pollens] are compatible with a
gradualist scenario of extinction possibly related to climatic cooling,"
Clemens, Archibald, and Hickey concluded.'” That same year, Hickey
wrote that the evidence from land flora, together with the difference
in the time of extinction of plants and dinosaurs, "contradict hypo-
theses that a catastrophe caused terrestrial extinctions."” He based

49



CHAPTER 9

this conclusion on some 1,000 leaf fossils that he and his colleagues
had studied, which at the time seemed a large sample indeed.

The first piece of evidence to suggest that the conclusion might
be wrong, or at least not universally applicable, came in the 1981
paper by Carl Orth and colleagues in which the first iridium spike
was reported in nonmarine rocks from the Raton Basin, proving that
the iridium had not been concentrated from seawater.” They also
found that right at the level of the K-T boundary and the iridium
spike, the pollen of angiosperms—the flowering plants—nearly dis-
appeared, while that of the ferns rose dramatically. This "fern spike"
subsequently turned up at several other K-T localities and in vari-
ous rock types. Botanists know from studies of modern catastro-
phes—from the eruptions of El Chichon, Krakatoa, and Mount St.
Helens, for example—that ferns are opportunistic plants that move
in quickly to colonize a devastated area. Flowering plants later
replace them, as happened in the early Tertiary. This scenario sug-
gests that for the flowering plants, the Cretaceous ended not with a
whimper but with a bang, quite abruptly.

At the Snowbird II conference in 1988, Hickey and Kirk John-
son reported the results of a new study of nearly 25,000 specimens
of mainly leaf fossils from more than 200 localities in the Rocky
Mountains and the Great Plains.”” The 25-fold increase in the num-
ber of specimens collected over the original Hickey study reflects
the impact of the Alvarez theory. Hickey and Johnson found that
79 percent of the Cretaceous plants had gone extinct at the K-T
boundary, at the same point at which the fossil pollen changes and
the iridium spike appear. This new and statistically more sound evi-
dence caused Hickey, like Peter Ward, to change his mind and con-
clude that "The terrestrial plant record [is] compatible with the
hypothesis of a biotic crisis caused by extraterrestrial impact."”

Speaking to Science reporter Richard Kerr in 1991, Hickey was
bluntly honest: "I became a believer. This evidence is incontrovert-
ible; there was a catastrophe. I think maybe [the anticatastrophism]
mind set persisted a little too long."” Like most paleontologists,
Kirk Johnson was initially "skeptical of this outlandish theory that
attributed the demise of our beloved dinosaurs to some science fic-
tion asteroid."” His own studies of leaf fossils from the dinosaur
beds of Montana made a believer out of him. Archibald also appears
to have been converted, at least on the plant evidence, writing in
his 1996 book, "Of all the data from the terrestrial realm, the record
of plants in the Western Interior seems to me to present the strong-
est case that extinction was rapid, not gradual, for the species so
affected."”
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As Johnson has continued to sample the fossil plant record in
Montana and North Dakota, he has found more and more new plant
species in the uppermost Cretaceous, but next to no new Tertiary
ones. This means that more Cretaceous species died out than he had
measured earlier. Johnson now estimates the percentage extinction
at close to 90 percent.” Thus the fossil plant evidence thoroughly
corroborates predictions 1 and 2: As many as 90 percent of Creta-
ceous plant species disappeared suddenly, right at the K-T bound-
ary; none of them are found above the iridium level.

FORAMINIFERA

Planktonic foraminifera (Figure 21], nicknamed forams, are one-
celled, amoebae-like protozoa that float at various depths in the
oceans, eating the still smaller photosynthetic algae and secreting cal-
careous shells that survive the foram's demise. They evolve rapidly
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and spread out over wide areas, making them handy for index-
ing rock formations. Their sensitivity to temperature and salinity also
make them useful in interpreting ancient environments. Foramini-
fera occur in the hundreds of thousands, even in a single hand-sized
specimen.

At the time the Alvarez theory appeared, the paleontologists
who had been studying fossil plants believed they had largely sur-
vived the K-T boundary; those who had been studying ammonites
believed they had gone extinct well before it. A return to the field
for more collecting showed that both interpretations were wrong:
The ammonites and the plants each suffered a massive extinction
right at the K-T boundary. In contrast, the intensive study of the
forams in the years following the appearance of the Alvarez theory
led some paleontologists to just the opposite conclusion: What ap-
peared to be a mass extinction was, they claimed, something else.

In 1980 few doubted that the foram extinction had been nearly
complete and had been timed exactly to the K-T boundary; indeed,
so many foram species disappeared that their level of departure
almost defined the boundary. At Snowbird I, Hans Thierstein of
the Scripps Institute of Oceanography showed that over 97 percent
of foram species and 92 percent of the genera became extinct at the
K-T boundary,” and Jan Smit reported that the K-T foram ex-
tinction was so thorough that only one species, Guembelitria creta-
cea, survived, with all the subsequent foram species having evolved
from it.”

The puzzle for students of earth history is how creatures that
made their living floating in the sea all could be killed at once. A
clue comes from another group of forams—the benthic variety that
live on the seafloor—which suffered a much lower rate of extinction
at the K-T boundary. Some believe that the difference in survival
rate stems from the dependence of the floating plankton on "pri-
mary productivity"—that is, they ate the even smaller plantlike
phytoplankton and therefore would die if those organisms were
not available. The benthic forams, on the other hand, lived down in
the detritus of the seafloor where they could feed on the accumu-
lated organic debris, which would have been abundant after so
many other creatures, including their floating cousins, had died in
the K-T extinction. Thus if the upper layers of the oceans became
sufficiently poisoned to kill the phytoplankton, the floating forams
would die out but the deeper benthic variety would live on.

The simple picture of nearly complete foram extinction right at
the K-T boundary did not go long unchallenged. Gerta Keller, who
emerged as Smit's leading opponent in the interpretation of K-T
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microfossils, studied forams at the K-T sections at El Kef, Tunisia,
and along the Brazos River in Texas. At Snowbird II, Keller reported
that "planktonic foraminifera show 30-45% of the species disap-
pearing during the 300,000 to 400,000 years prior to the K-T
boundary. . . . [They] show an extended K-T boundary extinction
pattern beginning below and ending well above the boundary."” If
confirmed, this would falsify both predictions 1 and 2 for the fo-
rams. But Smit, in contrast to Keller, did not find that any forams
disappeared before the boundary.

Here we have an impasse. Two reputable scientists, each exam-
ining the fossils from the same section of rock, come to entirely dif-
ferent conclusions. What to do? The answer was to conduct a blind
test in which samples are carefully collected under the supervision
of a neutral party and then distributed to other experts, who iden-
tify the fossils without knowing from where in the section they
come. New samples were collected at El Kef and distributed by
Robert Ginsburg of the University of Miami to four independent
specialists, not including either Keller or Smit.

Ginsburg was to present the results of the blind test on the EI
Kef samples at Snowbird III. Keller had departed the night before,
and Ginsburg, returning from the excursion to Mimbral, fell down
an escalator. He prevailed upon Fischer to present the results and
flew home.”” Richard Kerr reported that, after Snowbird III, "both
sides claimed victory."’ Keller argued that each of the four investi-
gators had found that at least some fraction—ranging from 2 percent
to 21 percent—of the Cretaceous forams had gone extinct before
the boundary, which essentially confirmed that the extinctions were
gradual. But Smit disagreed, telling Kerr that this was a typical
Signor-Lipps effect. Smit then lumped together the results from all
four investigators, but using only species that at least two of them
had found. Each species that Keller said had disappeared before the
boundary, Smit's technique located in the last sample immediately
below it. Smit summed up: "Taken together, they found them all.
This eliminates any evidence for preimpact extinction in the [open
ocean] realm."”

Keller responded that if some of the investigators had been mis-
taken in their identifications and had lumped together species that
looked similar but were not, then what was actually a series of grad-
ual extinctions would appear to have been sudden. But as Kerr
reports, Keller's own taxonomy came into question. Brian Huber of
the U.S. National Museum of Natural History had studied and writ-
ten about the forams in a deep-sea sediment core (from Ocean
Drilling Program Site 738), on which Keller subsequently published.
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"None of her taxonomy or quantitative studies can be reproduced,”
said Huber; "the gradual side of the debate doesn't hold water
because of her inconsistencies."” Keller responded in a letter to Sci-
ence in which she cited 13 errors or misstatements in Kerr's article.”
For one: "It was I who could not confirm Brian Huber's . . . study
rather than the reverse. . . . Huber's comments are therefore not
likely to have been objective."” Kerr responded: "By combining the
efforts of all four blind testers, Smit intensified the search until all of
Keller's gradually disappearing species were found to persist up to
but not beyond the impact."”

The results of the El Kef blind test were finally published in
199 7.°° Not surprisingly, Keller and Smit continued to disagree.
Thus the notion that a blind test can resolve disputes of this kind
seems not to be borne out in practice. Even when fossils are as abun-
dant as the forams, uncertainty remains.

The key point in the dispute between Keller and Huber was the
identification in the core from Ocean Drilling Program (ODP] Site
738 of specimens of a particular foram species, Parvularugoglobige-
rina eugubina. Though Keller said that P. eugubina was common in
the core from ODP Site 738, Huber could not find it.”""” To re-
solve the dispute, Huber asked Keller for permission to visit her
laboratory so that she could point out P. eugubina to him in her sam-
ples. She agreed and Huber set off from his home base in Washing-
ton, D.C., to Keller's lab at Princeton, where he was joined by pale-
ontologist Chengjie Liu of Rutgers. Even under Keller's supervision,
however, they could not find P. eugubina in Keller's slides, and,
according to Huber, she refused to show them the most critical sam-
ples.”” Thus with regard to P. eugubina, it was Huber who could not
confirm Keller's taxonomy, not the other way round, as she had
claimed in her response to Kerr.

After Huber returned from "the worst scientific experience of
his life," he learned that Keller and Norman MacLeod, who was also
present at the Princeton meeting, had resorted to an unusual course
of action.” Taking their disagreement with Huber outside the pages
of journals, they went to the top, writing to none other than the
secretary of the Smithsonian Institution, Robert McCormick Adams,
to complain of Huber's behavior and to ask for the loan of certain
specimens, requesting that the loan be handled by some other
Smithsonian paleontologist than Huber.” Adams replied that he
preferred to see such differences resolved "through the normal
channels of scholarly discourse."”

MacLeod and Keller went on to co-edit Cretaceous-Tertiary
Mass Extinctions: Biotic and Environmental Changes, which contains
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20 individual scientific papers.” None of Keller's critics contributed
an article; half of the chapters are authored or co-authored by prom-
inent critics of the Alvarez theory—Keller, MacLeod, Stinnesbeck. In
the book, MacLeod and Keller sum up the foram evidence by
repeating their claim that two-thirds of the species went extinct
before the K-T boundary and the other one-third survived it. This
hearkens back to the original argument of Officer and Drake that
the change from the Cretaceous to the Tertiary was not instanta-
neous, but took place over an interval of time.

Most of the "Cretaceous" foram fossils that Huber studied from
ODP Site 738 he found to persist above the K-T boundary. Did
these species survive into the Tertiary or were they reworked? That
is the question. If large numbers made it through the K-T event to
live on in the Tertiary, they were not killed by a meteorite impact at
K-T time but died later from other causes, falsifying prediction 2 for
the forams. Thus the key question is whether the "Cretaceous" foram
species found above the K-T boundary had already died out and
were reworked into the Tertiary, or whether they actually survived
the boundary event to die thousands of years later. Keller and
MacLeod have addressed this question in a series of papers based on
studies of K-T sections from around the world, testing for survivor-
ship using techniques from paleontology, biogeography, and geo-
chemistry. ODP Site 738 was among their most thoroughly studied
cases. They concluded that there is no causal link between mass
extinction event and direct effects of K-T boundary impact.”

As a youngster growing up on a farm in northern Ohio, Brian
Huber could never have imagined himself on a research vessel in a
spot so remote as to be called Desolation Island. Better known as Ker-
guelen, this tiny dot just off Antarctica, deep in the southern Indian
Ocean, was long an important stop for whalers and seal hunters. (For
a superb fictional account, read Patrick O'Brian's Desolation Island.”)
Huber was there as a paleontologist on Leg 119 ofthe Ocean Drilling
Program, which sailed from Mauritius in December 1987. During
Leg 119, hole 738 was drilled in the seafloor off Kerguelen, giving
Huber an enduring interest in this site. When the voyage began, like
most paleontologists, he was dubious about the Alvarez theory. As he
tells it, however, when the section of the core that traversed the K-T
boundary was drawn to the surface and laid out on the deck, his
doubts vanished. There, as at Gubbio, was the dramatic color contrast
between the white, foram-rich sediment below and the fossil-poor,
reddish section above. You could lay a knife blade right on the bound-
ary, exactly where an iridium spike of 18,000 ppt, one of the high-
est ever measured, was later found. The boundary clay displays fine
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laminations that would have been destroyed by bioturbation, allow-
ing that effect to be ruled out in this case.

Over the years, Huber and his colleagues have conducted de-
tailed studies of the core from ODP Site 738." They have found
that specimens of some foram species that are known to have gone
extinct at the K-T boundary, and of specimens of inoceramids, a
group of clamlike creatures that became extinct well below the
boundary, occur in the core far above the boundary, where they
could have gotten only by reworking. Thus, in this core, contrary to
the claims of MacLeod and Keller, reworking is prominent. This
point is further supported by studies of strontium and carbon iso-
tope ratios within the core. Huber concludes that "the high occur-
rences of Cretaceous species in lower Paleocene [lowest Tertiary]
sediments are likely the result of extensive reworking."" He be-
lieves that only two ofthe Cretaceous species in the core from ODP
Site 738 survived the K-T boundary and that the rest are reworked.
But if MacLeod and Keller's methods for detecting reworking can
err in this most studied of deep-sea cores, how do we know they are
not in error in the other cores and geologic sections that they have
studied and pronounced free of reworking? The two of them appear
to be almost alone among micropaleontologists in denying that the
foram evidence corroborates the impact-extinction link. But let us
remind ourselves that we are not trying to prove that link, we are
asking whether the foram evidence falsifies prediction 2, that spe-
cies that became extinct at the K-T boundary will not be found
above the iridium horizon, except where reworked. The majority of
opinion is that the evidence does not.

What of prediction 1, that species will not have begun to go
extinct prior to the boundary and will have disappeared suddenly?
Keller, with MacLeod, continues the claim she made at Snowbird II
and repeatedly since: The foram extinctions started as early as
300,000 years before the K-T boundary. But once again we find
ourselves confronting the dreaded Signor-Lipps effect, which inex-
orably causes a sharp extinction to appear gradual, even at a modern
tidal flat, where all the "extinctions" took place in an instant. How
can it be ruled out in the case of the forams? Prediction 1 is not fal-
sified by the foram evidence.

THE FOSSILS SPEAK

The history of understanding the ammonite and fossil plant extinc-
tions at the K-T boundary shows how absent or negative evidence—
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at first interpreted as falsifying the Alvarez theory—dissipated as
more and more data were collected. Time and again, when paleon-
tologists returned to the outcrop, they found what had eluded them
before. In contrast, as more data were collected, the foram evidence
seemed only to grow more complicated. But today, with a few noted
exceptions, most specialists believe that the foram evidence is also
compatible with an impact-induced extinction. I conclude that the
evidence from all three groups—ammonites, plants, and forams—cor-
roborates predictions 1 and 2: (1) Prior to the K-T boundary, most
species were not already going extinct; rather their disappearance was
sudden and right at the boundary. (2) Except where reworking has
occurred, species of taxa that did not survive the K-T extinction are
not found above the iridium horizon. Now it is time to turn to the
dinosaurs, the creatures that got us interested in the K-T boundary in
the first place.
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THE DEATH OF
THE DINOSAURS

the impact theory of extinction? It's codswallop.
William Clemens

In an article written in 1990, Michael Benton of the University of
Bristol in England divided the history of dinosaur extinction studies
into three phases.” From the time the existence of the terrible
lizards was first acknowledged in the 1840s until around 1920, their
extinction was a "nonquestion": The great, lumbering, pea-brained
beasts had simply lost the survival race to the more nimble and
intelligent mammals—our ancestors. During the "dilettante phase"
from 1920 to 1970, interest in dinosaur extinction rose, and many
theories were proposed, some of them downright silly, as the quota-
tion from Glenn Jepsen in the Prologue makes clear. During this
phase, dinosaur extinction appears to have been treated, sometimes
by otherwise serious scientists in respectable journals, as little more
than a parlor game. Perhaps this was a defensive mechanism: Unable
to explain with any significant evidence the most notable of bio-
logic and geologic mysteries, we masked our inability by trying to
turn the whole matter into a joke.

The "professional phase" of dinosaur extinction studies began
about 1970; by 1980, when the Alvarez theory appeared, most pale-
ontologists had already made up their minds. At Snowbird I, the late
Tom Schopf, yet another fine paleontologist from the University of
Chicago, spoke for the majority: "A satisfactory explanation of the
cause of the extinction of the dinosaurs has been known for some

years. . . . Probably more than 99.99999% of all the species that
have ever existed on Earth are now extinct. . . . The dinosaurs are
among these. Extinction is the normal way of life. ... As far as is

currently known, it does not seem necessary to invoke an unusual
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event to account for the demise of the dinosaurs." Writing in 1982,
Archibald and Clemens used different words to make the same
point: "At present, the admittedly limited, but growing, store of data
indicates that the biotic changes that occurred before, at, and fol-
lowing the Cretaceous-Tertiary transition were cumulative and not
the result of a single catastrophic event."

ACRIMONY

In October 1982, only two years after the original paper appeared in
Science and before most paleontologists had even begun to take it
seriously, Luis Alvarez gave a long, detailed, and unusually personal
talk at the National Academy of Sciences, the most prestigious invi-
tational scientific society in the world, of which he was a member.-
When his remarks appeared in print, they offended paleontologists,
geologists, and others who preferred to see a certain level of polite
discourse maintained in science. He had begun his talk with a pre-
emptive declaration of victory: "That the asteroid hit, and that the
impact triggered the extinction of much of the life in the sea—are
no longer debatable points."

Writing about a field trip to Hell Creek, Montana, source of
Tyrannosaurus rex and the bedrock of dinosaur studies, Alvarez
noted that "[The husband of one of his co-workers] tripped over a
previously undiscovered Triceratops skull on one occasion. So we
have not been a group of people each working in his own little com-
partment, but rather we have all thought deeply about all phases of
the subject."” To suspicious geologists, this casual statement implied
that he thought that their field was so easy that complete novices
could not only stumble across new discoveries, they could solve per-
sistent problems with thought that, however deep, could not, and
need not, have gone on for long.

"A physicist can react instantaneously when you give him some
evidence that destroys a theory that he had previously believed in.
But that is not true in all branches of science, as I am finding out,"
Luis claimed.’ Not every physicist reacted as he described, however.
Less than a year later, astrophysicist Robert Jastrow, a professor at
Dartmouth College, wrote: "So there we are. The asteroid theory
was very attractive because it explained so much in a simple way,
and many people will regret its passing. However, the evidence
against it is very strong."’ Thus as early as 1983, two physicists, with
the utmost confidence, came to exactly the opposite conclusion
about a matter of geology.
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Where do physicists gain the self-assurance to make pronounce-
ments in a field in which they have little or no training and experi-
ence? Walter Alvarez has observed that science is a hierarchy from
the sophisticated and mathematical to the complex and nonmathe-
matical.” The order runs, roughly: mathematics, physics, chemistry,
astronomy, geology, paleontology, biology, psychology, and sociology.
Fields high in the hierarchy use mathematics to explain the laws
that they have derived. Though the discovery of these laws may
require great feats of intellect, the laws themselves can often be sim-
ply stated (£ = mc). Fields lower down deal with history, life, the
human brain and behavior, which cannot be described mathema-
tically or simply (with a few exceptions, such as plate tectonics). Sci-
entists in these fields must handle (literally) dirty rocks and messy,
squishy things like whole organisms. Physicists expect that someday
they will be able to roll everything into one grand unified theory;
scientists from geology "on down" would scarcely dream of such an
aspiration. All this translates into a false sense of superiority on the
part of those at or near the top of the hierarchy and gives them,
seemingly without a moment of doubt, the nerve to make pro-
nouncements about the fields below them. Ironically, in his article
Jastrow acknowledged this hierarchy, but he failed to consider that
it might apply not only to Luis Alvarez, but to himself.

Of course, as with other forms of prejudice, such attitudes are
wrong, even dangerous. Mathematics is not "better" than psychol-
ogy; it is merely different. Not every physicist could be a successful
biologist. Just as we are finding that different kinds of intelligence
exist, so each field probably attracts those most amenable to its spe-
cial set of problems, techniques, and ways of thinking.

At the time of Luis's talk at the National Academy, plant pale-
ontologist Leo Hickey was arguing that the plant extinction had
been moderate and had occurred at a different time than the dino-
saur extinction. After describing Hickey as a "very good friend" and
a "close personal friend" of Walter Alvarez, Luis said that "Hickey
has behaved quite differently with respect to the [Raton basin fern
spike] ... he ignored it.""

Alvarez directed most of his disdain at William Clemens, the
vertebrate paleontologist and faculty colleague of Walter Alvarez,
whom Luis also described in his talk as a friend. Their difference
centered on the interval between the K-T boundary at Hell Creek,
Montana, and the highest recovered dinosaur bone, which occurred
at some distance below the boundary, producing a barren interval
that became known as the "ghastly 3-m gap." Luis Alvarez describes
in great detail how he used a variety of techniques to convince
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Clemens that such a gap was only to be expected when rare crea-
tures had suddenly gone extinct, yet Clemens stubbornly refused to
accept the obvious. Luis's description of his attempt to persuade his
"friend" goes on for four dense pages; its detail suggests that there
must have been something more than friendship and science behind
it—Alvarez seems to be trying to show Clemens up not only as
wrong but as unreasonable, even unscientific: "I really cannot con-
ceal my amazement that some paleontologists prefer to think that
the dinosaurs, which had survived all sorts of severe environmental
changes and flourished for 140 million years, would suddenly, and
for no specified reason, disappear from the face of the earth ... in a
period measured in tens of thousands of years. I think that if I had
spent most of my life studying these admirable and hardy creatures,
I would have more respect for their tenacity and would argue that
they could survive almost any trauma except the worst one that has
ever been recorded on earth—the impact of the K-T asteroid."”

Shortly after he gave his talk, the review article by Archibald and
Clemens in American Scientist’ appeared, just in time for Alvarez
to incorporate a critique of it as an afterword to his written remarks.
According to Alvarez, after they had ignored the iridium evidence
and pooh-poohed impact, Archibald and Clemens offered only two
alternatives as the cause of the K-T extinction: supernova explosion
and the spillover of Arctic seawater (which would have lowered
global temperatures). Alvarez said that he was "quite puzzled to see
that in 1982, two knowledgeable paleontologists would show such
a lack of appreciation for the scientific method as to offer as their
only two alternative theories to that of the asteroid, a couple of out-
moded theories. . . . Today, both ofthem are as dead as the phlogis-
ton theory of chemistry."” To accuse a scientist not only of being
wrong, but of being ignorant of the proper use of the scientific
method, is the deadliest of scientific insults—tantamount to saying
that the person in question is not truly a scientist. Such a remark
would certainly strain any friendship.

Polls do not decide scientific matters, but since our interest is
not only in what caused the K-T extinction, but in how scientists
reacted to the Alvarez theory, it is useful to consider the results
(normalized to equal 100 percent) of a poll taken in the summer of
1984 of over 600 paleontologists, geophysicists, and other geologists
from six countries:

e 24 percent agreed that an extraterrestrial impact at the K-T
boundary caused the mass extinction.

* 38 percent thought that a K-T impact had occurred but that
other factors caused the mass extinction.
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e 26 percent thought that no K-T impact had occurred.

* 12 percent believed that there had been no K-T mass
extinction."”

As David Raup points out, over 60 percent of the polled sci-
entists believed that an extraterrestrial impact ended the Cre-
taceous. Not bad considering the nearly 200-year influence of
uniformitarianism."

When the Society of Vertebrate Paleontologists held its annual
meeting in Rapid City, South Dakota, in 1985, the controversy was in
full bloom. According to reporter Malcolm Browne, writing in the
New York Times, the assembled paleontologists claimed that the argu-
ment over impact had "so polarized scientific thought that publi-
cation of research reports has sometimes been blocked by personal
bias.""” (The discussion in this and the following three paragraphs is
taken from Browne's article.) One said that "Scientific careers are at
stake."” Some linked the cosmic winter that might result from mete-
orite impact with the nuclear winter that might result from World
War III. Those who denied that cosmic winter could have occurred
might also deny nuclear winter, thus branding themselves as pro-
nuclear militarists.

Here among their own, not far from the best dinosaur collecting
fields in the world, the vertebrate paleontologists let loose. The gen-
eral thrust of the comments, though not the polite tone, was ex-
pressed by Robert Sloan of the University of Minnesota: "My own
analysis of the fossil record suggests that the Cretaceous extinctions
were gradual and that the catastrophic theory is wrong."”

William Clemens announced that he had discovered dinosaur
fossils near Prudhoe Bay in Alaska, which, as it is today, was in the
Arctic during the late Cretaceous and therefore subject to long peri-
ods of darkness. If dinosaurs could survive six months of Arctic win-
ter and darkness, how could a few months of alleged cosmic winter
kill them off? Said Clemens, "But survive they did, as we see in the
fossil record."”

The most vicious attack came from Robert Bakker, formerly of
the University of Colorado Museum, the originator of the theory
that the dinosaurs had been warm-blooded and fast moving: "The
arrogance of those people is simply unbelievable," he said of the pro-
impactors. "They know next to nothing about how real animals
evolve, live, and become extinct. But despite their ignorance, the
geochemists feel that all you have to do is crank up some fancy
machine [presumably the iridium analyzer] and you've revolution-
ized science. The real reasons for the dinosaur extinctions have to do
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with temperature and sea level changes, the spread of diseases by
migration and other complex events. But the catastrophe people
don't seem to think such things matter. In effect, they're saying this:
'We high-tech people have all the answers, and you paleontologists
are just primitive rock hounds."”

Luis Alvarez liked a fight and gave as good as he got. In a second
article in the New York Times, Browne quoted from Luis Alvarez's
just published autobiography: "I don't like to say bad things about
paleontologists, but they're really not very good scientists. They're
more like stamp collectors."” (Showing that they did agree on some-
thing, Jastrow had a couple of decades ecarlier compared geology to
the collecting of butterflies and beetles.)

Alvarez was echoing the great British nuclear physicist and
Nobelist, Ernest Rutherford, who divided science into physics
and stamp collecting.” Rutherford's offensive statement may have
stemmed from a burst of professional pride and can be excused as
such. Alvarez's remark, on the other hand, like Bakker's, seemed
much more personal and demeaning of an entire field of scholarship.

It got worse. Jastrow told Browne, "It is now clear that catastro-
phe of extraterrestrial origin had no discernible impact on the his-
tory of life as measured over a period of millions of years."" Alvarez
retorted: "There isn't any debate. There's not a single member of the
National Academy of Sciences who shares Jastrow's point of view.
Jastrow, of course, has gotten into the defense of Star Wars, which
for me personally indicates he's not a very good scientist. In my
opinion, Star Wars doesn't stand a chance."”

Jastrow rejoined by pointing out that Alvarez had flown on the
companion plane to the Enola Gay in the raid that destroyed Hiro-
shima and had been one of only five physicists willing to appear be-
fore the Atomic Energy Commission to denounce as a security risk
Dr. J. Robert Oppenheimer, who had headed the Manhattan Pro-
ject, on which he had been Alvarez's superior. In his autobiography,
however, Luis Alvarez wrote that he had told the Oppenheimer
inquiry panel that he had no doubt of Oppenheimer's loyalty to the
country.”” The Alvarez-Clemens debate continued in Browne's
article, with Alvarez saying that "he considers Clemens inept at in-
terpreting sedimentary rock strata and that his criticisms can be dis-
missed on grounds of general incompetence."”"

Tragically, as this debate sank to ever lower depths, Luis Alvarez
discovered that he had terminal cancer of the esophagus. He told an
interviewer, "I can say these things about some of our opponents
because this is my last hurrah, and I have to tell the truth. I don't
want to hold these guys up to too much scorn. But they deserve
some scorn, because they're publishing scientific nonsense."”
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Luis Alvarez died on September 1, 1988, ending one ofthe most
versatile, successful, and combative carecers in modern science. At
Snowbird II, held just six weeks later, one of the participants pro-
posed two minutes of silence in his honor. Walter rose to say, "My
father would have been mortified. He'd much rather have a good
fight in his memory."”

THEORIES OF DINOSAUR EXTINCTION

If impact did not kill the dinosaurs, what did? Michael Benton, writ-
ing nearly three decades after Jepsen, found a total of about 65 seri-
ously proposed ideas.” (He omits such recent suggestions as AIDS
and terminal constipation.) Taking a very coarse cut, Benton's list
can be aggregated as follows:

* Medical problems ranging from slipped discs to disease.

* "Evolutionary drift into senescent overspecialization." (Some of
us may feel that we too are suffering from this malady—a sort of
reptilian chronic-fatigue syndrome.)

*+ Competition with other animals, especially mammals.

* Floral changes: New plant species were unsuitable for dinosaurs
or poisoned them.

* Climate change: too hot, too cold, too wet, too dry.

* Atmospheric change: high levels of oxygen, low levels of carbon
dioxide.

* Ocecanic and topographic change: Seas retreated (we know that
during the late Cretaceous they did); or large volumes of fresh,
cold Arctic Ocean water spilled into the Atlantic, lowering
temperatures and causing drought.

*  Volcanism, whose resulting soot and ash could have had the
same lethal effects as predicted for impact.

* Extraterrestrial events such as supernovae explosion and
meteorite impact.

Let us put these theories up against the criteria deduced by
David Raup from his career-long study of extinction: "For geograph-
ically widespread species, extinction is likely only if the killing stress
is one so rare as to be beyond the experience ofthe species, and thus
outside the reach of natural selection."” But how widespread is

I
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widespread? Raup answered this question at Snowbird I, concluding
that: "Modern biogeography is too robust for mass extinction to
result from annihilation of life in a single region. ... A global or
near global crisis or environmental deterioration is required."”

Let me rephrase Raup's two prerequisites:

1 . For a species that lives over a wide area to be driven to
extinction, the cause of death not only has to be powerful, it
must also be outside the experience of the species—not of
individuals but species. This means that the cause must be so
rare as to appear no more often than once every few hundred
thousand or few million years.

2. The extinction of over 50 percent of all living species—a mass
extinction—requires killing on a global scale; mass death in a
region or two will not do the job.

Which of the theories summarized by Benton are rapid enough
in their action to be beyond the reach of natural selection (or migra-
tion) and are also global in their reach? Medical problems, competi-
tion, and floral changes are the stuff of natural selection; they also
tend to be regional. Climatic, atmospheric, and oceanic changes are
widespread and therefore appealing, but they tend to occur on geo-
logic time scales. Rather than causing mass extinctions, these grad-
uval changes would give organisms opportunity to evolve or to
migrate in response.

Changes in sea level are worth a special look, for they are the
most-cited cause of dinosaur extinction. Consider the most recent
dramatic change in sea level, the rise that occurred when the last
glacial ice melted. The earth has a fixed amount of water during any
one period of geologic time; the more that is locked up in ice, the
less that is available to fill the oceans. Thus as glaciers form, sea level
drops; when glaciers melt, sea level rises. During the Pleistocene Ice
Ages, which ended (or at least paused) 15,000 years ago, sea level
first fell and then, when much of the ice melted, rose by hundreds
of meters. Although many large mammals became extinct, no mass
extinction resulted. Indeed, sea level has risen and fallen throughout
the history of the earth as glaciers have waxed and waned, sea floors
have spread, continents have collided, and oceans have opened and
closed. The record is shown by the so-called Vail curve of sea level,
developed by researchers at Exxon (Figure 22).

Some of the major shifts in sea level occurred near in time to
major geologic boundaries and extinctions, but many did not. The
much-touted change in sea level during the Cretaceous actually
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FIGURE 22 The rise
and fall of sea level over
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began near the middle of the period. During the long run of the
dinosaurs, from FEoraptor in the Triassic 230 million years ago to the
last T rex at the end of the Cretaceous, many changes in sea level,
some up, some down, many larger and quicker than the K-T change,
were all nevertheless survived. In any event, let us remember that
the dinosaurs lived on land. A drop in sea level, which some verte-
brate paleontologists propose to explain their demise, would by def-
inition open up more land surface on which the dinosaurs could
live. The claim that such a drop caused the extinction of creatures
that had lived for 160 million years appears to be contrary to logic.

David Fastovsky, co-author of an excellent book, The Evolution
and Extinction of the Dinosaurs,” and Peter Sheehan, a paleontolo-
gist with the Milwaukee Public Museum, put it this way at the third
Snowbird conference: "It is counterintuitive to posit that an increase
in land surface area (as occurs by definition as the result of a drop in
sea level) will be accompanied by habitat fragmentation [claimed by
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Archibald to be a result of a drop in sea level™]; why should the ter-
restrial realm be 'fragmented' by increasing the habitable area? An
increase in land should provide opportunities and space not previ-
ously available to land-dwelling organisms."’ Peter Ward has said,
"We just do not know how a regression [drop in sea level] could kill
anything."”

Of the theories on Benton's list, only massive volcanic activity
and extraterrestrial events meet Raup's criteria of being global,
infrequent, and lethal. Dinosaur specialist Dale Russell, reviewing
the evidence in 1979, thought volcanism was unlikely to provide
the answer because it tends to be gradual and episodic, rather than
sudden like the K-T extinction.” In Chapter 6 we saw how the
details of the Deccan eruptions fail to corroborate the volcanic
alternative. Now it is time to turn from theory to the dinosaur fossil
record.

DINOSAUR FOSSIL EVIDENCE

We wish to learn how the dinosaurs died, not how they lived; there-
fore our interest is in their last few million years during the late Cre-
taceous. How many dinosaur species were living then, where are
their remains, and what do they tell us? According to paleontologist
Peter Dodson, only about 2,100 articulated bones of dinosaurs have
been collected, and they span 160 million years.” If spread evenly,
we would have one specimen for each 75,000 years, but in fact the
discovered remains of dinosaurs are highly clustered in time and
space. All the Tyrannosaurus rex specimens, for example, come from
Montana and the Dakotas. Therefore in the rock record there are
spans of millions of years during which we know dinosaurs lived but
of which we have no trace. Dodson reported that 336 recognized
dinosaur species have been identified, but that nearly 50 percent are
known only from a single fossil specimen. The 336 species belong
to 285 genera (remember that genus—plural, genera—is the next
taxonomic grouping above the species level), of which over 70 per-
cent occur only in one rock formation. Paleontologists have learned
that a typical genus has several species and that the species:genus
ratio therefore is usually well above 1:1. To find it so close to 1:1
(336:285) for the dinosaurs indicates that sampling has barely
scratched the surface. Recent experience confirms this conclusion,
for new dinosaur discoveries seem to pop up in the press every few
months. Surely many more dinosaur genera await discovery. Dale
Russell estimated that we have found only about 25 percent of the
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genera that lived during the late Cretaceous alone, which is by far
the most studied period.”

Although dinosaur specimens are few, they occur in late Creta-
ceous rocks on every continent and at dozens of sites around the
world. To study their extinction, all we need are dinosaur-bearing
sections that extend from the late Cretaceous up to the K-T and at
least a short distance beyond it into the Tertiary. At how many
places in the world can such sections be found? The answer, shock-
ingly, is three: Alberta, Wyoming, and Montana. The Hell Creek for-
mation near Glendive, Montana, is by far the best studied. Dinosaur
research is continuing in other countries today, in Argentina and in
China, for example, and in time more sites will meet the criteria.
But up to now, to provide the litmus test for dinosaur extinction
theories, paleontologists have had no alternative but to rely on fos-
sils from the upper Great Plains, and from the Hell Creek formation
in particular.

What, then, do we know about the dinosaurs from the Great
Plains? At Snowbird I, Tom Schopf pointed out that our knowledge
of the Maastrichtian (latest Cretaceous] dinosaurs derives from only
16 known species, which have in turn been identified from only 200
individual specimens.” No dinosaur has captured our imagination
better than the horrific Tyrannosaurus rex, yet only a handful of
complete skulls has ever been found.

When this paucity of hard evidence is added to the problems of
gaps, migration, Signor-Lipps effect, dissolution, location of bound-
aries, channel cutting, reworking, and so on, it is clear that any con-
fidently definitive statement about the demise of the dinosaurs
based on scarce fossil evidence is apt to be wrong. A bang can easily
be mistaken for a whimper, and vice versa.

To HELL CREEK AND BACK

The Hell Creek formation achieved notoriety in 1902 when famed
dinosaur hunter Barnum Brown discovered there the first, magnifi-
cent Tyrannosaurus rex. Over the more than nine decades since, fos-
sil hunters and serious paleontologists have returned again and again
to northeast Montana and Hell Creek to collect and to decipher.
How did the Hell Creek rocks come to be? In late Cretaceous
times, a shallow sea stretched across western North America from
Canada to Mexico. As it shrank and retreated, the sea left behind a
sequence of sediments formed in different marine and nearshore
environments. Subsequent deposits entombed these older sediments,
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which were lithified (turned into rock) by the resulting heat and
pressure; erosion later exhumed and exposed them for us to see
today. By studying the composition and features of sedimentary
rocks and their fossils, sedimentologists and paleontologists can re-
construct the history of ancient landscapes in great detail. They
know that the oldest formation in the Hell Creek area, the Bearpaw
Shale, formed from muds deposited on the floor of the ancient sea.
Above the Bearpaw lies a sandstone that formed from the beaches
left behind as the seaway retreated. It in turn is overlain by two for-
mations deposited by streams that meandered back and forth across
marshy, nearshore floodplains: the Cretaceous Hell Creek forma-
tion and higher up, the Tertiary Tullock formation. Near the base of
the Tullock lie several thin beds of coal that formed in the reducing
conditions in the coastal swamps. Geologists had come to accept,
as the K-T boundary in Montana, the lowermost of these coals,
the "Z coal," in part because no dinosaur remains occur above it.
(Admittedly, a certain amount of circular reasoning is going on
here.) The uppermost dinosaur fossils were thought, especially by
Clemens, to lie about 3 m below the Z coal and no closer, suggest-
ing that the dinosaurs had gone extinct scores of thousands of years
before the boundary.

From decades of study, vertebrate paleontologists had come to
conclusions about the end of the dinosaurs that the Alvarez theory
was initially unable to shake. For example, although 36 dinosaur
genera occur in rocks dating some 10 million to 11 million years
before the K-T boundary, those immediately below the boundary
contained only about half that many genera. To most paleontolo-
gists, this was a clear indication that the dinosaurs were on the way
out well before the end of the Cretaceous and that, if anything,
impact had delivered only a coup de grace. Dale Russell pointed
out, however, that the higher number of genera from the older rocks
was a total obtained by adding together all those found at 25 loca-
tions around the world, whereas the smaller, later number had come
from only the three North American sites. This suggested that the
difference might be only a sampling effect. Nevertheless, by the
mid-1980s, most paleontologists who had studied the Hell Creek
fossils had firmly concluded that the dinosaurs had already died out
some 20,000 to 80,000 years prior to the K-T boundary, before the
putative arrival of any meteorite. Some paleontologists presented evi-
dence that the dinosaurs had already started to be replaced by mam-
mals well down in the Cretaceous, and claimed that this showed the
dinosaurs had started to disappear well before the K-T boundary.”
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In the mid-1980s, the confidence in this picture began to wane.
It was shown then that the mammals occurred not in rocks of true
Cretaceous age, but in Tertiary channel deposits cut down into the
Cretaceous rocks (see p. 134], thus evaporating the evidence for
early replacement of dinosaurs by mammals. Standing the argument
on its head, others have reported finding dinosaur remains in Ter-
tiary rocks in the Hell Creek region and claim that the dinosaurs did
not become extinct at the K-T after all!*

Further work at Hell Creek eroded the attempts at precise cor-
relation of the rock strata there. According to Jan Smit, previous
workers had placed the K-T boundary at Hell Creek between 2 m
and 12 m too high (the same point Smit made for the sediments at
Mimbral).” When a boundary is set too high, species immediately
below it appear to have gone extinct earlier than they actually did.
By placing the K-T boundary too high, according to Smit, the false
impression was created that the dinosaurs had gradually disappeared
and had been replaced by mammals well before the end of Creta-
ceous time. The Z coal beds, thought to mark the bottom of the Ter-
tiary, were shown not to be of the same age at different locations,
eliminating their usefulness as a time marker.”'"’ Finally, the Hell
Creek strata were found to be riddled with gaps. At the 1995 meet-
ing of the Geological Society of America, J. K. Rigby, Jr., of Notre
Dame, reported paleomagnetic studies which showed that 300,000
to 500,000 years of the rock record were missing there.” The mod-
ern view is that the rocks of Hell Creek cannot be matched from
one spot to another with sufficient resolution to make the precise
chronology of dinosaur extinction clear.

As sometimes happens, the more a phenomenon is studied, the
more questions are raised and the less confident the answers become.
The Hell Creek strata now appear so complicated and full of gaps
that it is hopeless to attempt to use them as the litmus test of dino-
saur extinction. Some scientists realized that they needed to take an
entirely different approach from the traditional, one that provided
large enough samples so that statistics could be employed, and which
did not depend on the precise location of the K-T boundary at Hell
Creek. This view gave rise to two important studies.

SURVIVAL ACROSS THE K-T BOUNDARY
AT HELL CREEK
The Museum of Paleontology at Berkeley contains more than

150,000 curated specimens of nonmarine vertebrate fossils—mam-
mals, dinosaurs, turtles, snakes, and so on—from the Hell Creek and
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Tullock formations. David Archibald and Laurie Bryant (both former
students of Clemens) took upon themselves the task of sorting
through this enormous database to count the number of species that
were present both in the Hell Creek formation and in the overlying
Tertiary rocks of the Tullock.” They found that of the 111 species
of land-dwelling vertebrates present in the Hell Creek, 35 survived
the K-T boundary. This was a percentage survival rate of 32 per-
cent, meaning that 68 percent had become extinct. None of the
20 species of dinosaurs had made it; their percentage survival rate is
0. But what about the mammals? The complete extinction of the
fascinating dinosaurs has obscured the devastating blow struck to
the smaller and less interesting mammals at the K-T—the Archibald-
Bryant study shows that only 1 out of 28 mammal species survived.
How lucky we are!

Sheehan and Fastovsky divided the Archibald-Bryant database
into those that lived on land and those that lived in freshwater.”
They found that whereas 88 percent of the land dwellers became
extinct at the K-T, only 10 percent of the freshwater assemblage
did so. What could explain this distinct difference in survival rate?
According to Sheehan and Fastovsky it arose because the dinosaurs
and other land dwellers were at the top of a food chain based on
living plants, some 80 percent of which became extinct, whereas
the water dwellers were part of a chain more dependent on organic
detritus left behind in lakes, streams, soil, and rotting logs. Our
mammalian ancestors may have survived because they were part of]
or were able to become part of, the detritus-based food chain.

TRIUMPH OF THE VOLUNTEERS

America is a nation of volunteers. Management expert Peter Drucker
has pointed out that one out of every two adults is a volunteer;
when they are included, the nonprofit sector is the nation's largest
"employer." Without their corps of stalwart, dedicated, (and un-
paid), volunteers, the museums of America (and most of the rest of
the nonprofit sector) would be but pale shadows of themselves.
Sheehan and his colleagues at the Milwaukee Public Museum
realized that the dinosaur specimens in museum and university col-
lections had been amassed not to solve the puzzle of extinction, but
for a variety of other reasons—typically because the specimens were
large, or rare, or unusual in some way. They reasoned that in order to
get a better handle on the question of dinosaur extinction, a new,
large sample collected specifically for that purpose was needed. If
enough fossils from the upper Cretaceous could be collected, scien-
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tists might be able to tell whether the dinosaurs were already de-
clining well before the boundary as the anti-impactors claimed, or
whether they were found right up to the boundary. At least they
might be able to shrink the ghastly gap.

But who would do all the work of collecting the required large
number of new dinosaur specimens? To the museum professionals,
the answer came at once—the volunteers] Sheechan spent three
summers in North Dakota and Montana collecting in the Hell Creek
formation, accompanied each time by 16 to 25 carefully trained and
closely supervised volunteers from the "Dig a Dinosaur" program of
the Milwaukee Public Museum, who paid $800 for the privilege.
They spread out in "search parties," scouring the Hell Creek terrain
for any sign of a dinosaur fossil. When a volunteer found a specimen,
a paleontologist went over to make the identification, which was
then logged into the computer. Almost all specimens were left in
place rather than being collected and removed. To reduce the effect
of different sedimentary environments, the collectors restricted their
efforts to one of three sedimentary facies (distinct rock types that
sedimentologists can identify). The volunteer workers logged the
amazing total of 15,000 hours of careful fieldwork and found 2,500
dinosaur fossils. A key point of the study, one that differs from ear-
lier work, was that they recorded not only whether a given species
persisted at a certain level, but how many times it occurred. In other
words, they measured not only taxonomic diversity (how many spe-
cies are present no matter how rare), but what they called ecologi-
cal diversity (how many individuals are present). This is a distinction
with a difference: A species that was almost but not quite eliminated
would leave taxonomic (naming) diversity unchanged—only a single
individual would retain the taxon's name on the list. On the other
hand, ecological diversity (number of individuals) would have plum-
meted, showing that it is obviously the more informative measure
for tracing patterns of extinction.

The Milwaukee crew divided the Hell Creek formation into
three units of approximately equal thickness, with the top one
reaching up to the K-T boundary, and measured the number of
dinosaur families in each third. Their most diligent search found
dinosaur fossils within 60 cm of the K-T boundary, thus shrinking
the ghastly gap over which Luis Alvarez and Clemens had tangled
far into the Berkeley night. Their focus on ecological diversity
allowed them to conclude: "Because there is no significant change
between the lower, middle, and upper thirds of the formation, we
reject the hypothesis that the dinosaurian part of the ecosystem was
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deteriorating during the latest Cretaceous. These findings are consis-
tent with an abrupt extinction scenario."”

Not surprisingly, Clemens and Archibald, among others, dis-
agreed. Clemens, for example, citing studies by Peter Dodson,”
which he said showed a decline in diversity, held firm: Any viable
hypothesis of the causal factors of dinosaurian extinction must
account for the evidence of decrease in generic diversity."” Sheehan
and Fastovsky countered by also quoting Dodson: "There is nothing
to suggest that dinosaurs in the . . . Maastrichtian were a group that
had passed its prime and were in a state of decline."*

The work of the good folks from the Milwaukee Public Museum
drives a nail in the coffin of arguments for the gradual decline of the
dinosaurs. In an interview published in 1994, looking back, Clemens
appeared to doubt the earlier evidence: "The 'Ghastly blank,' the un-
fossiliferous meter or so separating the stratigraphically highest dino-
saurian bones and the iridium-enriched layer, might well be the prod-
uct of leaching of fossils from the uppermost Hell Creek by acidic
ground waters derived from the widespread Tullock Swamps."”

Reviewing this debate, a territorial chauvinism becomes obvi-
ous. Dinosaurs lived on every continent, yet the entire argument
about their extinction is based on evidence from one small area in
eastern Montana where, as Dale Russell pointed out in his review of
Archibald's book (Dinosaur Extinction and the End of an Era”), "tab-
ulations of dinosaur species are based on about 100 incomplete
skeletons."” On the basis of this limited sample, from a geologically
complicated and minute fraction of dinosaur-land, some paleontolo-
gists have made the most categorical statements about dinosaur ex-
tinction. Yet surely, as we saw at Zumaya, local conditions can cause
a blank. Perhaps for unknown reasons, the dinosaurs simply left that
part of the Hell Creek area. In the Raton formation in Colorado, the
tracks of duck-billed hadrosaurs are found only 37 cm below the
iridium layer.” Since tracks are not reworked and required a living,
breathing dinosaur, this proves that the dinosaurs lived to within a
few thousand years of the K-T boundary. In Mongolia, more dino-
saur species are found in the latest Cretaceous than below it.” In
China, dinosaur fossils are found so close to the K-T boundary that
some say they actually transcend it.*’ In the Deccan, dinosaur egg-
shells are found in an intertrappean bed just at the boundary.” All
this evidence shows that the dinosaurs did not go extinct well
before the K-T boundary, but lived right up to it. If a blank does
exist, it is not so ghastly after all, but merely, once again, an artifact
of the Signor-Lipps effect.
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In Chapter 9 I listed the two major predictions for the fossil
record made by the Alvarez theory. How well has the dinosaur evi-
dence met them?

PREDICTION 1: Prior to the K-T boundary, the dinosaurs were
not already going extinct for some other reason. Their extinction
was sudden and right at the boundary.

Dinosaur expert Peter Dodson, and the work of Sheehan and col-
leagues, indicate that the first part of this prediction is met: There
was no gradual decline. The dinosaurs did not become extinct well
before the K-T boundary, but lived right up to it.

PREDICTION 2: Dinosaur fossils are not found above the iridium
horizon.

With a few unconfirmed exceptions, this prediction is also met. The
"Tertiary dinosaurs" from Hell Creek and China may not be that at
all, but instead result from misplacement of the K-T boundary or
from reworking. If it does turn out that a few dinosaurs survived into
the Tertiary, they will not be sufficiently common to falsify this pre-
diction or to figure importantly in earth history.

In addition to these two, there is a question that can be asked,
even if it does not lend itself to a third prediction: Can the Alvarez
theory help to explain the selectivity of the K-T extinction? Since
the days of Baron Cuvier, the French father of taxonomy and pale-
ontology, at the turn of the eighteenth century, the extinction at the
end ofthe Cretaceous has been known to have been strangely selec-
tive. Marine reptiles, flying reptiles (including the pterodactyl,
named by Cuvier), and the dinosaurs died out, as did many marine
invertebrates, including the ammonites and most of the planktonic
foraminifera. But many terrestrial vertebrates—snakes, crocodiles,
turtles, and mammals—and some plants, survived. The impact-
extinction theory ought to make it easier to explain this peculiar
pattern. On the other hand, if the theory does not help, it may not
be because it is wrong but rather because we lack knowledge and
imagination. After all, no one has yet been able to explain under any
theory why the crocodiles and turtles survived and the dinosaurs did
not. Were the impact theory also to prove wanting, it would be no
worse off than the theories that geologists have traditionally pre-
ferred—those theories cannot explain the selectivity either. But cer-
tainly, an ability to explain the selectivity of the K-T extinctions
would immeasurably strengthen the Alvarez theory.
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HELL ON EARTH

To try to understand whether and how the Alvarez theory might
help to explain the selectivity of the K-T extinction, we need to
know what would happen when a 10-km to 15-km meteorite strikes
the earth. The two halves of the Alvarez theory—that impact
occurred and that it caused the mass extinction—are linked by the
assumption that the resulting effects would be sufficiently lethal to
cause the death of 70 percent of all species. The Alvarez team had
precious little evidence for this assumption; indeed, to gain some
idea of the effect of a global dust cloud, Luis had to rely on the
century-old Krakatoa report of the Royal Society. But over the last
couple of decades, the science of computer modeling of impact ex-
plosions has made great strides, such that it is now possible to say
more confidently what the actual effects would be, though not how
they would all interact with each other and with living organisms.
(The discussion in the next dozen paragraphs is taken largely from
the work of modeler Brian Toon and his colleagues.”) To take the
subject from theory to practice, in July 1994 the entire world saw an
actual planetary impact when the fragments of Comet Shoemaker-
Levy 9, some estimated to be 2 km in diameter, collided with Jupiter.
To the delight of Gene Shoemaker, the effects were even more spec-
tacular than the impact modelers had predicted.

According to the Alvarez theory, 65 million years ago a comet or
asteroid 10 km to 15 km in diameter approached the earth (we do
not know which it was, but either would have had the effects I am
about to describe). It was traveling at cosmic speeds somewhere
between 20 km and 70 km per second and for that reason carried
with it an energy on the order of 10°" ergs, or 100 million megatons
of TNT (100,000,000,000,000 tons of TNT), far more energy than
contained in all the world's nuclear weapons at the height of the
Cold War. Once the object struck, that amount of energy had to be
dissipated. An almost irresistible force was about to meet an immov-
able object.

As we saw when Shoemaker-Levy 9 struck Jupiter, a meteorite
entering a planetary atmosphere at cosmic velocities generates a
giant shock wave—a kind of cosmic backfire—that sends a 20,000-
degree jet of flame thousands of kilometers back up the incoming
trajectory. In the largest impacts, the entire atmosphere in the vicin-
ity of the entry point is blasted into space.

The midair explosion of a meteorite at Tunguska in Siberia in
1908 and the eruption of Mount St. Helens in 1980 were strong
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enough to level trees for miles around. The K-T impact event
released an amount of energy millions of times greater than these
relative pip-squeaks. The resulting shock wave leveled everything
standing within thousands of kilometers of ground zero, providing
fuel for the subsequent fires.

Sixty-five million years ago, the Yucatan Peninsula was an area of
shallow sea, so that the meteorite probably landed in less than 100 m
of seawater. Modeling indicates that the resulting earthquake caused
submarine landslides that displaced huge volumes of seawater and
generated a tidal wave that dwarfed even the most devastating in
human history. Traveling outward at about 0.5 km/sec, like the rip-
ples from a stone hurled by a giant, this ancient tsunami rose to a
height of 100 m and rolled inexorably across the oceans. Hardly
slowing as it went ashore, it traveled inland for 20 km, inundating
the coastal plains on half the globe.

As the meteorite penetrated deeper into the earth, a huge shock
wave converted it and the rock underneath into vapor and ejected
them outward at ballistic velocities. Some 100 km’ of excavated
rock and 10" tons of vaporized comet or asteroid rose to altitudes
as high as 100 km. Much of this debris quickly fell back to earth, but
10 percent to 20 percent of it remained at high altitudes for months.
The temperature at ground zero rose to hundreds of thousands of
degrees, causing everything within a radius of several hundred kilo-
meters to burst into flame. The expanding fireball rose quickly and
within only a few hours had distributed itself around the earth.
Meanwhile, the shock wave had excavated a crater 15 km to 20 km
deep and at least 170 km in diameter. The impact generated an
earthquake of magnitude 12 to 13, a temblor at least 1,000 times
larger than any humans have ever experienced. Even 1,000 km from
ground zero, the earth's surface heaved in waves hundreds of meters
high.

A few minutes later, the mixture of vaporized meteorite and
rock, still traveling at ballistic velocities of 5 km/sec to 10 km/sec,
began to reenter the atmosphere. The individual globules were trav-
eling so fast that they ignited, producing a literal rain of fire. Over the
entire globe, successively later the greater the distance from the tar-
get, the lower atmosphere burst into a wall of flame, igniting every-
thing below. The effect was like "a domestic oven set at 'broil'."”
Everything that could burn did.

Smoke and soot rose to mingle with the huge number of fine
particles that the explosion had carried into the stratosphere. To-
gether they darkened the earth enough to cause the average global
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temperature to fall to the freezing point. Darkness came at noon, and
remained for months. Photosynthesis halted and the food chain that
depended upon it ceased to function.

The blast wave acted as a chemical catalyst, causing atoms of
oxygen and nitrogen to combine to form various noxious com-
pounds, many found in today's smog. Sulfur oxides joined them, for
in a coincidence unfortunate for life at the end of the Cretaceous,
the Yucatan rocks at ground zero included sulfate deposits. As hap-
pened in the modern eruptions of Pinatubo and El Chichon, sulfur
dioxide formed tiny droplets that further obscured the sun and low-
ered visibility even more. Kevin Pope, Kevin Baines, and Adriana
Ocampo have calculated that the impact into the sulfur-rich de-
posits of the Yucatan would have produced over 200 billion tons of
both sulfur dioxide and of water, leading to a decade-long impact
winter.”

As precipitation washed out the nitrogen and sulfur compounds,
it generated acid rain that may have destroyed the remaining sus-
ceptible plants. Gregory Retallack of the University of Oregon® has
found evidence in the boundary clay in Montana of severe acid
leaching, possibly enough to have dispersed the iridium and dis-
solved the shocked minerals and spherules. Thus, Retallack says,
some impacts might be "self-cleaning," eliminating traces of their
own existence. Because some soils naturally buffer acids and others
do not, acid rain might also explain some of the K-T extinction
selectivity. For example, the floodplains of ancient Montana would
have remained above a pH of 4, which according to Retallack would
spare small mammals, amphibians, and fish, but harm plants, non-
marine mollusks, and dinosaurs. Acid-vulnerable plants such as the
broadleaf evergreens would have suffered, whereas the acid-tolerating
plants would have done better, more or less consistent with the evi-
dence.

The rain may have acidified the surface layers of the oceans suf-
ficiently to kill the surface-dwelling plankton and phytoplankton,
which would have caused a breakdown of the oceanic food chain
that was based upon them. The reactions that formed nitrogen
oxides also absorbed ozone, reducing the earth's protective ozone
layer and allowing ultraviolet radiation to penetrate to the surface,
causing further loss of life.

Some of the vast amount of water vapor that was blasted into
the atmosphere froze; the rest formed a vapor cloud that lasted for
years. There it was joined by the most insidious long-term effect of
the impact—a worldwide cover of carbon dioxide, generated by
impact into the thick limestones (calcium carbonate) that also were
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present in the Yucatan Peninsula of that day. Just when the dust,
smoke, and soot had dissipated and conditions might have returned
to near normal, this gas cloud produced a greenhouse effect that
lasted for a thousand years or more. Those creatures that had mirac-
ulously survived all that came before, now faced a millennium of
greenhouse temperatures. (Recent modeling by Pope and Ocampo,
however, indicates that the greenhouse effect might not have been
this strong.)

Obliterating shock waves, stupendous earthquakes, enormous
tsunami, a rain of fire, smoke, soot, darkness, a global deep freeze,
worldwide acid rain, ozone loss, greenhouse warming—it seems a
miracle that anything could have survived, and yet, remember our
thought experiment on just how difficult it is to exterminate an
entire species. Over 99.99% of individuals can die and enough
breeding pairs might be left alive to allow the species to survive. But
certainly no one can claim that the impact of a 10-km meteorite in
the Yucatan Peninsula 65 million years ago lacked the power to
cause the K-T mass extinction.

We know that a 100-million-megaton impact happened at K-T
time; we know that it must have had some combination of the
effects just described. What we do not know is just how the many
lethal possibilities would have interacted with each other and with
living organisms. These questions will occupy impact modelers, geo-
chemists, paleontologists, and others, for years. Meanwhile, some
paleontologists, though now objectively required to admit that im-
pact happened, remain unwilling to grant that it had anything to do
with extinction until "precise biological/ecological mechanisms are
proposed that uniquely account for observed taxic patterns and the
stratigraphic timing of K-T extinction and survivorship."” The clear
implication is that the burden of proof still rests entirely with the
pro-impactors: They must explain how the impact effects killed cer-
tain species and spared others. But the existence of the Chicxulub
crater shifts the burden. Since we know that impact occurred, those
who deny that it caused the mass extinction have just as much of an
obligation to explain how species escaped as those who support the
link between impact and extinction do to explain how they did not.

THE SECOND HURDLE
Looking back at the evidence described in this and earlier chapters,

we can see that the predictions of the impact half of the Alvarez the-
ory hold up well. To cap it off, geologists have located the impact
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crater. Further, not only do ammonites, plants, and forams offer cor-
roborative evidence that impact led to extinction, so do the
dinosaurs. Keeping in mind'that theories are not proven, only dis-
proven, I believe that it is fair to say that the core of the Alvarez
theory—that impact occurred and that it caused the great K-T mass
extinction—has been corroborated. It has met many tests and failed
none.

Charles Officer and Jake Page do not agree. On the contrary, in
their 1996 book, they write that the theory has "collapsed under the
weight of accumulated geologic and other evidence."” In the final
chapter of The Great Dinosaur Extinction Controversy, they cite the
Alvarez theory as an example of "degenerative science," comparable
in its failure to Marxism. By misleading us into searching the heav-
ens for incoming meteorites, the authors claim, when instead we
should be solving current environmental problems right here on
earth, the theory is downright dangerous. But other geologists have
moved in the opposite direction: They are fascinated by the possi-
bility that the Chicxulub impact was not the only one to cause a
mass extinction.
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ARE ALL MASS
EXTINCTIONS CAUSED
BY COLLISION?

All five major mass extinctions would turn out to have
been caused by the same mechanism, an asteroid collision.'
Luis Alvarez

In his 1983 talk at the National Academy Of Sciences, Luis Alvarez
left no doubt just how far he thought his theory extended. He did
acknowledge that the prediction quoted in the epigraph had not yet
been confirmed, but made it clear that he believed it eventually
would be. Ifit were confirmed, then not only might the explanation
of mass extinctions have been discovered, so might the driving force
behind evolution itself. Though geology offers no Nobel prize, the
discovery of a robust general theory for mass extinctions, and espe-
cially of one linking them to extraterrestrial causes, surely would
rank as one of the great scientific accomplishments of the twentieth
century and place its authors in Nobel territory.

Physicists, even more than other scientists, seek the explanation
of more than individual phenomena—they want to uncover the
grand unified theory that will explain how each of the fundamental
physical forces arises and interacts. Einstein, for example, tried to
show that both electromagnetism and gravity derived from the same
fundamental "force field." He was unable to do so, nor has anyone
been able to since. Few geologists have even tried to imagine an all-
encompassing theory for the earth: What could the unifier possibly
be for the complex and seemingly random set of processes that char-
acterizes our planet? Yet, we must ask the question: What of impact?
It first created the inner planets through accretion, then destroyed
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and reshaped their surfaces. It may have carved the moon from the
earth. It produced the most energetic event in the last 600 mil-
lion years of earth history, one that led directly to the K-T mass
extinction. Even though it is counterintuitive, our intellect forces us
to recognize that impact has happened thousands, indeed tens of
thousands of times, since the earth cooled (though few impacts
would have been the size of Chicxulub). Could the energy released
by myriad impacts throughout geologic time be the grand unifier of
geology?

RECOGNIZING IMPACT

Before we get too far out on a limb of speculation, let us ask first
whether there is hard evidence for impact at any mass extinction
horizon other than the K-T. Do any others show an iridium spike,
shocked minerals, and spherules, not to mention spinel, diamonds,
and soot? Do any others have an impact crater of corresponding
age? If the answer to these questions is no, we would have to set
aside the notion that impact, beyond its singular occurrence at the
K-T boundary, has played an important role in earth history. Luis's
prediction would have failed.

Of course, to be prepared to base a judgment on hard evidence
presumes that the indicators of impact, if once present, would re-
main around to be discovered and that they could be detected. Are
these fair presumptions? Not really. Recall that geologic boundaries
were defined, well over a century ago, primarily because they were
easy to spot in the field—they tend to be places where one rock
type abruptly gives way to another. But these are the very places
where erosion has done its work. Almost by definition then, geo-
logic boundaries are apt to be the location of gaps in the rocks: lev-
els at which erosion has removed whatever was present, including
any thin impact ejecta layers.

Another difficulty is that subduction has removed oceanic crust
older than about 125 million years. Any extinction older than that,
which includes four of the Big Five, cannot be found preserved in
cores drilled from the oceanic sedimentary layer, which offers the
most continuous and least disturbed sections. Instead we must seek
these older boundaries in continental rocks, where erosion is more
likely to have removed them.

What about our old friend iridium? If found in high concentra-
tions it is as good an indicator as ever, but the converse is not true:
Low iridium levels do not necessarily rule out impact. First, comets,
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which travel through space at around 45 km/sec to 60 km/sec, cause
a significant fraction of all impacts (see Table 1, page 51). Asteroids
move at slower velocities, averaging about 20 km/sec. Since kinetic
energy is proportional to velocity squared, this three-fold difference
in speed means that a crater of a given size can be produced by a
comet one-ninth the size of the asteroid required to produce that
same crater. Thus an impact crater produced by a comet would leave
no more than one-ninth the iridium to be found in a crater of the
same size formed by an asteroid. But even this is an upper limit.
Comets, being as much as 50 percent ice, carry much less iridium to
start with (calculations that combine crater size and composition
show that the amount of iridium left by a comet might be as low as
1 percent of that left by an asteroid, too little to be detected). As
Table 1 shows, larger craters are successively more apt to have been
formed by comets (one of the reason most specialists now believe
that Chicxulub was formed by the impact of a comet). Thus it is
ironic but true that the larger the crater, the less likely it is to leave
iridium behind. To carry matters further, in the largest impacts,
regardless of impactor type, almost all the ejecta is blasted back out
into space, escaping the earth's gravity field altogether and leaving no
trace behind.” Still another complication is that in smaller impacts,
extraterrestrial material composes only about 10 percent of the
ejecta, so that if the impactor happened to be an asteroid relatively
low in iridium, which some are, little would be left to find. Finally,
even when iridium was present initially, reworking and bioturbation
could have smeared it out, or acid leaching could have removed it.
All in all, iridium is a kind of one-way indicator: Its presence is strong
evidence of impact; its absence is not evidence of no impact.

Impact by either comets or asteroids, however, would leave be-
hind shocked minerals and possibly spherules, maybe even spinel and
diamond. Since these markers are less subject to alteration or removal
by chemical and geologic processes, they make a better bet as indica-
tors of impact than iridium. Most geologists continue to be most im-
pressed by shocked quartz, the indicator that they discovered.

Finding a crater that dates to the time of a geologic boundary is
fraught with the same difficulties that we encountered in the search
for Chicxulub. Erosion will have erased most impact craters; others
will have disappeared down subduction zones. The older the crater,
the more likely one of these fates. Most crater ages are not known
with precision, making it difficult to assign them to a given geologic
boundary with much confidence. The Manson crater in lowa is a
good example. For years its age was known only roughly, then the
first measurement gave 65 million years, and finally more precise

1 85



86

CHAPTER 1 1

methods yielded an age of 73.8 million years. And not only must
we know the age of a candidate crater, we must know the age of
the extinction boundary with which it might be correlated. But the
ages of many boundaries, and even their positions, have yet to be
pinned down.

When we consider all these uncertainties, the accidental finding
of the iridium spike at Gubbio, and the diligent search that led to
the discovery of the iridium-rich layer amid the lava flows and inter-
trappean sediments of the Deccan, appear all the more remarkable.
Even if impact has occurred at another geologic boundary, we could
easily miss it. If after a diligent search, however, no evidence of im-
pact has turned up, practical geologists, with limited time and re-
sources, would move on to fields with more chance of results. While
the absence of evidence may not be evidence of absence, it is dis-
couraging. Being human, scientists tend to go where positive evidence
and rewards can be found.

THE BIG FIVE

The K-T mass extinction was one of five in which more than
70 percent of species died. If there is anything to the notion that
impact has caused other mass extinctions, it is here, among the
other four, that we should first look. Table 4 summarizes the ages
of the Big Five plus the Eocene-Oligocene and Jurassic-Cretaceous
extinction boundaries, and the evidence of impact that has so far
been found associated with each. The three right-most columns give
age and size information for craters that happen to have the same
approximate age as the boundary. The table implicitly asks for each
of these extinctions: Is there any evidence of impact, and is there a
large crater of the same age?

THE LATE DEVONIAN

The earth guards its secrets. Each of the Big Five extinctions, when
examined in detail, turns out to be complicated and different. Take,
for example, the late Devonian extinction. The iridium there, not
high to begin with, appears to be strongly associated with the re-
mains of the bacterium Frutexites. Some experts believe that Frutex-
ites was able to extract and concentrate iridium from seawater, indi-
cating, they say, that iridium is not a reliable marker of impact after
all. Pro-impactors respond that Frutexites was able to concentrate
iridium just because an impact inserted excess iridium into the
oceans in the first place.
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TABLE 4

Evidence for Impact at the Big Five, Eocene-Oligocene,

and Jurassic-Cretaceous Extinction Boundaries

Extinction Age Evidence Age Size
boundary (m.y.) of impact Crater? (m.y.) (km)
Eocene- 33.7 Tektites, Popigai, 35.7£0.2 100
Oligocene +0.5 microtektites, Siberia; 35.5+0.6 85
shocked Chesapeake
quartz, coesite Bay, U.S.
Cretaceous- 65.0 High iridium, Chicxulub, 65.0 170-
Tertiary shocked minerals, Mexico 300
microtektites,
spherules, spinel,
diamond
Jurassic- -145 High iridium, Morokweng, 145 70-
Cretaceous shocked South Africa 340
quartz
Triassic- -202 Shocked Manicouagan, 214+1 100
Jurassic quartz, weak Canada;
iridium peak, Puchezh- 220+10 80
fern spike Katunki,
Russia
Permian- -250 Weak iridium Araguinha, 247+5.5 40
Triassic peak, shocked Brazil
quartz,
microspherules
reported
Late 367 Microtektites, Siljan, 368+1
Devonian weak iridium Sweden
peak
Ordovician- -438 Weak iridium None known
Silurian peak of this age

When we study the geologic sections that mark the late Devon-

ian interval in detail, we find not a single extinction boundary but

several smaller ones spaced over a few million years. Several iridium-

rich layers are found at this horizon. One expert, George McGhee
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of Rutgers, who wrote a fine book on the Late Devonian mass ex-
tinction, believes that three impacts occurred, and indeed, several
craters do date to this part of geologic time.” The Siljan crater in
Sweden is the most promising; it is also of interest because it was the
focus of the deep-earth methane hypothesis of Thomas Gold of
Cornell University. Gold convinced himself, and then the Swedish
Power Board, that the impact of a large asteroid would produce frac-
tures that would tap deep-seated reservoirs of gases, among them
methane, which then might be produced in commercial quantities.
The Swedish Power Board drilled the Siljan structure but found no
methane.

THE JURASSIC-CRETACEOUS

Impact craters have several ways of escaping notice. They may hide
beneath seafloor sediments, arctic ice, flood basalt flows, and younger
sediments. Tectonic plates may carry them down to oblivion. Or,
more mundanely, erosion may obliterate them. But recently yet
another hiding place has been discovered.

In the southwestern part of Africa lies the great Kalahari Desert.
Until the advent of four-wheeled drive vehicles, travel in the Kalahari
was next to impossible as the region is covered by a layer of sand
100 m thick. In the early 1990s, aerial gravity and magnetic surveys,
of the kind done in the search for oil-bearing structures in the Yuca-
tan, revealed a nearly circular structural dome buried beneath the
Kalahari sands near the South African town of Morokweng. Drills
sent down into the underlying bedrock brought back melt rock
containing an iridium anomaly and shocked quartz. Although at first
the structure appeared to be 70 km wide, further data analysis sug-
gests a diameter of 340 km; if so, it would be even larger than Chic-
xulub. Zircons from the Morokweng melt rock give an age of 145
million years.” The accepted age of the boundary between the Juras-
sic period and the overlying Cretaceous (see Figure 2, page 8), at
which, according to Sepkoski, 38 percent of species became extinct,
is also 145 million years.

THE PERMIAN-TRIASSIC

The "mother of mass extinctions," the Permian-Triassic, is a critical
case. It marks such a vast change in the history of life that, like the
K-T, it not only separates two geologic periods, but two great eras—
the older Paleozoic and the younger Mesozoic (see Figure 2, page 8).
But the Permian-Triassic extinction is much the larger—96 percent
of species are estimated to have expired then, compared with 70
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percent at the K-T. About 67 percent of reptile and amphibian fami-
lies disappeared, opening the way for the rise of the dinosaurs; 33 per-
cent of all insects, which usually survive almost anything, disap-
peared. Prior to the extinction, most marine organisms made their liv-
ing anchored to the seafloor; those that came after tended to crawl on
or to float above the bottom. This led Richard Monastersky of Science
News to joke that we owe our modern seafood menu of "lobster
bisque, fried calamari, seared tuna, and even sea urchin sushi" to the
evolutionary path laid open for the ancestors of these delectable crea-
tures (well, most of them anyway) by the Permian-Triassic mass
extinction.

If high iridium levels, shocked quartz, or spherules were to be
found in Permian-Triassic boundary layers, the case for impact
would be greatly strengthened. So far, each has been reported, but in
no instance have the reports been confirmed to the satisfaction of
even the pro-impactors. Iridium at the Permian-Triassic boundary,
for example, appears to be a factor of 10 lower than at the K-T.
At the 1996 meeting of the Geological Society of America, Greg
Retallack showed photomicrographs of quartz from the Permian-
Triassic in Antarctica that he claimed exhibited planar deformation
features.’ Specialists such as Glenn Izett and Bruce Bohor, however,
were unconvinced.” Finally, there is no good candidate crater, as
Araguinha (see Table 4) appears to be too small.

Douglas Erwin of the National Museum of Natural History of
the Smithsonian, in his definitive account of this boundary, The
Great Paleozoic Crisis,” lists theories that have been proposed to ex-
plain the Permian-Triassic mass extinction. His list is not as long as
Jepsen's (page ix), but numbers 14 and includes such familiar K-T
suspects as global cooling and flood basalt eruptions. The latter idea
received a recent boost in a paper by Paul Renne of the Berkeley
Geochronology Center and his colleagues,” who used the argon-
argon method to date volcanic rocks of Permian-Triassic age from
southern China at 250.0 £ 0.2 million years, exactly the same age
his group obtained for the Siberian basalts. They propose that vol-
canic sulfur emitted during the Siberian eruptions caused a strong
pulse of acid rain, as Retallack has argued happened at the K-T.
The acid rain, together with increased concentrations of various vol-
canogenic poisons, caused the great Permian-Triassic mass extinc-
tion. But some geochronologists doubt that Renne's age results are
quite as precise as he claims. As we saw in the case of the Deccan
intertrappeans, the exact timing of events, though crucial to the
argument, is exceedingly hard to pin down. Erwin has written that
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much of the Siberian traps eruption occurred later, in the Triassic, in
which case it was too late to cause the extinction."”

Another group recently suggested that the culprit in the
Permian-Triassic mass extinction was carbonated water, a familiar
and seemingly innocuous liquid." These researchers propose that in
the late Permian, large amounts of carbon dioxide accumulated at
the bottom of the sea. Cold seawater near the surface began to sink
and displaced the abyssal gas-rich layer, which rose and released its
dissolved carbon dioxide. The carbonated water thus produced
caused shelled marine organisms to die off. The higher levels of car-
bon dioxide in the atmosphere then induced a true greenhouse
effect, resulting in additional extinctions. Marrying several theories
together, the scientists acknowledge that either meteorite impact or
the eruption of the Siberian Traps might have triggered the turnover
of the oceans and the release of carbon dioxide.

While the carbonated water theory may seem far-fetched, sci-
entists think that something frighteningly similar took place on a
smaller scale at Lake Nyos in Cameroon in 1986. One day, from this
extraordinarily beautiful blue volcanic crater lake, there burst a cloud
of invisible gas so deadly that it instantly killed over 1,000 people and
all the cattle and other animals in the vicinity. So few people survived
that it has been difficult to find eyewitnesses; the few who have been
interviewed say that a fountain of water hundreds of feet high sprang
without warning from the center of the lake. The culprit at Lake
Nyos is believed to be carbon dioxide that accumulated at the base of
the lake and then, for unknown reasons, suddenly erupted.

To account for the great Permian-Triassic mass extinction, Erwin
prefers what he calls a "Murder on the Orient Express" theory. In
the Agatha Christie story, a man is found murdered on the famous
train—his body has not 1 but 12 knife wounds. Christie's masterful
sleuth, Hercule Poirot, using only his "little grey cells," deduces
that each of 11 passengers, plus the porter, stabbed the man once to
avenge a terrible crime committed years earlier. Similarly, Erwin the-
orizes that the Permian-Triassic extinction was due not to a single
cause but to several acting at once.

Early on in this book, I took the position that the principal rea-
son the solution to the mystery of dinosaur extinction was so long in
coming is that it had a single cause, impact, that was unknown to
geologists until the 1970s. An event that happens once in 65 million
years can hardly be the first explanation that comes to mind. But
Erwin shows us that a second kind of singularity might exist. He
proposes, not a single cause that is exceedingly rare and therefore
unfamiliar, but a coincidence of several familiar causes. It is their
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coincidence at a single moment in geologic time that is rare, perhaps
even unique. If Erwin is right, then the greatest mass extinction of
them all was not caused by impact. On the other hand, a single con-
firmed grain of shocked quartz at the Permian-Triassic boundary,
which Retallack says he has found, would corroborate the claim that
impact had occurred then.

THE TRIASSIC-JURASSIC AND THE EOCENE-OLIGOCENE

The Triassic-Jurassic boundary in Italy contains shocked quartz and
a set of weak iridium peaks; these need to be confirmed and repli-
cated at other localities. Two scientists concluded that the plant
extinction at the Triassic-Jurassic took less than 21,000 years, analo-
gous to the sharpness of the K-T fern spike and supportive of
impact.” On the other hand, the boundary appears to be just a lit-
tle younger than each of the two candidate craters listed in Table 4.
However, the Triassic-Jurassic boundary age of 202 + 1 million years
was not measured directly on something like a boundary clay, but
instead is based on analysis of a volcanic rock that was interpreted
by the researchers to be just younger than the boundary. It is possi-
ble that as more measurements are taken, the accepted age of the
Triassic-Jurassic will shift.

At the Eocene-Oligocene boundary, approximately 34 million
years ago, some 35 percent of marine genera became extinct (mean-
ing that two or three times as many species did), as did many mam-
mal species. Deep-sea drill cores show an iridium spike near the
boundary, as well as the kind of spherules and shocked quartz found
at the K-T. Even coesite, the high-pressure form of quartz and a diag-
nostic indicator of impact, is present. Not one but two craters date to
the Eocene-Oligocene section of the geologic record. The Popigai
structure in Siberia, 100 km in diameter, is dated at 35.7 + 0.2 mil-
lion years.” In 1994, Wylie Poag of the U.S. Geological Survey dis-
covered a large crater buried beneath Chesapeake Bay that dates
to 35.5 £ 0.6 million years."” At an estimated diameter of 85 km,
Chesapeake Bay is the largest impact structure yet discovered in the
United States. Its age, and the composition of the associated breccia,
are consistent with Chesapeake Bay being the source of the North
American tektites. Two craters the size of Popigai and Chesapeake
Bay should have been created at approximately 10-million-year inter-
vals, yet these two were struck within a few hundred thousand years
of each other, showing that the laws of chance can produce seem-
ingly improbable results.

Both craters are just older than the Eocene-Oligocene boundary,
and, if all the dates are correct, could not have caused it. The age of
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the boundary, however, has been argued at great length in the liter-
ature, and may not be completely firm.” But the impact markers
also appear to be just slightly older than the boundary, and no mass
extinction lines up with the impact evidence.

TANTALIZING EVIDENCE

Of the seven major geologic boundaries (the Big Five, the Eocene-
Oligocene, and the Jurassic-Cretaceous), only the Ordovician-
Silurian lacks a sizable impact crater of approximately the same age,
though in some instances the age fit is not good. Five of the six
boundaries that are 200 million years old or older have craters of
nearly the same age, which is remarkable considering that most
craters that old have been obscured or removed by erosion. Shocked
minerals or microtektites have been reported at six of the seven
boundaries, though the claim for the Permian-Triassic is new and
controversial. All seven have iridium concentrations that appear to
be higher than background, though often by only a little.

While many of these individual pieces of evidence are weak,
taken as a set they are impressive. Not enough firm evidence is avail-
able to corroborate the claim that impact is responsible for any other
mass extinction boundary than the K-T, yet more than enough exists
to justify a continuing investigation, providing an opportunity for
earth scientists.

DID IMPACT CAUSE ALL EXTINCTIONS?

David Raup, always trying to see the big picture, could not restrain
himself from asking a question that even he had to admit was rash
and seemingly ridiculous: Could all extinctions of significant num-
bers of species—not just the major mass extinctions—have been
caused by impact?'* Since there are so many geologic boundaries to
investigate, this impertinent question cannot be answered by going
into the field to examine rocks and collect fossils, but perhaps it can
be answered in theory. Naturally, where angels and other geologists
would fear to tread, Raup rushed in. And his distinguished record
shows him to be no fool.

One way to describe events spaced out in time is to refer to the
mean waiting time between those events of a given size, as we do for
the 100-year flood and the 100-year wildfire. On average, a flood
the size of the 100-year flood shows up every 100 years; in practice
two can occur in successive years, or none can appear for several
hundred years. Raup, who calls a spade a spade, used Sepkoski's
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compilation of the extinction records of genera, and the concept of
waiting time, to build what he called a "kill curve" (Figure 23).'""
It shows how much time passes on the average between extinction
events of various sizes: the 1-million-year extinction, the 10-million-
year extinction, the 100-million-year extinction, and so on.

Extinctions that destroy 5 percent of species occur about every
million years. Interestingly, this is the approximate length of the
"biostratigraphic zone," the minimum unit of geologic time that
paleontologists can detect using specific assemblages of fossils. An
extinction the size of the K-T has a waiting time of about 100 mil-
lion years, whereas one the magnitude of the more lethal Permian-
Triassic occurs at intervals of 1,000 million or even 10,000 million
years. Since life has never been completely exterminated, Raup
assumes that the curve must level off to form an "S," never reaching
100 percent killed, no matter how long the waiting time.

Raup next turns to Shoemaker's observations of comets and
asteroids, which allow an estimate of how frequently craters of dif-
ferent sizes form (Table 5).”" Figure 23 and Table 5 use two com-
pletely independent sets of data, one obtained from the record in the
rocks, the other derived from searching the heavens. The first relates
waiting time to percent species killed; the second relates waiting time
to crater size. We could write an equation that would plot out each
graph, and from high school algebra we know that we could elimi-
nate the common variable from the two equations, waiting time, and
relate percent species killed directly to crater size. In Figure 24, Raup
has done so. (The curve is dashed above the 150-km-crater diameter
because that is as far as Shoemaker's estimate went. Since these esti-
mates inevitably have large associated errors, the dashed upper and
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TABLE 5

Frequency of Formation of Craters of Different

Diameters

Crater Mean waiting time
diameter (km) between impacts (yrs)
> 10 110,000

> 20 400,000

> 30 1,200,000

> 50 6,200,000

> 60 12,500,000

> 100 50,000,000

> 150 100,000,000

lower curves show how far in each direction the actual curve might
lie.) If we knew which craters had associated extinction events, their
positions could be plotted on the impact-kill curve. As noted in the
discussion of Table 4, however, the only crater about which we are
certain is Chicxulub. Michael Rampino and Bruce Haggerty” make
an educated guess that three other craters can be added to the list as
shown in Table 6 and Figure 24.

Is the impact-kill curve credible on its face? It predicts that the
largest extinctions are associated with craters at least 140 km in
diameter. This is plausible because the largest extinctions and the
largest craters each occur about every 100 million years. There have
been five major extinctions since the Cambrian began, and, Shoe-
maker's estimates tell us, about the same number of giant impacts.
Note again that these two calculations are completely independent.
Sepkoski's best estimate of species killed at the K-T boundary is
about 70 percent, corresponding to a crater of about 150 km. (If
Chicxulub is actually 300 km in diameter, as some argue on the
basis of its buried topography and gravity structure, then the actual
impact-kill curve would have to be closer to the lower dashed line.)
None of the points other than Chicxulub is precisely located but
they do fall within the upper and lower boundaries of the curve. On
the other hand, as far as we know, some sizable craters have failed to
produce mass extinctions. Neither the 24-km Ries Crater in Ger-
many, nor the 45-km Montagnais Crater, located in the seafloor off
Nova Scotia, is connected to an extinction. If the reasoning behind
the impact-kill curve is correct, and if Ries and Montagnais have no
associated extinction, then the curve must hug 0 on the Y axis until
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it reaches the point corresponding to a crater of around 45 km in
diameter, when it must begin to rise steeply. This could be the case,
for example, if a certain critical impactor mass were required before
extinctions become global and massive.

The stage, the smallest unit into which geologists subdivide the
rocks of the geologic column, represents a fundamental subdivision
of earth history. In the 600 million years since the Cambrian began,
Sepkoski identifies 84 stratigraphic intervals, most of them stages,
giving an average duration for a stage of approximately 7 million
years. If impact causes all extinction, as Raup rashly considered, then
craters large enough to be associated with extinction ought to have
about the same waiting time as the duration of an average stage. Is
that the case? To find the answer, inspect Table 5: Note that 7 mil-
lion years is the mean waiting time for a crater just over 50 km in
diameter. A crater of that size releases about 5 million megatons of
energy, roughly 50 million times the power of the atomic bomb that

TABLE 6

Candidate Craters for the Impact-Kill Curve

Percentage of

Crater Size (km) species killed
Puchezh-Katunki 80 43
Chesapeake Bay 85 25
Manicouagan 100 62

Chicxulub 175 70

combining Raup's kill curve (Figure
23) and Shoemaker's estimates of the
frequency of formation of craters of

though only Chicxulub is confirmed.
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destroyed Hiroshima; according to Figure 24, it would result in the
death of about 20 percent of species. A loss of 20 percent of spe-
cies every 7 million years is equivalent to a 100 percent turnover in
35 million years, which is only about 6 percent of the time that has
elapsed since the Cambrian began. Thus it is more than enough to
account for the record of extinction observed in the rocks.

To answer Raup's question as he answered it: Yes, in theory, im-
pact could have caused all extinctions. To turn the question around,
since it is inescapable that the earth has been bombarded by mete-
orites of a range of sizes since life began over 3.5 billion years ago,
and since even a modest-sized impact releases huge amounts of
energy, how are we to escape the conclusion that not just in theory,
but in practice, impact has caused many extinctions?

THE TEMPO OF EVOLUTION

There may be an additional way to shed light on the role of impact:
by focusing not on the mass extinctions themselves, but on the nor-
mal intervals of background extinction in between. If impact drives
mass extinctions, then in the times between impact events, few
extinctions would be expected. Can we tell whether the tempo of
extinction and evolution in between the large extinctions is consis-
tent with a history of impact? After Darwin, evolutionists came to
have the view that natural selection operates steadily, all the time.
Organisms continually undergo small changes that, when summed
together, produce large effects. As long as environments are stable,
natural selection operates to adapt organisms ever more perfectly.
When environments change, natural selection allows them to adapt
just enough to keep pace. This model conforms exactly to the uni-
formitarian view of earth behavior: Change is gradual, but cumula-
tive, and in time can be prodigious.

If this gradualistic view is correct, the fossil record should reflect
it. As natural selection works its way, plants and animals should
evolve steadily, little by little, leaving much ofthe work of evolution
to be done in between mass extinctions. But, as Darwin's contem-
poraries knew, this is not really what the fossil record reveals.
Instead, most evolutionary change occurs in a burst right after a new
species diverges from its ancestor. After the initial spurt, species
change little, sometimes remaining static for millions of years. For
example, the lampshell brachiopod genus Lingula found today ap-
pears just like its 450-million-year-old fossil ancestor. Niles Eldredge
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of the American Museum of Natural History and Stephen Jay Gould
called this model "punctuated equilibrium," known to aficionados as
"punc eek," and when they proposed it in 1972, most evolutionists
scoffed.””" Today, however, many believe that not only species, but
whole ecosystems, remain stable for long periods of time, until some-
thing disturbs them enough to cause a multitude of extinctions. The
motor of evolution then revs up and gives rise to new species that are
adapted to the postextinction conditions. Eldredge believes that
"Nothing much happens in evolution without extinction first dis-
rupting ecosystems and driving many preexisting, stable species ex-
tinct. And extinction is almost always the result of the physical envi-
ronment's changing beyond the point where species can relocate by
finding familiar habitat elsewhere."”

If punc eck is the rule, then something punctuates evolution.
That something produces extinctions that in turn open up ecological
niches into which the pressure of natural selection propels a new set
of organisms. According to this notion, the driving force behind evo-
lution is the punctuator itself. What could it be? If we follow where
Raup, Gould, and Eldredge would lead us, we see that the punctua-
tor must be unfamiliar to species over long periods of geologic time
and must disrupt the environment beyond the ability of species to
adapt or migrate. Though mass extinction may have more than one
cause, however we come at the question, we find hints, if not corrob-
oration, that impact may have played a more important role in the
history of the earth than almost anyone has appreciated.
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CHAPTER 12

ARE EXTINCTION
AND CRATERING PERIODIC?

They're regularly spaced in time.
David Raup

During the 1970s, when the Alvarezes were developing their the-
ory, a young paleontologist named John Sepkoski was at work at the
University of Rochester, compiling the ranges of geologic ages dur-
ing which each family of fossil organisms lived. (Recall that biolo-
gists subdivide organisms into kingdom, phylum, class, order, family,
genus, and species. We belong, in the same order, to the animals,
chordates, mammals, primates, hominids, genus Homo, and species
Homo sapiens). Sepkoski was not going to all this trouble in order to
study mass extinction, but rather to learn more about how biologic
diversity has changed over geologic time. Meteorite impact was the
furthest thing from his mind.

Sepkoski scoured the world literature of paleontology, searching
out even the most obscure journals in the most unfamiliar lan-
guages, slowly adding information to his database. The data he en-
tered for each family were simple: name, geologic age of the oldest
and youngest recorded occurrences of species belonging to the fam-
ily, and the literature references. Sepkoski was fortunate to have had
the encouragement of his senior colleague at Rochester, David
Raup, who happened to be predisposed toward the statistical ap-
proaches to which a large database lends itself. By 1978, both scien-
tists had moved to the University of Chicago, further strengthening
a department of paleontological powerhouses. There, Sepkoski con-
tinued to upgrade and polish his compendium, until it contained
3,500 families and 30,000 genera.” One day a senior colleague, the
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late Tom Schopf, told Sepkoski that he was up for tenure considera-
tion that year. Such an announcement, like the discovery that one is
to be hanged in a fortnight, "concentrates [the] mind wonderfully."
In a"panic to publish quickly, the young professor decided that his
best bet was to try to get out an article based on his compendium.
Sepkoski worked frantically for months, only to have Schopf return
to say that he had been mistaken—Sepkoski's tenure would be
decided the following year. But by this time Sepkoski had gone too far
to turn back.

Raup had the idea that instead of merely perusing the compen-
dium (a task sufficiently boring as to cause even a quantitatively
minded paleontologist to nod off) it might be examined with the
aid of a computer to see whether any interesting patterns emerged.
Raup and Sepkoski viewed an assortment of graphical computer
plots, even standing across the room to see whether a pattern recog-
nizable only as a "gestalt" would emerge. Sepkoski suggested that it
might be interesting to compute how the rate of extinction had var-
ied through time. A few days later, Raup brought the new plot,
shown in Figure 25, into Sepkoski's office. "Do you see it?" he asked,
"They're regularly spaced in time.""

Raup had culled Sepkoski's data in the following ways: He had
examined only the most recent 250 million years, when geologic ages
are more precisely known; he had removed families whose ranges or
identity were poorly known; and, since we have no way of knowing
how long they may live, he deleted families that have not yet become
extinct. He divided the 250 million years up into the 39 stratigraphic
stages that geologists have recognized (geologists divide time into
eons, eras, and periods; rock units into systems, series, and stages—the
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Maastrichtian, for example, is a stage in the Cretaceous system), and
then plotted the percentage of extinction within each stage. Each
data point came from calculating the number of families that became
extinct within a stage as a percent of all the families that lived dur-
ing that stage. (Removing the families that are still alive makes the
denominator of this fraction smaller and the resulting fraction and
peak larger. If half the families in a stage are still alive today, the
denominator is half as large and the peak of percentage is twice as
high as it would have been had they all been extinct. Although
removing extant families affects the height of the peaks, it does not
change their spacing.)

The chart clearly shows that extinction is not continuous (which
geologists have known for a long time), and confirms the location
of the three members of the Big Five that we know fall within
the last 250 million years of earth history: the Permian-Triassic, the
Triassic-Jurassic, and the K-T. Finding the three members of the
Big Five exactly where they were expected to be told Raup and
Sepkoski that nothing was seriously wrong with their methodology.
The truly startling point, however, and the one that sent Raup rush-
ing into Sepkoski's office, is that the peaks show up at regular inter-
vals—every 26 million years. What could it mean?

Before answering that kind of question, when faced with such an
unexpected and unprecedented pattern emerging from a complex
set of data, a scientist has to make certain that the result is not
merely an accident or an artifact of the way the chart was con-
structed. Raup spent the next several months testing these possibili-
ties, trying to "kill the periodicity," as he put it. But no matter what
he tried, the periodicity persisted, and at a confidence level of better
than 99.5 percent.

Like many scientific suggestions, the idea of periodic extinction
was not new. It had been proposed in 1977 by Alfred Fischer, then
at Princeton, and his graduate student Michael Arthur.’ They assem-
bled data from a variety of such geologic indicators as sealevel, tem-
perature, number of species through time, and isotopic ratios. Their
analysis revealed a cyclical pattern in species diversity with a period
of 32 million years. Fischer and Arthur did not have enough data for
rigorous statistical testing, and partly for that reason their suggestion
was not followed up. Since no one knew why the earth should have
behaved cyclically, the observation itself was discounted.

Raup and Sepkoski, having submitted their huge volume of data
to careful statistical analysis and been unable to falsify their conclu-
sion, were ready to go public. They did so with trepidation. Raup was
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a distinguished, if somewhat iconoclastic, paleontologist; Sepkoski's
career was barely underway. Neither wanted to become a laughing-
stock, or perhaps worse, to be ignored. They stuck their toes in recep-
tive water when Sepkoski presented their preliminary findings at a
1983 symposium in Flagstaff, Arizona, home of the Astrogeology
Branch of the U.S. Geological Survey (founded by Shoemaker). This
friendly audience, assembled to explore the implications of the
Alvarez theory, was delighted, and Sepkoski was emboldened to sug-
gest that the source of the periodicity might be extraterrestrial. As
Raup tells it, this proposal arose merely because it is much easier to
find cycles in the motions of the planets, stars, and galaxies, which
wheel and circle each other periodically, than to find them in appar-
ently random earthly processes. The astronomers and astrophysicists
in attendance at the meeting, intrigued by the Raup and Sepkoski
analysis, set to work with a vengeance to find the cause of the
26-million-year cycle.

With no reason to delay publishing, Raup and Sepkoski chose the
Proceedings of the National Academy of Sciences (PNAS), the journal
of that elite group of elected, eminent scientists, of which Luis
Alvarez and Raup were members. The PNAS publishes only papers
written by members, which it does not find necessary to subject to
peer review. Their paper appeared in February 1984.

The reaction came almost too quickly to be true. In the April
19, 1984, issue of Nature no fewer than five articles appeared based
on the PNAS paper.” Now, although Nature is one of the speedier
journals to publish, the submission dates on the five papers showed
that they were submitted even before the Raup and Sepkoski paper
appeared] The explanation is that Raup and Sepkoski, like most sci-
entists, sent preprints of their submitted paper to colleagues, giving
them advance warning.

One of the five papers, by Michael Rampino and Richard
Stothers, confirmed the periodicity of the fossil record. Using a dif-
ferent statistical technique, they reanalyzed the Raup-Sepkoski data
set and came up with a period of 30 = 1 million years, which they
attributed to the passage of our solar system through the plane of
the Galaxy. As everyone knows, our solar system is part of the Milky
Way, a vast, rotating complex of stars shaped like a planar disk—
broad and spiraling when viewed from "above" but flat when seen
edge on. As the Galaxy rotates, the Sun and planets move slowly up
and down across the plane of the disk, the round trip taking just
over 60 million years. The solar system thus crosses the galactic
plane twice in each such circuit—once every 30 million years or so,
not too far off the period that Raup and Sepkoski, and Rampino and
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Stothers, had found. Although no one knows exactly what effect the
crossing of the galactic plane has, it could be that astronomical or
climatic changes are somehow induced, which, in turn, drive the
periodicity. However, the Sun is now close to the galactic plane, so
that there should have been a recent mass extinction, yet the latest
one that Raup and Sepkoski recognized occurred in the middle
Miocene, about 10 million to 11 million years ago.

The second explanation, proposed in two of the papers in
Nature, is that the Sun has a small companion star. Because most
stars that we can observe are binary, the existence of a companion
would not be a surprise. The Sun's fellow traveler might be on a
highly eccentric orbit that takes it far out in space but periodically
brings it back nearer the outer boundaries of the solar system, where
lies the Oort cloud, a vast conglomeration of comets. Although no
one has seen this cloud, there is good reason for believing that it
exists and that it is the source of Halley's Comet and the other
"long-period" comets that approach the Sun from all over the solar
system. As the putative companion star passes near the Oort cloud,
its gravity could pull comets out of their present orbits and launch a
few on a collision course with Earth, where they would strike, pro-
ducing craters and mass extinctions. The astronomers who wrote in
Nature agreed that the companion star must be quite small and now
be located about two light years from the Sun.

But why, since the buddy star would be closer to the earth by
half than any other, have astronomers never seen it? It turns out that
it could easily have been missed—only a small number of stars have
ever been observed and catalogued—or it might have been mistaken
for a brighter star much farther away. But would its orbit have
remained stable over the 250 million years of geologic history that
Raup and Sepkoski examined, or would it not have been degraded
by the gravity of nearby stars? One calculation showed that it could
have remained constant for as much as a billion years, more than
enough time.

The authors of one of the papers suggested that the companion
star be named Nemesis, after the Greek goddess who punished
earthly beings for attempting to usurp the privileges of the Gods.’
In fact, they proposed other names, but the editors of Nature chose
Nemesis and it stuck. (Muller and his co-authors noted that if the
companion were never found, the paper claiming that it existed
might turn out to be their nemesis.) Muller launched a program to
search the heavens for Nemesis, using an automated telescope sys-
tem that examines about 10 stars per night. So far, over 3,000 can-
didates have been studied, but none has yet turned out to have the
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characteristics of Nemesis, leaving Muller with an absence of evi-
dence and a huge backlog of stars to go.

Stephen Jay Gould did not care for the name Nemesis and took
Muller and his colleagues to task in an open letter in Natural His-
tory: "Nemesis is the personification of righteous anger. She attacks
the vain or the powerful, and she works for definite cause. . . . She
represents everything that our new view of mass extinction is strug-
gling to replace—predictable, deterministic causes afflicting those
who deserve it.""” He proposed the star be named Siva, after the
Hindu god of destruction, who, "Unlike Nemesis, . . . does not
attack specific targets for cause or for punishment. Instead, his
placid face records the absolute tranquillity and serenity of a neutral
process, directed toward no one."'" Siva's modus operandi com-
ported better with the view that Gould, Raup, and others were
developing in response to the Alvarez theory: Survival or extinction
are essentially matters of chance, of bad luck rather than bad genes.
A debate among serious scientists over which mythological name to
give to a star that has never been seen and whose existence is barely
even an educated guess, is one more curiosity stemming from the
Alvarez theory. But perhaps it is salutary: Seldom before have pale-
ontologists and astronomers had anything even to disagree about.

A third theory, proposed by Daniel Whitmire and Albert Jackson
of the University of Southwest Louisiana, appeared soon after.”
They suggested that the periodicity could be due to an undiscovered
tenth planet, Planet X, located beyond the orbit of Pluto. Regular
changes in the orbit of Planet X, about every 28 million years, could
have disturbed a cloud of comets beyond the orbit of Jupiter (not the
Oort cloud, which is much further out). The idea that there might be
a yet undetected planet was not completely ad hoc; it had come up
before as a way to explain the tiny discrepancies that remain be-
tween the calculated and observed orbits of certain planets. On the
other hand, calculations show that such a planet, unless it were well
outside the plane of orbit of the others, would probably be bright
enough to have been detected.

Astronomers may have taken the Raup-Sepkoski periodicity to
heart, but others did not. Soon after their initial paper appeared, con-
trary views began to arrive. This was not surprising, for as scientists
know better than most, ifthe only way to prove your point is by using
statistics, you are in trouble—especially if you are not a statistician. To
live by statistics is to run the risk of dying by statistics. As Disraeli said,
"There are three kinds of lies: lies, damn lies, and statistics."

Antoni Hoffman, a paleontologist at Columbia University, wrote
the contrary article” that drew the most attention, even the blessing
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of John Maddox, the editor of Nature. Hoffman proffered three
objections. First, he criticized Raup and Sepkoski for removing from
their analysis species that were still living and those whose range is
poorly known. This criticism is questionable, however, because al-
though it is easy to imagine how the removal of some families could
degrade an existing cyclic pattern, it is hard to see how the removal
could create a strong periodicity where none existed. Surely it would
merely produce more "noise." Second, Hoffman noted that because
the periodicity is degraded, or disappears altogether, when a different
time scale than the one used by Raup and Sepkoski is employed,
their conclusion must be wrong. But this criticism is tantamount to
claiming that, using an incorrect time scale, one can generate a false
pattern that is periodic at a high confidence level, which seems con-
trary to logic. It is more likely that the degrading of the periodicity
when a different scale is used means that (1) the fossil record is peri-
odic, and (2) the time scale used by Raup and Sepkoski is closer to
the true scale.

Hoffman's third argument was in a different class and purported
to be the knockout punch to the proposal of periodic extinctions, and
by extension, to the general notion of extraterrestrial impacts. Raup
and Sepkoski had to distinguish mass extinction from the normal
background extinction rate. They defined a mass extinction as having
occurred whenever their data showed a rise in extinction rate from
one geologic stage to the next, followed by a decline in rate in the
third stage. Thus a mass extinction has occurred only when the rate
of extinction is greater in a given geologic stage than in the stages
above and below it. Hoffman pointed out that there is a 25 percent
probability of this happening by chance. To understand his argument,
label the three successive stages 1, 2, and 3. At random, stage 2 has a
50 percent probability of having a higher extinction rate than stage 1
and a 50 percent probability of having a lower rate. Stage 3 likewise
has a 50 percent probability of having a higher rate than stage 2
and a 50 percent probability of having a lower one. Since probabil-
ities multiply, 0.50 x 0.50 = 0.25 and the chance of stage 2 hav-
ing a higher rate than either stages 1 or 3 is one in four, or 25 per-
cent. Hoffman then went on to his clincher: 39 stages in 250 million
years works out to an average stage length of 6.4 million years. But
four times 6.4, rounded up a little, equals 26 million years—the
periodicity found by Raup and Sepkoski! In other words, in a random
set of extinction events, the 26-million-year frequency would show
up 25 percent of the time, on the average.

This seemingly irresistible argument tempted John Maddox fur-
ther out on a limb than journal editors ought to go. Not content to
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let the Hoffman paper speak for itself, he took the unusual step of
writing an editorial comment: "The analysis is certain to yield the
conclusion that, on the average, extinction peaks occur every four
stages. . . . Hoffman has undermined the assumption on which all
the excitement was based, the belief that there is a 26 million year
periodicity to be explained." Maddox continued, "Human nature be-
ing what it is, it seems unlikely that the enthusiasts for catastro-
phism will now abandon their quest.""

The trouble with Hoffman's third argument (and Maddox's
endorsement) is that they miss the point, as Stephen Jay Gould has
pointed out (and from whose article the rest of the discussion in this
section is drawn'’). Hoffman wrote: "There is 0.25 probability that
any particular stage represents a peak of extinction. Peaks are, then,
expected to occur approximately every fourth stage." Read that
quotation carefully and think about what Raup and Sepkoski actu-
ally found. Hoffman is claiming that chance will produce peaks on
the average every 26 million years, approximately every fourth stage.
This is like saying that an honest coin, if tossed often enough, will
produce heads on the average 50 percent of the time. But Raup and
Sepkoski did not claim to have found a cycle with an average of
26 million years; they claimed to have found a peak every 26 mil-
lion years, like a coin that, although it shows heads half the time,
gives this precise sequence: HTHTHTHTHTHTHTHTHTHT. . . .
Thus Hoffman's point is irrelevant to the arguments of Raup and
Sepkoski, who in any case had thoroughly tested the possibility
that their pattern was due to chance and rejected it at a very high
confidence level. Hoffman also manipulated Sepkoski's family data
using different time scales and extinction metrics, and came up with
20 different ways of gauging periodicity, on the basis of which he
claimed to have falsified Raup and Sepkoski's theory. When Sepkoski
subsequently combined all 20 of Hoffman's metrics, however, the
26-million-year periodicity reappeared, more robust than ever! Like
the newspaper account of the death of a very-much-alive Mark Twain,
the Hoffman-Maddox pronouncement of the demise of extinction
periodicity was an exaggeration.

Is CRATERING PERIODIC?

Though periodicity in the fossil record is still being criticized, Raup
and Sepkoski have responded well to their critics, and as Sepkoski
has added more data to his compendium, evidence for periodicity
has grown stronger.” At the very least we can say that extinction
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periodicity has not been falsified. We have also seen that in theory,
impact could have caused all extinction. Both ideas are far from
corroborated but at least deserve the status of working hypotheses.
If both are correct, impact cratering ought also to be periodic, at
least in part, and on the same time cycle as the mass extinctions.
In the April 19, 1984, issue of Nature, Walter Alvarez and astro-
nomer Richard Muller reported that they had found a periodicity of
28 million years for terrestrial craters,” the same within its error as
the 26-million-year cycle that Raup and Sepkoski had reported for
mass extinctions. Alvarez and Muller used Grieve's 1982 compila-
tion of terrestrial craters, selecting only those that are older than
5 million years and whose ages are known to better than + 20 mil-
lion years. Unfortunately, this tight filter produced only 13 imper-
fectly dated craters, too small a sample to allow their statistical con-
clusions to be convincing.

Reporting in the same issue of Nature, Rampino and Stothers
applied a different statistical technique to Grieve's database and
found a periodicity of 31 million years for impact craters.” Stothers
later culled, from Grieve's list, a set of seven Cenozoic craters with
age errors of less than 1 million years.” He compared each of the re-
sulting ages with the ages of seven geologic stage boundaries. These
data are plotted in Figure 26. (Stothers used the Manson, Iowa, crater
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FIGURE 26 Cenozoic crater ages and geologic stages. [From data of
Stothers.]
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but I have substituted Chicxulub.) This chart tacitly assumes cause
and effect, which may be incorrect. It really asks this question: Does
the age of each of the well-dated Cenozoic impact craters match that
of a geologic stage boundary? Stothers concluded that the answer is
yes, and at a confidence level of 98 percent to 99 percent.

A fruitful line of research to confirm his conclusion would be to
select a significant number of craters whose ages appear to lie close
to the 28-million- to 32-million-year periodicity, but where the age
measurement errors are too large for certainty, and to launch an
intensive dating program so as to determine the ages of those craters
more precisely. Grieve estimates that in order to conduct a fair test,
the age uncertainties would have to come down to no more than
10 percent of the age itself. In other words, for a 30-million-year-old
crater, the uncertainty would have to be no worse than £ 3 million
years, well within the reach of today's technology.”

OTHER CYCLES

Rampino and Stothers have gone on to argue for a 32 + 3 million-
year periodicity not only in mass extinctions and impact cratering,
but in a variety of other major geologic processes: flood basalt erup-
tions, magnetic reversals, appearance of oxygen-poor oceans, large
changes in sea level, and episodes of seafloor spreading. Later, Ram-
pino and Bruce Haggerty went on to develop what they call their
Shiva (Siva) hypothesis.” If they are correct, a single cause is likely
to drive most or all of the earth's large-scale processes. Dare I say it?
If Rampino and colleagues are right, as shown in Figure 27, they are
on the trail of a grand unified theory of earth systems!

They imagine the cycle starting with the impact of an asteroid or
comet, say the one that forms the 50-million-year crater, which has a
diameter of 100 km. The asteroid that produced it would penetrate at
least 20 km into the earth. The nearly instantaneous evacuation of a
large section ofthe crust would relieve the pressure on the underlying
mantle, causing it to melt and giving rise to floods of basalt, which
would then erupt at the surface, possibly hiding the parent crater. The
shock of impact would upset the magnetic dynamo in the earth's
core, causing it to reverse. The ocean floor would rift and spread; sea
level would fall. The poisonous effects of the gases emitted during
flood basalt eruptions, added to those of impact, would cause a mass
extinction and thus neatly tie the whole package together.

This takes us far out on the slenderest branch yet. One can prob-
ably count on one's digits the number of geologists who believe
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FIGURE 27 A grand unified theory of earth systems? [After Stothers and
Rampino.”]

Rampino and Stothers are onto something. Yet recall that the K-T
boundary is not the only one to have a flood basalt of nearly, if not
exactly, the same age: so does the Permian-Triassic. Its age matches
closely, some say identically, that of the Siberian traps. Rampino,
Stothers, and most recently, French geologist Vincent Courtillot, have
searched the literature for other examples of geologic boundaries
with flood basalts of similar age, and have found many.” On the
other hand, just as some craters appear to have no associated ex-
tinction, neither do some flood basalt eruptions. The boundary
that we know best, the K-T, formed 1 million or 2 million years
after the Deccan flood basalt volcanism began. The age of the Per-
mian-Triassic boundary is not as well dated as the K-T, and it remains
to be seen whether the claimed correspondence between the age of
the Permian-Triassic and that of the Siberian traps will hold up.

PERIODICITY ASSESSED

Writing in 1989 and basing his remarks on his latest compilation of
the extinction rate for genera, Sepkoski concluded that 9 of 11
extinction peaks lie on or close to the 26-million-year periodicity.
The probability of this happening by chance is less than one in a
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million.” The periodicity of cratering is far less firm, due to the
much smaller sample size, but it has not been falsified. Yet in spite
of the evidence for extinction periodicity, and its importance if true,
interest seems to have waned. One of the reasons is that periodicity
falls deep in the cracks between disciplines—it is not really the
province of geologists, or paleontologists, or astronomers, or statisti-
cians, or anyone—it is a scientific orphan in a world of limited time,
scarce resources, and orthodoxy. Even the pro-impactors need not
endorse it—impact could be of great importance in earth history
and not be periodic.

But there is clearly another reason why periodicity has failed to
continue to excite scientists: No one has been able to find Nemesis,
or Planet X, or any logical reason as to why extinction, and possibly
cratering, should be periodic. We know from the history of science
that we should not reject what seem to be sound observations just
because we cannot account for them, yet it is human nature to do
so. Recently, however, an intriguing explanation has come to light
that may mean that a plausible source mechanism is available.

Astronomers have been studying the effect of passage of the
Oort cloud—that vast reservoir of comets out beyond the solar sys-
tem—through the disk of the Galaxy, and have found previously
unrecognized gravitational effects that could cause comets to strike
periodically and that would repeat every 30 million to 35 million
years.’””” Previously, Shoemaker was on record as thinking that cra-
tering periodicity was a statistical fluke, but this new work made a
believer out of him: "Impact surges are real . . . and [the comet flux
is] controlled by the fluctuating galactic tides," he said. The new
work "is a landmark contribution in understanding the history of
bombardment of the earth."” Add this to the opinion of paleontol-
ogist Douglas Erwin that "The periodic signal continues to shine
through the turmoil, battered but resilient,” and we can see that
periodicity of both the fossil record and terrestrial cratering are
hypotheses that are alive and well.”
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GEOLOGY'S GOLDEN AGE

The impact of solid bodies is the most fundamental of all

processes that have taken place on the terrestrial planets.
Eugene Shoemaker

A SECOND REVOLUTION?

In the last three decades, geologists have been asked to accept, in
order, that continents are not fixed in place but, carried on giant
plates, roam over the surface of the earth; that impact is ubiquitous
in our solar system; that thousands of meteorites, some of them
huge, have struck the earth in its history; and that one impact formed
the Chicxulub crater and caused the K-T mass extinction. If the fos-
sil record is periodic, which the evidence strongly suggests it is, geol-
ogists will also be asked to consider the likelihood that several mass
extinctions, and not just one, are due to extraterrestrial impact. Thus
to a greater extent than even the pro-impactors could have imagined
when the Alvarez theory broke, there is strong evidence that major
events in earth history are controlled by forces from outside the
earth. Where do these advances leave what has been the key concept
of geology for a century and a half: uniformitarianism?

Recall from Chapter 2 that the awkward term uniformitarianism
was coined by Whewell to describe Lyell's conception of the earth.
Lyell believed that the only processes that have ever operated are
those that we can observe operating today, which have always oper-
ated at the same rate. As a result, the earth has always looked as it
does now; its history reveals no evidence of directional change. His
uniformitarianism of rate and state was disproven more than a cen-
tury ago and abandoned, but geologists apotheosized Lyell's uni-
formitarianism of process and natural law in the words of James
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Hutton: "The present is the key to the past." Catastrophism was
rejected; Lyell and subsequent geologists needed no "help from a
comet."

Of course, the slow processes that we see today at the earth's
surface—wind- and water-driven erosion and deposition, the ad-
vance and retreat of glaciers and the sea—can be projected back
into the past, and, in that sense, the present is at least a part of
the key to the past. Thus a case could be made for retaining the
uniformitarianism of process. But the whole edifice has caused such
damage, and is today so misleading, that the case for abandoning
uniformitarianism is much the stronger. Strict adherence to uni-
formitarianism clearly played a role in delaying for halfa century the
recognition of continental drift and its modern version, plate tecton-
ics. As for meteorite impact, Marvin writes, that "Uniformitarian-
ism . . . probably has been the single most effective factor in pre-
venting geologists from accepting the idea ... as a process of any
importance in the evolution of the earth." If we measure from the
date of Gilbert's erroneous conclusion about the origin of Meteor
Crater in 1891, to 1980, the year of the first Alvarez paper, unifor-
mitarianism and anticatastrophism cost geology nearly 90 years. But
continental drift and meteorite impact are arguably the two most
important processes that have affected the history ofthe earth. How
much value remains in a paradigm that helped to retard the recog-
nition of both for generations?

All scientists, geologists included, study cause and effect and
then project to cases where only effect can be seen. But that is all
that the uniformitarianism of process amounts to, and it is drastically
incomplete. Is there any longer a reason for geologists, alone among
all scientists, to give an exalted name to the standard modus operan-
di of science? Doing so is more apt to misdirect geologists of the
future, and to load them with the baggage of the past, than to assist
them in understanding the history of our planet.

Where do the traditional uniformitarian explanations of mass
extinction—changes in climate and sea level—stand today? Has ad-
ditional evidence been uncovered since the Alvarez theory appeared
in 1980 that lends them greater credence? No, just the opposite.
While the Alvarez theory has grown stronger, they have grown
weaker. I noted earlier that David Jablonski found that major mass
extinctions failed to correlate in any way with known changes in sea
level, global climate, and mountain building.” Recently, John Alroy
of the Smithsonian compared the appearance and extinction of
mammals with the ups and downs of global climate over the past



GEOLOGY'S GOLDEN AGE

80 million years." He found that until 65 million years ago, mammal
diversity was low, and that in the aftermath of the Chicxulub impact
it fell even lower. The number of species then rose sharply to reach
a plateau about 50 million years ago, where it has remained since.
Almost no correlation exists, however, between climate and the
appearance and extinction of mammals. Instead, the appearance of
new species was largely controlled by the number already present:
When mammals were few to start with, more new species appeared.
The driver of mammalian diversity thus seems to be not climate but
the number of vacant ecological niches. Alroy's study does not rule
out the possibility that some mass extinctions have been caused by
rare extremes of climate. But taking the view that it is what a species
does know that cannot hurt it, Alroy noted that cyclical changes in
the position and shape of the earth's orbit relative to the sun pro-
duce changes in climate every 20,000, 40,000, and 100,000 years.
(Most geologists believe these are the causes of the repeating ice
ages.) Species, which live on the average for a few million years, have
of necessity survived scores of changes in climate and sea level.

In summary, it seems fair to say that, nearly two centuries after
Hutton, there is precious little positive evidence that changes in cli-
mate and sea level cause mass extinctions. It is up to the proponents
of the claim that they produce such evidence.

CHANCE IN EARTH HISTORY
AND IN SCIENTIFIC DISCOVERY

Not only have the advances since the Alvarez theory appeared
brought about a transformation of geology, they have greatly illumi-
nated the role of chance in our solar system. We see that not only the
death of the dinosaurs, but our presence on the earth, is contingent
on the particular way in which the solar system originated and
evolved. The K-T impact was set in motion nearly 4.5 billion years
ago with the birth of the solar system. From that primordial chaos
arose a comet or an asteroid that through the subsequent eons was
intermittently pounded by impact and continually nudged by gravity.
Had one collision been just a bit more or a bit less energetic, had
gravity tugged a little more here or a little less there, the impactor
would have had a different size and a different orbit. The dinosaur
killer would have struck at some other time in the earth's history, or
missed our planet entirely, and dinosaurs would not have become
extinct when they did. Who knows, perhaps their 160-million-year
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reign might have stretched to 225 million years—and they would
still be alive today. If 65 million years ago the mammals had found a
no vacancy sign, I would not be writing and you would not be read-
ing—our species would not exist.

This view of life in the solar system suggests that evolution can
be more a matter of chance than inevitability. The dinosaurs did not
expire because of a fatal flaw while the flawless mammals lived on.
Dinosaurian genes were not inferior to mammalian ones. Life after
the K-T event was not an improvement on life before and did not
necessarily represent Progress with a capital P. It may be instead
that, after the fall, our small, furtive ancestors survived by skulking
in burrows and crevices and eating the remains of other creatures,
many of whom might have seemed superior to them.

Even the discovery of the Alvarez theory might itself have been
due largely to chance. Whether we think it was depends on how we
see the work of Jan Smit. The discovery of iridium in the Gubbio
boundary clay by the Alvarezes was serendipitous to be sure, but
Smit was on the right trail. Had the Alvarezes not gotten there first,
would the high iridium levels in his Caravaca samples, hidden in the
archives at Delft, ever have come to light, and led him to propose
the Smit theory? That we shall never know.

YOUNG TURKS AND OUTSIDERS

Thomas Kuhn said that those "who achieve . . . fundamental inven-
tions of a new paradigm have been either very young or very new
to the field whose paradigm they change." The former are often
known as young turks, the latter as outsiders. The history of science
is full of examples of the vital role both play. Take geology: Alfred
Wegener was an outsider—a meteorologist and polar explorer—
who conceived the idea of continents floating through the mantle as
he watched icebergs drift across the arctic seas. Although continents
do not float in the mantle, in the largest sense he was right—they do
move—but it took half a century for insiders to wake up to it. Luis
Alvarez was a physicist without whose intrusion we might still be
saying (if not really believing) that sea level changes killed off the
resilient dinosaurs.

Outsiders can provide an indispensable point of view. With few
exceptions, scientists work within the current paradigm, which per-
meates construction of their theories, even their approach to think-
ing about their subject. They know which old questions need not be
asked again, and fail to see which new ones might fruitfully be
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raised. Their philosophy may prevent them from taking even the
first small step on the journey to a paradigm shift. But newcomers—
either young in age or new to the field—are unburdened by the
weight of the prevailing paradigm. Indeed, the outsider often does
not know enough to work within the paradigm even if he or she
wanted to. Typically the outsider has neither the background nor the
interest required to learn a new field from scratch. Why climb the
mountain in one field, as Luis did, only to descend so that you can
laboriously pack the gear of climbers who are scaling a new moun-
tain? Better to leap from peak to peak.

Much of the interesting work in science, as the Alvarez theory
shows so well, is done at the interface between disciplines. Progress is
made when the techniques of one discipline are applied for the first
time, or in novel ways, to the problems of another discipline, some-
thing that outsiders are in a good position to do. Nobelist Harold
Urey brought his expertise as a chemist to bear on problems of the
earth sciences and made many outstanding contributions. Outsiders
are like bees carrying vital scientific pollen from one disciplinary
flower to another.

Another facet of the case for the outsider is that the young are
apt to be overly influenced by the stifling presence of the magister.
Following the lead of their elders and their own self-interest, young
scientists naturally pursue what they see as possible, which by defin-
ition usually lies within the current paradigm. But outsiders, particu-
larly Nobelists such as Urey and Alvarez, whose respectability is not
in question and who owe allegiance neither to the magisters of the
field nor to the ruling paradigm, can step in with impunity. Indeed, it
seems likely that nothing would have made Luis Alvarez happier
than to break rank with Lyell and Hutton; had he been a 30-year-old
geologist in his first position, however, it might have been different.

Seldom does a magister launch a paradigm shift within the field
in which his or her eminence was achieved. To do so would mean
casting off previous work and conclusions—tantamount to admit-
ting error or poor judgment. But a magister who turns out to have
been wrong may no longer deserve the title. Few have been able to
walk the tightrope of maintaining eminence while correcting past
errors of judgment.

THE POWER OF DISSENT

Francis Bacon captured a key aspect of science when he said that
"Truth emerges more readily from error than from confusion.”
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Science learns from its mistakes. To find them, scientists must cri-
ticize, or dissent, at least for a while. Outsiders, not being caught
up in the mores and personal relationships of their newly chosen
discipline, are in a particularly strong position to dissent from the
prevailing view. The best scientists dissent from even their own con-
clusions, as when Luis invented a new theory every week and (suc-
cessfully for a while) shot each down in turn, or when Raup tried to
"kill the periodicity." Only after they have been unable to falsify
their own results do they publish. When scientists initially fail to
dissent from their own still tentative conclusions (often by avoiding
the obvious, definitive test), they run the risk of dishonoring them-
selves and forsaking their discipline. The false claims of cold fusion
provide the clearest recent example.

Styles of dissent run the gamut from friendly critic to bitter
enemy. Although personal relations may suffer, science ultimately
cares little about the form and style of dissent as long as some gen-
eral rules are followed. Nice people and nasty ones alike can finish
first, last, or in the middle. Among the rules are these: Criticism is to
be based on new evidence or on a better interpretation of the old
evidence. Rebuttals are not only to be voiced at professional meet-
ings, they are to be written up and submitted for peer review and
publication. Ad hominem attacks are frowned upon. Ideally, oppo-
nents share data, microscopes, and outcrops. Blind tests are cheer-
fully conducted. And so on.

This brings us naturally to the role of Charles Officer, that most
vociferous and untiring critic of the Alvarez theory. His opposition
culminated in 1996 with publication of his book with Jake Page, The
Great Dinosaur Extinction Controversy.” His dogged, constant, and
long lasting resistance is bound to tell us something about how sci-
ence works.

How far, for instance, will a scientist on the losing end of an argu-
ment go? Judging from his book with Page, Officer is willing to go so
far as to leave science altogether. Officer's and Page's overall position
is given away by this astounding statement: "Most of the 'science’
performed by the Alvarez camp has been so inexplicably weak, and
the response to it so eagerly accepting by important segments of the
scientific press, never mind the popular press and the tabloids, that
some skeptics have wondered if the entire affair was not, on the
impact side, some kind of scam."” They go on to employ a set of strat-
agems that seem hauntingly familiar; suddenly one realizes that they
are the very ploys used by creationists and others who have no plat-
form of logic. They try, for example, the Confident Assertion: "One of
the things that did not happen at the K-T boundary was an impact
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by a gigantic meteorite,"" and The Strawman: "There was no big
dinosaur bone pile . . . that might have resulted from an instanta-
neous event."” (Scientists have shown that the K-T extinction would
not have produced large bone piles.] They resort to the Red Herring:
There "is a connection between livestock problems and the demise
of the dinosaurs,"” and plead for equal time: "Between 1991 and
1993 . . . Science published eleven articles favorable to [impact] and
two unfavorable."" They blame the media: "Before long the bias [of
Science] was so evident to members of the Earth science community
that few even bothered to submit ... a manuscript that espoused
a terrestrial cause"”; and they impugn the motives of the pro-
impactors: "In degenerating [research] programs . . . theories are fa-
bricated only in order to accommodate known facts." They conclude
that the Alvarez theory is "not merely pathological science but dan-
gerous to boot.""”

In courtrooms, legislative halls, and debating tournaments, the
more determined and skillful an argument on one side, the more the
position of the other side is weakened. Even in the face of a moun-
tain of evidence, an adroit defense attorney can see a guilty man set
free. It would be reasonable to assume that Officer's long struggle
has weakened the Alvarez theory and that, one day, Officer may
overthrow Alvarez. But here we find another way in which science
differs: Far from weakening the Alvarez theory, Officer's dissent has
greatly strengthened it. Officer's papers were accepted and pub-
lished in respectable journals, requiring the pro-impactors to polish
up their thinking and respond. As a result, we now know far more
about the geochemistry of iridium than if Officer and others had
accepted from the start that it is indeed a marker of impact not
found in volcanic rocks. We now know much more firmly that mul-
tiple sets of planar deformation features are caused only by impact.
Blind tests have been conducted that otherwise would have been
deemed a waste of time.

With an irony worthy of Greek tragedy, Officer's tireless, obses-
sive battle has had just the opposite outcome than he intended; its
main effect has been to cause doubters to reserve judgment and to
wait for stronger evidence to support impact, which eventually came.
Today, hardly anyone other than Officer doubts the existence of the
Chicxulub crater, though, as noted, some paleontologists do doubt
that it is linked to the K-T mass extinction. Officer's role is different
from that of, say, G. K. Gilbert, or from the authorities who opposed
continental drift from the 1920s through the 1960s. When those
magisters pronounced that terrestrial craters were caused by gas
explosions from below, or that continents cannot move, research was
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shut down for half a century or more. Officer's opposition, and espe-
cially his style, made the pro-impactors try all the harder.

WHERE FROM HERE?

Science and evolution both operate as punctuated equilibria. Al-
most all scientists work to extend and perfect the prevailing para-
digm, and continue doing so until a new discovery, often made by
accident, requires that the paradigm be reexamined. At first, at-
tempts are made to fit the new discovery in, and often they succeed
for a while. But gradually it becomes clear to the more progressive
practitioners of a discipline that the old paradigm simply cannot
explain enough of the new evidence and must be replaced. The
progress of science is then punctuated by the arrival of a new para-
digm, which in most cases was developing offline, like a shadow
government, ready to step in when needed.

Just after the arrival of a new paradigm, things are muddled and
confused. Some questions have been answered but more have been
raised. Like species after the punctuation of biological equilibrium,
science is now evolving rapidly. It is not always a pretty sight as
some continue to hang back while others shoulder in. Because it is
hard to know which research directions are apt to be the most fruit-
ful, false leads are followed and dead-end sidings are entered. The
old methods and theories prove unable to explicate the new para-
digm and new methods have to be invented. The immediate after-
math of the arrival of a new paradigm presents many niches of
opportunity into which the nimble, the young turks, and the out-
siders can move. (This was the state of physics during the 1930s and
1940s, of which a young turk named Luis Alvarez took full advan-
tage.) In time, these birthing pangs recede, scientists turn to extend-
ing and perfecting the new paradigm, and the cycle begins anew.

Earth scientists know that this is the way a paradigm shifts, for
between 1966 when plate tectonics arrived and, say, 1976, when it
was fully developed and accepted, we were witnesses. Now, with the
Alvarez theory just a decade-and-a-half old and the crater discov-
ered only in the 1990s, geology once again finds itself in a time of
great opportunity. If impact has played the broader role hinted at in
these chapters, important discoveries may lie just ahead.

What do we know today about the role of meteorite impact?
We know that it was the dominant process in the primordial solar
system. As the objects that had just condensed from the solar dust
cloud collided with each other, sometimes fragmenting and some-
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times adhering, the inner planets were born. For hundreds of mil-
lions of years thereafter, impact continued alternately to destroy and
to rebuild their surfaces. One giant collision even carved the moon
from the earth. The early bombardment was so intense that the sur-
faces of the inner planets and their satellites melted completely.
Nothing escaped the inevitability of impact. Those objects that ap-
pear at first glance to have avoided it, for example, certain of Jupiter's
moons, turn out to have had recent volcanic activity or to be covered
with ice, obscuring the underlying craters. Every object in the solar
system has been shaped by myriad collisions. Three decades of re-
search have proven Gene Shoemaker right: Impact is "the most fun-
damental process."

The impact of comets and asteroids on the earth might not only
have destroyed life, it might have delivered it. The K-T boundary
clay contains amino acids not found elsewhere on our planet; per-
haps the early impacting comets brought with them other building
blocks of life that then combined and evolved to colonize Earth. Or,
perhaps life developed first on Mars and was brought to Earth by a
chunk of rock blasted off the red planet by impact. These are among
the exciting possibilities that scientists will be studying over the
next few years.

If impact is fundamental in the solar system taken as a whole,
Earth could not have escaped. We have discovered about 160 impact
craters, of which one—Chicxulub—was formed in the most energetic
event in the last billion years of earth history. Even though it is coun-
terintuitive, our intellect requires that we recognize that Earth has
been struck many more times than 160; it must have been hit thou-
sands, indeed tens ofthousands oftimes. But where is the evidence of
these collisions and their effect on Earth and on life? Could 50 mil-
lion bombs the size of the one dropped on Hiroshima exploding
every 7 million years, and larger events less often, have had no effect
on life? So far, the evidence is insufficient to answer this question.
This contradiction between reason and observation could have one of
three explanations, or, more likely, a combination of all of them: First,
most of the evidence of impact may have been removed by erosion;
second, our methods of detecting impact may be inadequate; or
third, we may not have looked systematically enough. This third pos-
sibility represents an opportunity.

So far in this story, advances have come about in the traditional
way: through the efforts of scientists working alone or in small
groups, each following their intellectual curiosity, without an overall
strategy. Though many scientists would agree with Al Fischer, who
does not like "science by committee," one can still ask whether this
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style of research is most apt to produce rapid progress in exploring
the implications of the Alvarez theory. Given the disparate interests
of scientists, and what we now know to be the complexity of the
questions, the difficulty of reading the geologic record, and the scar-
city of funding, there is a case for focusing resources and proceeding
strategically. One idea would be to establish a Center for the Study
of Impact and Extinction where scientists from a variety of disci-
plines could come together. The National Science Foundation funds
such centers in other fields on university campuses; models exist and
they have proven effective.

What would such a center do? Two lines of research are essential.
The greatest obstacle to progress is that the ages of geologic bound-
aries, extinction horizons, impact craters, and flood basalts are not
known with sufficient precision or accuracy to permit firm conclu-
sions. The first need, then, is to improve techniques of age measure-
ment. The argon-argon method is the most precise (most reproduci-
ble), but its accuracy (closeness to the true value) can be improved.

Rather than a large number of boundaries and possibly corre-
sponding craters being studied more superficially, a selected few
should be dated and explored in depth. Horizons that appear to have
corresponding flood basalts should be chosen and the ages of both
the basalts and the boundary pinned down precisely and accurately.
Perhaps the most immediate payoff would come from precisely dat-
ing several impact craters that now appear to be the result of peri-
odic impacts, but where poor age precision leaves an uncertainty. If it
could be established with statistical rigor that, say, a dozen craters
were periodic, the periodicity of extinction, though not directly
proven, would be much more plausible.

The second fruitful direction, suggested by Peter Ward, would
complement the first." Until now, scientists have started with evi-
dence of impact and searched for the parental crater. This is how
Chicxulub was found, but how easy it would have been to miss!
Working in the other direction may be more productive: Start with
a few of the craters selected for precise age dating, and look for
impact and extinction effects at the corresponding levels in the geo-
logic column. Once the age of a crater is pinned down, geologists
will know where to look in stratigraphic sections to find the corre-
sponding effects. If, at the predicted level, no impact evidence is
found, when geologic techniques have improved enough so that we
can be reasonably certain the evidence would have been found had
it existed (the flaw now), the K-T event would appear singular and
impact would somehow be of lesser import in earth history than we
thought. Back to the drawing board. On the other hand, if through
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such methods the periodicity of cratering could be corroborated, and
if three or four craters could be tied to specific extinctions, the
Raup-Shoemaker impact-kill curve (see Figure 24) could be roughly
calibrated and at least its overall shape determined, giving graphic
form to a scientific revolution.

We have seen how a young geologist in Italy, studying something
else, decided to bring home for his father a specimen that captured
one of the major events in earth history. Thus was launched a scien-
tific partnership that, conjoined with the work of hundreds of pro-
ponents and opponents alike, led to the solution of a great mystery.
Today we have gone about as far as science can go in corroborating
the notion that the impact of a meteorite caused the extinction of
the dinosaurs. But as always, answering one set of questions raises
others, and we are left pondering the true role of impact. As even its
bitterest opponents have to admit, the Alvarez theory has brought
geology not only a new set of questions, but a greatly improved set
of sampling techniques and analytical methods for answering them.
Paleontologists collect much larger samples and subject them to sta-
tistical tests. Today geologists know how to find and identify terres-
trial craters. These are the hallmarks of a fertile theory.

In 1996, science writer John Horgan published a highly contro-
versial book, The End of Science,” in which he argued that such dis-
ciplines as physics, cosmology, evolutionary biology, social science,
and chaos theory, have run into intellectual cul-de-sacs, are no
longer productive, and therefore have come to their natural end.
Whether or not one is persuaded by his argument, it is significant
that Horgan mentions not a single example from the earth sciences.
Far from coming to an end, beginning with plate tectonics in the
1960s, moving on to incorporate the advances of the space age, con-
tinuing today with the exploration of the Alvarez theory, and pro-
ceeding on tomorrow to determine the true place of impact and the
causes of mass extinction, geology is in its golden age.
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