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EXPERIMENTAL EVIDENCE THAT AN ASTEROID IMPACT
LED TO THE EXTINCTION OF MANY SPECIES 65 MILLION YEARS AGO

Luis W. Alvarez
Lawrence Berkéley Laboratory
University of California*

 I used to be able to say just about everything I know about this
subject in an hour. I could develop it in historical order in a
standard length lecture, but things have moved so rapidly in the last
two years, that itiis quite impossible to follow that scheme anymore:
Therefore I am going to have tq concentrate on the present state of
our theory that an asteroid,hit the earth 65 million years ago and
wiped out 1arge number§.of species, both on the land and in the ocean.

1 think the first two éoints, 1) that the asteroid hit,band 2),

that the impact. triggered the extinction of much of the life in the
éea, are no_1onger debatable points. Nearly everybody now believes in
them. But there are aiways some dissenters. 1 underétand-there is
even one famous American geologist who doesn't yet believe in plate
tectoniés and continental drift. We now have a véry high percentage
of people in the relevant fields who accept these two points. = Of

course, science isn't decided by a vote, but it has been interesting

~ to watch the consensus develop.

*An invited talk at the annual meeting of the National Academy of
Sciences, April 18, 1982. To be published in the Proceedings of the
National Academy of Sciences.



The third point; as to whether the .impact of the asteroid had
anything to.do with the extinction of the dinosaurérand of the land
flora is still very much open to debate, although I believe the answer
is Very definitely yes. But I will tell you about some of our friendly
eritics who think not. 1 will conceﬁtrate on a series of eventé which
has 1¢d to a great strengthening of the theory. In physics, theories
are declared to be strong theories if they exblain a iot‘of previously
unexplained observations, and evenrmore importantly, if they make lots

‘of predictions that aré verified, and if %He9~meet.all the touéh
scientific challenges that are advanced ts dié?réve:them. ‘In that
process, they emerge stronger than before.

So, I am going to tell you of a number of predicéions_that"ogr
theory has ﬁadé; almost without exception theyvhave been Verified; and
1 will_tell you of several serious 4uestions and doubts that have been
raised concerning the validity of the theory. People have phoned in
with facts ‘and figures to throw the theory into disarray, and written
articles with the same intent, but in every césé, the theory has with-
stood these challenges. I will therefore concentrate on those things
that show the theory to be a strong one, but I won't neglect a few
"loose ends." ' |

Instead of using the historical approach which has been my custom

up till now, I am going to start by following the cub reporter's

checklist that he learns in journalism school. Every story should

contain who, what, when, where and why.
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First of all, who? The original "who" were the Befkeley group.

"This is the title page of our first major publication,1 which is an

86 page November 1979 Lawrence Berkeley Lab preprint {Fig. 1]. First,
let me introduce my colleaghes;vwe are in alphébetical order here..
The second one is my son, Walter, who is a professor of Geology at
Berkeley. Frank Asaro and Helen Michel are nuclear chemists ét the
Lawrence Berkeley Laborafory. All of us have been involved in every
aspect of the problem, since the earliest days. I have even been out
looking at some rocks in'Italy-—a new experience for me. Helen Michel
has collected rock samples in Montana, where there are dinosaur
fossils. Her husband tripped over a previously undiscovered
Triceratops (horned dinosur) skull on one occasion. So, we haven't
been a group of peoplé each working in his own little compartment, but
rather we have all thought deeply about all phases of the subject.

When we sent this paper to Phil Ableson, the :editor of Science, he

“had two comments. 1In the first place, it was too long. He could not

publish it unless we cut it in half. 1If you have read the paper,2

you know it still turned out to be pretty long.

Secondly, Phil said, "I have published quiﬁe a few papers on the
cause of Cretaceous-Tertiary extinction in the last few years, so at
least n minus one of them have to be wrong." But in spite of that, he
published ours, and we are most appreciative,

Since we first presented our results at three geological

3,4,5

meetings, starting in early 1979, about 12 other groups have

"entered the field. The latest one to be heard from is a Russian group.
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EXTRATERRESTRIAL CAUSE FOR THE CRETACEOUS-TERTIARY
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Fig. 1. Title page of Lawrence Berkeley Laboratory Report 9666.



Now, for the "what' category on the checklist. We have very strong

evidence that an asteroid, (and here is what it looks like,) [Fig. 2¥

hit the earth 65 million years agb at a velocity in the range of 25

’

kilometers per second. You may wonder how we got this picture of an

asteroid that hit the earth 65 million years ago. This is actually a

~a

.picthre of Phobos, the larger of the two moons of Mars. It was taken

by the Mars Orbiter, and I was surprised to see that it was pocked with
craters. I had always imagined "our asteroid' as being a nice. smooth,

round thing that ran into the earth, but of course, it must have been

.bumped intp by many , many-émaller asteroids and meteorites, so this 1§

A

what i£ undoubtedly iooked like. Phobos is actually twice the size ij‘
"our" 10.kilqmeter diameter astéroid,'but otherwise 1t looks exactly.
the same. NASA found from the color.of Phobos that it is probably a
carbonacéous chondrite, and wé have yerydgtrong evidence that.the

asteroid that hit the earth was also of carbonaceous chondritic

composition. .

When the astercoid hit, it threw up a great cloud of dust, that
quickly encircledrihe globe. It is now seen worldwide, typicélly as a
few centiheter thick clay layer, in which we see a rélativély high
conceﬁtfatio; of the element'iridium, that is very‘ab;nd;qt‘in
meteoritgs and presumably in‘asﬁefoids? but is very»rafe on éafthJ
The evidence that we have is largely from chemical.anaiysés 6f the
material in this clay layer. 16 fa;t, meteoritic iridium is up by

nearly a factor of 104 from crustal material. So, if something does

hit the earth from outside, you can detect it because of this great



Pig. 2

Phobos, a satellite of Mars. Photo courtesy of National
Aeronautics and Space Administration.
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enhancement. Iridium is depleted in the earth's crust, relative to
normal solar system material, because when ;he earth heated.up; and
the molten iron sahk to form tﬁe core, it "scrubbed out" the platinum
group elements, in an alloying process, énd took theﬁ "downstairs."
(We now use the trick of heating our réck sampleé with molten iron, to
concentrate the iridium, and thereby gain greatly in signal to noise
ratio.) |

Now, we come to "when" on the checklist. There are two time scales
for the "when." The first one is the geological time séalé, which I
now know the way I know the table of fundamental particles, but maybe
some of you have not seen it lately [Fig. 3]. Let me call your |
attention to the fact that the 570 million year time span, from the
beginning of the Cambrian up to now, is called Phanerozoic time. That
is when there éfe éagily observed fossils in the rocks. Phanerozoic
time is divided into three efas, the Paleozoic, or old animals; the
Mesozoic, or middle animals; and the Cenozoic, or recenf animals. I
think'the fact that geologists characterize theif rocks by the fossils
that are in them shows us the close Lnterrelationsbip beﬁween geology
and paleontology.

I am going to concentrate most of my attention on this boundary
here. It could be called the Mesozoic-Cenozoic boundary, but everyone
calls it the Cretaceous-Tertiary boundary and it is 65 million years
old. 1 will also talk briefly about the Permian-Triassic boundary.
That is when there was another major extinction. I should say that

) . . . . . . . 6
there have been five major extinctions in Phanerozoic time. I
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Geological Time Ché.rt
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will also say something about the boundary between the Eocene and the
Oligocene which appears here, at ébout 34 million years ago,
accompanied by a less severe e#finction event.,

Just a month ago, Dave Raup of the Field Museum, and who is in this
auditorium today, coauthored a definitive article on the five ﬁajor
ex‘tinctio_ns.7 It includes the nexf slide [Figure 4], in which the
number of extinctions at the family level, per million years, is
plotted against time. Such a chart makes me feel right at home,
because for a good many years, I was called a 'bump hunfer”--a particle

physicist who looks for "resonances,"

or peaks that stick out abové a
distribution of background points. So Dave and I had a lot in common,
evén before I became involved in a paleontological problem. But the
reason I am showing this slide is to remind you that there is a sub-
stantiai background of extinctions;'individual families are going
extinct, all the time, for nmatural reasons dqipe unconnected with the
events that have:triggered‘the five "major extinctions.' And those
who criticize our asteroid theory of the Cretaceous-Tertiary (C-T) ex-
tinctions have known about this background for much longer than I have.
But I think that on many:occasions, they have, ésywe would say in
physics, confused some background events with events that really belong

to the peak. I mention this because I believe that such a confusion

has contributed to the present controversy concerning the validity of

‘the asteroid hypothesis. When we point to a number of species that

went extinct precisely at the iridium layer, our critics commonly dis-

count those extinctions by pointing to other species that were
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Fig. 4. Total extinction rate (extinctions per million years) through

time for families of marine invertebrates and vertebrates. The plot
shows five mass extinctions late in the Ordovician (ASHG), Devonian
(GIV ~ FRAS ~ FAME), Permian (GUAD-DZHULF), Triassic (NOR), and
Cretaceous (MAEST) periods. The late Devonian extinction event is
noticeable but not statistically significant. Taken from David M.
Raup/ Science 215: 1501 (1982). Copyright 1982 by the American
Association for t the Advancement of Science.
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' just before the asteroid hit. That 1is what

obviousl& "on the way out,'
I call "confusing the background with the peak events,"” and if I didn't
direct your attention to this slide, ybu might find those arguments
against our theory more persuasive thaq the evidence warrants.

So much for the geological time scale. The present time scale is
concerned with the discovery of iridium enhancements in‘the geological
record, andAwith their interpretation in terms of an asteroid impact.
We stafted our search five years ago. We saw Ouf first iridium "spike"
four years ago. We were actually looking for iridium, but for the
wrong reason, it turns out. The first time we saw the iridiuﬁ en-
hancement, we didn't have a cqmplete enough set ofvrock samples, so
Walter went back to Gubbio, Italy, and collected the set whose analysis
makes up the points;seen in the next slide [Fig. 51. We plotted that
curve, three yea?s ago, and as 1 said, showed it at a number of
geological meetings. This is an unusual diagram, with time élotted
upward, in a linear mode in the middle, and logarithmic, at the top
and bottom. You see that the iridium concentration, whihh has been
fairly consﬁant for 350 meters below the Cretaceous-Tertiary boundary
rises sharply by a factor of about 30 iﬁ thé’i centimeter clay layer,
and then falls as one goes into the earliest Tertiary limestones. *And
for the rest-of the 50 meter; above the boundary, the‘iridium con—
centration has returned to the'background ievel we saw in the late

Cretaceous limestones.
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This is the very large signal which we explained as being due to
the impact of an extraterrestrial object. If I were following the.
historical approach; 1'd give you our original justification fof that
conclusion. But instead I'll later give you more recent data that show
beyond any question that the clay layer contains '"undifferentiated"
solar system material, with a composition that m#tches carbonaceous
chondrites with surprising accuracy. Our first thought was that the
material came from a supérnova because some paleontologists beliéved

at that time that a nearby supernova was responsible for triggering

‘the Cretaceous-Tertiary extinction. But we soon showed that the clay

was too similar to solar system material to be from a.supernovg. 1
sent a letter to Malvin Ruderman, Whobié a physicist friend of miné'\
and one of thé.key exponents of the super-nova theory, explaining why
we could no longer accept his theory. He wrote back a very short
letter saying, ''Dear Luie: You are right, and we were wrﬁng. Con-
gratulations. Sinéerely, Mal." That is something that made me very
proud to be a physicist, because a physicist can react iﬁstantaﬁeously
when you give him some evidence that destroys a theory tﬁat he pre-
viously had believed. But that is not true in all branches of science,
as i am finding out.

So, three years ago we had this graph and this theory. We wrbte
it up, and it was published in Science in June 1980.2 Now, a little
more on the "when'". Since our original work, there have been three

conferences on the subject, because it is such a rapidly evolving

field. The first conference8 was held about one year ago in Ottawa



14

under the sponso:ship of the National Museums of Canada; about 25
people were there, people who study meteorites, impact craters,
geology, paleontology, and quite a range of subjécts, and we had a .
very good three-day meeting.
Last fall there was a four-day meeting9 at Snowbird, Utah. It
was sponsored by the Lunar and Planetary Institute, an& by this
Academy.‘ One hundred and ten people attgnded that meeting, which
lasted four days. ‘They came from more fiel&s than you can imagine,
atmospheric modeling, impact dynamics, chemistry, physics, asﬁéroids,
and of course, geology and paleontology. We had a very good exchange
of views, and almost everyone in this new field had a chance to meet
"all the players." More recently,\this past January, there was a day-
iong seminar10 at the Washington, D.C. AAAS meeting, when all of the
invited papers were on this subject.
Now, the "where.'" The iridium enhancement was first seen near a
little town called Gubbio, which is in North Central Italy. It is
directly north of Rome and directly east Qf Siena in the Apennines.
The rocks there were laid down as liﬁestone on the bottom of the ocean
from 185 to 30 million years ago, and then a few million years ago
they were raised up in the mountain building process. They were then ‘
eroded by running waﬁer, and engineers built roads up th;ough the .
canyons that fortunately allow someone like me, who is an armchair
geologist, to get there in comfort. I found I could get out of the

car with a geologist's hammer and break a new surface of the rock and
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look at the little.creatures that lived there and see how they changed
with time.

It is really‘dramaticlfo observe the little things called
foraminifera which arelshelied creatures abouf 1 millimeter in
diametér.[Figf'é; lower halfl. You can see them with a hand lens
1itéfa11y by the thousands, right up to the boundary at épparently
constant‘intggsity'and thén &ithout warning, they are gone, right at

»

the ciay 1ayef. It wés really a catastrophe. They were suddenly wiped

{

out.  The only forams that escaped extinction were the tiny species

Globigerina eugubina that can be seen in the thin section, above the

boundary line in the same figure.

Here  is what,thé rocks look like [Fig. 7]. Walter has his hand on
the clay layer and in the next slide [Figure 8], you see a close-upv
view of the 1ayer,'wi£h an Italian coin about the size of a U.S;
quarter to indicate its thickness. This‘layer was deposited 65-mi11ion
years ago, and it is.seen‘mahyvplaces worldwide. We took it upon;
ourselQes to analyze the layer by neutron activation analyéis, 1ooking
particulﬁrly‘for iridium. You have already seen the iridium enhance-
ment, which surprised us so greatly'whén we fipst saw it in 1978.

The limestone in-this region is about 95% caléium carbonate, and
aBogt 5% clay. The éalcium carbonate comes from the shells 6f the’
Little animals thaﬁ livé_in the ocean, and fall to the.bottom when they
die. The ciay is washed down from the continents, aﬁd carried 6ut to
sea by river currents. The two compénénts fall to the ocean floor,

where they are compacted to form the limestone.
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Fig. 6. Photomicrographs from the Bottaccione Section at Gubbio of
(a) the basal bed of the Tertiary, showing Globigerina
eugubina, and (b) the top bed of the Cretaceous, in which the
largest foraminifer is Globotruncana contusa.




7. L.W.A. (left) and W.A. pointing to the Tertiary-Cretaceous
boundary in the Bottaccione Gorge near Gubbio, ltaly.

Fig. 8. Close-up of the Cretaceous-Tertiary boundary with a coin
(similar to a U.S. quarter) indicating the size of the boundary.
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1t was generally assumed before we did our work that the clay in
the layer was ofvthe same origin as the clay in the limestone, but that
turns out not to be the case. After we had seen the iridium in the
layer, and concluded that it came from an asteroidal impact, we made
our first prediction--that the gross chemical composition of the clay
layer would be.substantially different from that of the clay in the
Tertiary and Cretaceous limestones above' and below the layer and that
these latter two clays Qoqld be eéseetially identical. We published
measurements in our Science paper that showed that this f;rst
prediction was verified.

Our second predictioh was that the iridium enhancement would be
seen worldwide. We had only seen it.at that time in one place in
Italy, ie a valley near -Gubbio. We knew that the extinctions were
worldwide. - So, we guessed and predicted that fhe iridium would be seen
woridwide and in fact it is. Before we published our 1979 paper, we
had samples from Denmark which Walter collected, and also some from
New Zealand that Dale Russell was kind enough to give us. Both of
those,sho&ed,a’nice iridium enhancement. Both enhancements were bigger
than the,one.welsaw in Gubbio. 1In fact, when you’look at this world
map [Fig. 9], you will see that we first discovered the iridium in
nearly the herdeet'place to find it, where the iridiem concentfation
is quite smail, compared to most places. This map shows the state of
the discovery and meaeurement of iridium enhancements worlawide as of

today. The number attached to each site is the measured nanograms

.
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per square centimeter of iridium at that location. This is of course
the area dnder the Curvé of the type I showed earlier [Fig. 5, see
p. 13].

At the present time there are over 36 locations where the iridium
has been found. With one excéption the iridium has.been found evéry
place that has been thoroughly looked at by oﬁr laboratory. Whenever

' one of the groups

a paleontologist says, '"This is the C-T boundary,’
now looking for iridium collects some rock sampleé} and finds the
iridium enhéncémént, using neutron activation analysis. The one place
where'this is not true is in Montana. We have two sites in Montana
where there are abundant dinosaur fossils. But it is not so easy to
pick out ;he C-T boundary, and there isn't any.bbvious clay layer.
(The cla& layer is seen in nearly all the marine deposits) 1In one of
these Montana sites, we have iridium,‘bﬁt we haven't found it at the
other site, even'afper two summers of'sample_collecting. So; it is
almoét correct to say that at every identified C-T site that anyone
has 160ked at, iridium has been found. 1In all of the pelagic or
ocean—baéed sites, the iridium was laid down on the ocean floor
65 million years ago, and it has been found in all.our studies within
10 cm and often within 1 or 2 centimeters of the place where the
paleontologists said we should look.

I think it is interesting that after seeing the iridium at one
site in Italy, we predicted éhat it would be seén worldwide at the C-T
boundary, and that prediction has been fulfilled, as this map shows.

You will see that there are sites in both the oceans, where deep

sea drilling cores have been made available to us, and to other
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groups. The largest amount (in the North Central Pacific) is 330
nanograms per square centimeter.

As a physicist, I had expected that when we got a map like this,
we would be able to draw lines connecting places with equal grammage
of iridium, and then we would be able to mark the center, as on a
contour map, and say, "This is where the asteroid hit." But that isn't .
the Qay things work in the much more complicated world of geology.

* That is the present status. We recently heard that the Russians
have a sample with 40 nanograms per square centimeter near the Caspiaﬁ
Sea, and that word came just in time to make this "latest edition' of
our world map.

1

Now, we come to "why,'" the last item on the checklist--why did we
study it in the first place? I don't really have to explain that to
an audience of this kind. If I did, I would probably use George
Mallory's famous response as to why he tried to climb Mount Everest,
"Because it is there." But if I wanted to get more serious, I would
say that all of a sudden a few years ago, the four of us realized that
we combined in one group a wide range of scientific éapabilities, and
that we could use these to shed some light on what was really one of
the greatest mysteries in science——the'éudden extinction of the
dinosaurs.
I won't try to tell you how many species or genera went out, 65

million years ago. I get a different set of numbers from every

paleontologist I talk to, but everyone agrees that it was simply a
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terrible‘catastrophe. Most of the life on the earth was killed off;
about half of all the genera disappeared completely, never to be seen
again, . : _ ' » .-
Let me just say a word about the disappearance of the dinosaurs.
They were reptiles, and the land reptiles went out in a really
catastrophic way. 1In all, there were several orders of reptiles that
disappeared completely at this time, including giant marine :eptiles.
Those of you who are not familiar with taxonomy will perhaps haQe
forgotten that normally one talks about an>qxtinction at the species
level. The passenger pigeon disappeared in the last century. The
condors are probably going out soon. Each of those is a species ex-
tinction. Above that we ﬁave a genus or many genera; above that comes
"the family; above that is the order and, for fauna, the only higher
'taia are class and phylum. So you can see fhat an extinction that
suddenly wiped out several orders ﬁas a spectacular catastrophe-—-not
to be attributed to some ordinary environmental change, as some of my
friends would want you .to believe. Dinosaurs were some of the bigéest
animals that ever lived on the land, Tyrannosaurus rex for example.
There were large reptiles in the seas—-the plesiosaurs. There were
large reptiles ﬁhat were flying around in the air--the pterosaurs.
All disappeared suddenly, never to be seen again. 1 simply do not T
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
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ever was a catastrophic extinction. When we come along and say, "Here

' some of them say, "What

is how we think.the extinction took place,’
extinction? We don't think there was any sudden extinction at all.

The dinosaurs just died away for reasons unconnected with your

asteroid." So my biggest surprise was that many paleontologists

(including some very good, friends) didn't accept our ideas. This is
not true of all paleontologists; some have clasped us to their bosoms
and think we have a great idea.

Now, you have had an overview of the situation to which I should

‘just add one point. Dinosaurs did last for nearly 140 million years

from the early Mesozoic, whichvis soﬁetimes called the age of reptiles,
and we believe that had it not been for the asteroid impact, they would
still be the dominant creatures on the earth. We would not be sitting
here. At least we would not look like we do; iﬁ has been suggeéted'
that we would have distinctly reptilian features.-

I'll now give you a few odd facts that don't fit into the checklist
that I started out with. One is that "earth orbit crossing asteroids"
are_studied by two groups pf people; one looks at them as astronomical
objects using Schmidt cameras, on whose photographic plates, the
asteroids appear as streaks, moving relative to the background stars.
The other group studies craters, either on the moon or on the earth.
There is some overlap in these two populations. For example, Eugene
Shoemaker ‘is an expert in both of these fields.

All of these people agree that there is a power law rélationship

between the mean time between collision of an asteroid of a given size,
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and its diameter, and that relationship is that the mean time to
collision is roughly proportional.-to the square of the diameter of the
object. Thesé two groups of people also agree on the absolute numbers.
What they sa? is that anvdbject 10 kilometers in diameter should hit
the earth every 100 miiliog years on the average. If you drop the size
by a factor of 10, to 1’kiiometer, then you drop the mean time to
collision by a factor of 100, to 1 million years; If you go down to
lOOfmeter’objects, then theyvhit the earth about every 10 thousand
years. That power law goes over an enormous range of sizes. It has
been verified on the moon, where you can sée very small craters. On
'the earth, these little ones have been eroded away, or the objects
‘burned up in the étmosphére, so ybu can only éee the big ones.
Now there have been, as I said; five majér extinctions in the last

570 million years, and our thirdAprediction was that all of these would
turn out to be caused by the same méchanism, an asteroid collision.
That is one prediction that has not turned out to be true, but it does
have an element of truth, as we'll soon see. We have only looked at
one other of the five major extinctions. That 1s the Permian-Triassic.
It is hard to sample, because the best sites are in China. Frank
Press, working through our National Academy and the Chinese Academy
helped us get one of the two sets of samples of Permian-Triassic rocks
that we've analyzed. There is a clay layer between the limestone-like
rocks at the P-T bouﬁdary. We felt sure that there would be loﬁs of

iridium there. But there is not any that we can see. However, we are
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very intrigued by the existence of that layer, whose basic chemistry

is quite different from that of the rocks above and below it. The fact
that it exists was not widely known until quite recently; Walter
learned about it less than three years ago. Our present best guess is
that it is of volcanic origin, but it might be consistent with the idea

-

that the layer was laid down by a cometary impact. Comets can go much

. faster than asteroids and can in fact have 50 times the specific

energy. So a comet could throw the same amount of dust into the:
atmosphere, and do the same damage, while bringing in only 1 percent
as much iridium. Thatrfactor of 100 comes from the increased impact
speed, sduared, times perhaps a factor of 2 becaﬁsé a comet 1is
typically half composed of ice. That is simply one pqssible'working
hypothesis. There is mno proof for what I've just said. But if it does
turn out to be true, then we will know that the C-T extinction was due
to an asteroid, and not-abcomet, as some of our friends are cailing
it., At thisvpoint, I think the distincﬁion is of no importance; the
important cénclusion is fhat a large chunk of-undifferentiated solar
system material hit the earth, 65 million years ago, and triggered a
major extinction.

But I should say that our prediction, although not confirmed in
thé Permian-Triassic case did lead to anmother case where there is a
coincidence between an iridium layer and an extinction, although not

one of the five major ones. Some people say, "I1'll bet there are lots

" of iridium layers all over the place, so there is no reason to say that

the oceanic and terrestrial iridium layers are synchronous.'" But 1in
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my view, that is an exercise in graspiﬁg for straws, because it turns
out that.there afe very few iridium layers. No one has yet made a
systematic search.through all of geologiqal time, but two groups have
systematicallyisearched a total of 23 million yeérs of sediments, and
found not a single iridium enhancement in this randomly selgcted 4% of
Phanerozoic time. One gfoup, led by Frank é;te and John Wasson, of
UCLA, has searched through the lowest 15.million years of the Tertiary
limestones, and the other group, led by Carl Orth of Los Alamos, has
searched through 8 million yéars of the late Devonian.

 But we found a ver& definite iridium enhancement ih the Caribbean
Sea, at the Eocene-Oligocene boundary,11 35 million years ago, and
it was independently found by R. Ganapathy,12 of the Baker Chemical
Company. But both of our groups looked there because that ﬁoundary
coincided with a known layér of microtektites and with a lesser ex-
, tinction event. That was very exciting té us because shortly before
we did this work, Billy Glass, a leading expert on microtéktites, and
his collaborators, had shown that these microtektites——pért of the
"North American strewn tektite field"--extended more than half way
around the world.13 And here again, '"everybody," (all but one
person), believes that tektites are due to the impact of large meteor-
ites (or small asteroids) on the surface of the earth. Also, Biliy

" there was an extinction

Glass points out that at the tektite '"horizon,
of several species of radiolaria, much like the forams I talked about

earlier, but their chemistry is siliceous, rather than calcareous.

[Note added in proof. 1In collaboration with Billy Glass, we have
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recently found three new and quite substantial iridium enhancements at
the Eocene-Oligocene tektite horizon in deep sea drilling cores from
the Gulf of Mexico, the Central Pacific, and the quian Ocean];

So, we now have seve;al different bits of evidence that tie>impacts
to extinctions. We have the iridium layer at the tektite layer and we
have the extinction of the radiolaria at‘that same time. 50, although
we did not find any iridium at the Permian-Triassic bounday, we did
find another iridipm enhancement coincident with.an extinction, and at
the present time there are only two known stratigraphic levels where
there is a sudden excess of iridium, seen in more than one location.
I'11 conclude this section of my talk, that connects extinctions with
impacts, by saying that the theory seems to be holding up very well on
that score, and our third predictioq can be considered to have been
partially confirmed. Asteroid impacts have produced more than one
extinction, but not all five of the major ones.

Now, let me talk about prediction number four, thét there should
be an iridium'ehhancement on the continents as well as on the sea
floor, at the C-T boundary. A lot of people were saying, two yeafs
ago, that the reason we found»iridihﬁ in the sea floor ﬂéposits was
that some change 'in ocean chémistry, 65 million years ago, precipitated
out the iridium that was dissolved in the_ocean. We had given two
arguments in our paper as to why that was not so, but we could'ﬁo;
prove it conclusively. We asked one of the natioﬁal fhnding agencies

for money to search for iridium in Montana, alongside the dinosaurs,
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and one of the peer reviews that came back said, in effect, "These guys
would be wasting their time and your money if they did.this job, be-
cause the iridium came out of the dcean and therefore won't be seen in
continental sites." But fortunately we were able to do it anyway; we
went up to ﬁontana and looked for iridium. But before we got our first
iridium there, Carl Orth from Los Alaﬁos and his colleagues discovered
that there was iridium at a continental site in New México.14 1

think this was a very impoftént discovery, and I want to show you Carl
Orth's curves.

Here are the curves [Fig. 10]. 1In the lefthand side of the diagram

'you'll see the depth in meters. They drilled a hole in the Raton
Basin, in New Mexico, and tested the rocks with neutron ac;ivation
énalyéis, with a higher sénsitivity than anyone else has attained.

Thé surprising thing is that this is a logarithmic scale of iridium
abundance. The iridium suddenly goes up by a factor of 300 pfecisely
where the paleontologists told them to look. That was a very exciting
thing because that showéd that the iridium didn'p come out of the
ocean.v It was deﬁbsited on the continents, as well as on the ocean
’floor; as called for by our prediction number four. So the Los Alamos
discovery adéed great strength to our theory, as'far as some of its
critics were concerned. I should add that we weren't surprised,
because we thought the arguments we.had given against an oceanic

source of the iridium were quite valid.

Now, just a few déys before 1 éaw Carl Orth's preprint, which he

kindly sent me, 1 had read a péper15 by Leo Hickey, who is a
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paleobotonist here in Washington and who has been éne of our most vocal

critics. . He is also a véry good friend. Walter went to graduate

school with him and they have been close personal friends ever since. -
Leo's paper in Nature was entitled '"Land Plant Evidence Compatible with
‘Gradual, not Catastrophic, Change at the End of the Cretaceous.'" He
wrote this paper after seeing all the evidence that. we presented, and

I couldn't find anything in it that made me feel that he was ignqringv
our evidence;  he wastjust looking at a.different data base, and coming
to a différent conclusion.

His abstract énds with this sentence$ "However, I report here that
the geograpﬁically uneven and generally moderate levels of extinqtion.
and diversity éhange in the land fiora, together withvthe nén—
synchroneity of the plant and dinosaur.extinction; contradict hy-
.potheses tha; a cétéstrophe caused terfegtrial extinctions." So, his
considered opinion after studying all 'the e§idence and lookiﬁg at what
he saw in the plant'record‘conviﬁéed him that %e were wrong. He says
quite clegrly'that t%ere‘%as no effect of a catastrophe on the plants.
And as 1 just said, when I read his paper, I had no evidence that
directly coﬁtradicted his cpnclusions.

.So, you can imagine‘my excitement to see Carl Orth's right hand
plot. This ié the number of.pollen grains per cubic centimeter -
plotted against stratigraphic héight, and normalized to the fern spore
count. The interesting thing is that the pollen count drops by a

factor of 300, in precise coincidence with the iridium enhancement. I
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must say that this looks to me like a catastrophe, and in fact, ;everal
pollen types disappear from the record at this point. If we look at
the next slide [Fig. 11], we see that the resolution of the pollen
fall-off is undoubtedly limited by the sample thickness of 2 centi-
meters. The drop-off of a factor of 300 occﬁrs from one rock sample

to the next, and my guess is.that the discontinuity is even more pre-
ciéitbus,thah this graph shows. 'This is by far the sharpest resolutiomn
that paleobotanists have ever seen, as far as I can learn, and it is
not surprising that ifbhas been missédbin‘the past, just bec?use of

its sharpness. (And it confirmsvprediction number 5 that we made in
our paper---there would be an extinction of planfs in coincidence with
the iridium‘layer; on the land.)

And to show that the missing of a "sharp spike" is not peculiar to
paleobétany, let mé remind the physicists in the ;ddience how the Psi
meson was discovered at Stanford several years ago. The SLAC;SPEAR
electron-positron colliding ring had been operating for some time,
without finding anything ''very interesting.“ It was exploring new
terrifory, and the physicists wefe looking for enhancements in the
counting rate, ("bump huﬁting") by stopping every 100 Mev--equivalent
in paleontology'to taking a sample every meter. They were unhappily
coming to the rather'firm conclusion that there were no new
”resonaﬁces" in this energy region; such resonances were expected to
be more than iOO Mev wide. But as a result of some excellent detec-
tive work, paying attention to the slimmest of clues, the SLAC-LBL

group looked between a pair of 100 Mev '"milestones," and discovered
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the extremely narrow Psi resonance,vthat sent the counting rate up by
more than a factor of 100, within the space of a single Mev, and within
an observing time interval of 2 hours. This discovery sent Burt
Richter to Stockholmrwith great promptness, but the important point I
want to make is that after those two hours of excitement at Stanford,
no one ever said again that there was nothing'intéresting going on 1in
that wide energy range, that had for so long been certified as
"uninteresting." The Psi "bump" from then on was a part of the lore

of physics.

But Leo Hickey has behaved quite differently with respect to the
"narrow spike" discovered by Carl Orth, and in fact, he simply ignores
it. Here is what he said in his invited talk last January, at the
annual AAAS meeting10 some months after he learned of the Ortﬁ dis-
covery ét the Snowbird conference. After repeating the conclusions of
his Naﬁure paper, that the pollen spectra showed no évidence'for a |
catéstrophe, he said, "Every pollen spectrum that has come in since -
this chart was plotted tends to corroborate these data." You can

"imagine my .surprise when I heard this. So I suggest you take a good
look at this narrow "glitch" in this pollen spectrum, and remember it
the next‘time you hear our friend Leo say that the plants didn'tv
notice the asteroid impact. (My own guess is that before long, this
graph will be reproduced in every textbook on geology and
palebntology.)

1 éonsider Carl Orth's important paper to be a confirmation of

three separate predictions or deductions we made in our Science paper.
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Number 4 was that the iridium would be found on the continenté as Qell
.as on the ocean floor; number 5 was that the plants would sqffer
simultaneous extinctions, just as the animal life had. And number 6
was that the iridium didn't come.from a supernova.

Leo Hickey asserted in the abstract I‘quotea that the plant and
dinosaur extinctions were '"mon-synchronous" but I think I will soon
convince you that he was wrong in saying that.

Scignce-hés published in the last year three separate reports on
the state of the asteroid theory. They were all written by Richard.
bKerr, and the first one was entitled "Asteroid Theory of Extinction
Strengthened."16 We thought that was a very_niée title, but then
‘when we read through it, we found there were interviews with,iots»of
people who thought that we were wrong for a number of reasons. I
thought the strangest of these was oﬁe that said that we found too much
iridium in the Danish clay layer. Several experts on cratering were
< quoted as saying that we should not have found nearly that much iridium
because when the asteroid hits,.the material going up into the strato-
sphere should be not only that of the asteroid, but diluted with 1000
to 10,000 times ;he mass of thevasteroid. Richard Grieve of the
Department of Energy, Mines and Resources, of Canada was qhoted as
favoring the figure 1000, and Tom Ahrens of Cal Tech was said to
prefer 10,000. We had used a factor of 60 dilution in our paper,
.which we had gotten in fact, from Richard Grieve over the telephone a

few months earlier. So we were surprised by Dick Kerr's Science



35

report. It turned out later that both of these gentlemen's remarks
had been misinterpreted. They both had said that the material close
in to tﬂe crater would be diluted by these very large factors, and that
tieé in well with what we know about Meteor Crater in Arizona; there
is very little meteoroid material close to the crater. But both men
agfeed that the material that was sent high up and would bé spread
worldwide would be diluted by 20 to 100 times, right in line with what
we observed. So, that was a major challenge which the theory met and
in the process, came out stroﬁger._ Everybody (no quotation mérks) now
agrees that the iridium concentrations we find are okay, from the
standpoint of the asteroid impact hypothesis.

Then there was another report to the readers of Sciencg by
Dick Kerr, entitled "Impact Looks Real, the Catastrophg Smaller."17
This came after the Snowbird meeting in November 1981, and indicated
that a congensus had formed in fayor of the asteroid theory. There,
we had come up'against a really serious cﬁallenge, involving good
science, where tﬁe new numbers were in serious disagreement witﬁ the
corresponding ones we had used in our Science paper. We had said that
the time for the dust to fall out of the stratosphere was about three
years, which gave it time to spread slowly across the equator; it
spreads very rapidly across all longitudes, near its original latitude.
We based our numbers on the observations we found recorded in a thick
vélume published by the Royal Societyls, soon after the volcanic

explosion of the island of Krakatoa, in the Dutch East Indies, in 1883,
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 Bqt’atvSnoQbird,‘Brian-Toon; of NASA Ames; said’thé dustiwould.fall
“.ouf in'3 to 6 mbntﬁs,lg so our mechanism. for getting it from one
hemisphere to the other wouldn't work. We Qere therefore in very
serious trouble, except for one comforting fact--we had already seen .
the iridium layer woridwide,_so we knew there had to be a transport

mechanism. |

I'll now tell‘you how the Royal Society went wrong, almost a

'hundred years ago, and how we recovered from that mistakéf

Professor Stékes, of Stokes Law fame, measured the size of the dﬁst

particles by the angular diaméter of their diffraction rings, and

calculated the time of fallout to be 2 to 2.5 years, in agreement with

the duration of dusty sunsets that were seen worldwide. We took his L

"our" (much more copious) dust would

G -

word for it. We said we thbugﬁt
stay up about tﬁree years; But more recently people have found that
the dust falls out much more quickly than that, because ‘the dust
particles grow by accretién, and as Stokes’ equation predicts, fall
faster. So, after Krakatoa, the '"dusty sunsets' were at firsp made by
.the dust, but it fell out in 3 to 6 months. And unknown to Prof.
‘Stokeé, the job of making the sunsets dusty was smoothly taken.ovér by
the much. finer aerosols that accompany volcanic eruptions, but not
impact explosions. They did their work for the next two years, but
Brian Toon correctly pointed out that we couldn't use such aerosols to
keep it dark, 65 million years ‘ago.

We knew there had to be a mechanism to get the dust spread

worldwide, but our original idea that it was spread through the
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stratosphere went down the drain. It takes something over one year

for material sﬁspended in the atmosphere to move from the northern
hemisphere to the southern hemisphere. The Russian'hydrogen bomb tests
in the 1950's made a lot of carbon 14, and that was observed to move
from the northern hemisphere to the southern in about one year. So,

if the dust fell out_in 3 to 6 months, it could not get from one
hemisphere to the other. But we had already seen it in both hem-
ispheres. So something was wrong. 'Fortunately,_the next day at the
Snowbird Conference, two reports came in that said that the ma;erial
got spread not by strapospheric winds but by either of two much faster

20,21 In the case of Eric Jones and John Kodis at Los

mechanisms.
Alamos, they showed the material actﬁallybwent into ballistic orbits
and was spread worldwide in a matter of hours. We Sad known, of course
(from a back of the envelope calculation), that there was enough energy
brought in by the asteroid to put the observed material into ballistic
orbit, but we\could not think of a detailed mechanism that would
accomplish that feat. We did not see how you could get the little
particles up through the atmosphere, but people at Los Afamos and Cal
Tech both used very large computers, and ran a simulation of an
asteroid coming‘down and hitting the earth. 1t turned out that con-
vective vertical winds in the fireball did the job. They anaiyzed a
éylindrical asteroid coming vertically'downward; the symmetry intro-

duced in this way simplified the calculations. Both groups showed that

when the asteroid hit, it would distribute the material worldwide very
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rapidly, as we saw it distributed, and that it would be diluted by
between 20 and 100 times its incoming weight--also as we had seen. 1
won't try to enumerate the predictions and their fulfillments that are
associated with the saga I've just recounted, but I find the whole
thiﬁg very supportive ofﬁour theory. .

So, all of a suddeﬁ everything was in great shape. The computers
did not know that we were in trouble, but they got us out of it very
nicely. It turned out that To; Ahrens and John O'Keefe, who did their
work at Cal Tech, were actually wired.in by a special line to the
Berkeley computer. That computer was down in the basement of our
building, cranking away on this problem of great interest to us, and
we didn't even know it.

Now, for a couple of other odd facts. Miriam Kastner of the
Scripps Institution of Oceanogfaphy has shown that the boundary clay
layer”in Dénmark was a glass 65 m.y. ago which resulted from a volcanic
or impact eruption.22 Jan Smi£ has found, in Spain and Tunisia,
large numbers of very unusual, tiny "sanidine spherules" embedded in a
very narrow iridium-bearing clay layer at the C-T boundary.23 He
argues from these that the layer is either of impact or volcanic
origin, and since the relative abundances of the rare elements match
that of carbonaceous chondrites, but not crustal or mantle material,
he concludes that it is of impact origin. These two separate observa-
tions confirm our implied prediction, number 7. Alesandro Montanari,

a student of Walter's, has also found these same unusual spherules in

the Italian clay.
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Jan Smit has shown that the sanidine-bearing layer in Spain where
he does his work is about 1 millimeter thick, which shows that it was
deposited in a period of soﬁewhere between 50 and 300 years (of less).
So, paieontologists now have a time marker which 1is seen worldwide,
and which we now know to be laid &own in an exceedingly short time,

.from geologicélfoﬁservations. And from the computer simulations which
I happen to believe, Qe know that the layer was laid down even much
faster. The éo—called hydrodynamic computer programs uéed in these
computer simulations are the ones used to design ﬁdclear weapons, which
involve temperatures, pressures and material velocities much higher
than those found under normal conditions, and they are known to do
their tasks with great precision. A typical computer run involves many
billions of numerical calculations. So far as I know, such great com- -
puting power has never before been brought to bear on problems of
interest to paleontologists.

Now, as far as killing mechanisms are concerned, we had trouble
finding our first killing mechanism. We tried lots of places to get
the iridium, and if you are interested, you can read a50ut them in our
1979 prepriht. But we had to discard all culprits but the asteroid.

So finally, we said, "Okay, let us accept the fact that the matefial
.that we see worldwide had to fall down through the atmosphere. We now
see that it is a few centimeters thick. Let us take that material and
distribute it in the atmosphere in any kind of particles and with any
spacing that you can imagine. It is going to be very, very opaque."

We originally thought it would be black for three years. Now, the
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number is 3 to 6 months,'24 and the scenario that we came up with was
that the darkness would stop photosynthesis and all the little phyto-
plankton on the surface of the ocean would die, fall to the bottom,

and the food chain for the larger animals in the sea would be disrupted
and then on the land, the plants would also die. Herbivores would die
of starvation and carnivores would die because they couldn't find any-
thing to eat. That was just the first of several killing scenarios.
I'm confident ;hat it is the only one we need to explain the cat-

- astrophic extipctions in the oceans. The lack of sunlight will quickly
kill tﬁe phytoplankton in the surface layers, aod.when that baoe of

the food chain is eliminated, most of the life in fhe sea is doomed.to
a relatively quick death. Hans Thierstein, a oaleontologist who
specializes in microplankton is comfortable with this -scenario.2
"Darkness is a very.good mechaoism that could account for the pattern
we have."17 ‘In fact, the micropaleontologists,vmost of whom 1ike

the asteroid impact theory, are much happier with the 3_to 6 months of
darkness than they were with the original, longer time scale.

But now we really have more killing mechanisms than we need.
Probably each one of them plays some part in-the extincﬁions on land
and in the sea.

Historically, the second one is due to Cesare Emiliani, who is a
paleontologist, E. B. Kraus, who is an atmospheric modeler)-and Gene
Shoemaker%6tx)whom I have already referred. They believe‘that a
greenhouse effect caused by the asteroid hitting the ocean'and sending

up an enormous amount of water vapor would heat the atmosphere and the
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environment up by as much as 10 degrees‘centigrade. That does not
seem like very much to me, but they assure us that it would kill a
great number of the land animals, particularly near the equétor, where
the fauna are'liQing close to the maximum tolerable temperature. Then
Brian Toon and his colleagues27 at NASA Ames in California came up
with a third killing mechanism. They say that their computer simula-
.tions show that it would first be very cold for several months. The
temperature would go down to about zero degrees Fahrenheit for 6 to
-9 months. That would wipe out most of ;hevanimals that did not know
how to hibernate. Now, recently, a fourth killing scenario has come
to light. This is one from MIT, where Professors Lewis, Hartman and
othersZSIare saying that the enormous amount of ;adiant energy in
the rising fireball woﬁld go through the atmosphere and fix a lot of
the nitrogen to make enormous amounts of nitrogén oxides. It would
make acid rain, and the rain would fall into the ocean and they believe
that the calcium carbonate based forams wodld dissolve 1in the acidified
oceans. I thiﬁk the chances are that all four of these scenarios are
‘ going to play some‘part in the various extinctions, and it is going to
be a life's work for some people, I am sure, to untangle all these

) ¢
things.

Let me now tell yog_just how much energy was released when the.
asteroid hit. A trivial calculation shows ﬁhat it. released an energy
of aSout 100 million megatons. A l-megaton bomb is a big bomb. This
is 108 of those. Now, the worst nuclear scenario'I have ever heard

considered is when all 50,000 bombs that we and the Russians own go

of f pretty much at the same time. The energy released in that case
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would be down by a factor of about 10,000 from what we get in the
aster;id impact. So, this asteroid impact is.the greatest catastrophe
in the history of the earth, of which we have any record, and in fact
we have a very good record of it.

I will now comment in some detail on the quite contrary views of
;he C-T extinction, that have been expfessed in prinf, and in many

léctures, by my good friend William Clemens, professor of paleontology

at Berkeley, who is certainly the most vocal critic of our work. We

have a nice arrangement with Bill. We have spent every Tuesday morning
for the past 12 weeks sitting around a.taﬁle in his conference room,
seven or eight‘of us--four members of our group and Bill Clemens and
one or two of his students and Dale Russell, who is on sabbatical leave
~at Berkeley. Dale is a verterbrate paleontologist whose specialty is
the study of-dinosaurs. He agrees with us that the dinosaurs were
suddenly wiped out ‘as a direct result of the asteroid impact, and he
further believes that had the asteroid not hit the earth, 65 million
years ago, the mammals could not have evolved the way they did. Bdt

" he believes that intelligent "humanoids" would have evolved in the .
class of reptiles. He and one of his colleagues are responsible for a
set of pictures that purport to show what these two-legged, upright
walking, intelligent creatures ﬁight have looked like. And they might
have formed their own Naéional Academy and be discussing what would
happen to them when one of the asteroids they see in their telescopes

hit the earth.
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Our little group has sat around the table for three hours each
time, and debated our differences and tried to get to understand how
the other person was thinking. I don't think this has happened very
often across disciplinary lines in science. It is a really good way
to settle arguménts, even thpuéh Qe still have some pretty serious
disagreements. But fortunately, we've remained friends throughout our
long ﬁeriod of disagreement.

We are indebted to Bill for getting us samples from Montana that
show an iridium enhancement in rocks which‘are close to dinosaur
fossils. Carl Orth's group down in New Meiicd'found the first iridium
at a continéntal site,.but there were no dinosaurs around there. »Bill
Ciemens céllectéd samples for us in his favorite hunting grounds at
Hell Creek in Montana,; one of the greatest sites for finding dinosaurs.
Frank Asaro and Helen Michel found a large enhancement of iridium, and
that is the first experimental evidence that ties the asteroid impact
to thé extinction of the dinosaurs. The next slide [Fig. 12] shows
the Montana iridium enhancemeﬁt. I had given a number of talks to
physics department colloquia entitled "Asteroids and Dinosaurs,' before
we had any direct connéction between the asteroid impact and the
dinosaur ex;inctiqn. You might consider that Eo be one of our major
predictions—-—that the asteroid impact led directly to Ehe dinosaur
extinction. I think the connection 1s now extraordinarily well
established,.but I'll try to explain why Bill Clemens doesn't agree

with that conclusion, and then 1'11 tell why I think his arguments

can't stand up under close scrutiny,
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This is Bill Clemens' slide [Fig. 13] that he has used in a great
many talks, and I am indebted to him for letting me use it today. He
uses this to show that we are wrong in associating_the dinosaur ex~
tinction with the asteroid impact. Here is where the iridium was found
and it is in what is called the "lower Z ¢oal." This coal layer is
seen over wide areas in Montana, and on this diagram it is seen at the
4.2 meter level. -Bill says that this (the 0.8 meter level) is the
highest dinosaur bone he has seen and he frequently refers to this as
the stratigraphic level at which '"the dinosaurs became extinct." (In
a recent article,29 he says that his student, Lowell Dingus, has seen
some dinosaur fossils above the Z coal layer.) Since this is our méin
point of cdntention, 1'11 spend some time explainingvour differing
views concerning the significance of that "highest bone."

Two other features of this very important slide are also worthy of
notice, the pollen and the fossiliferous zone, which Bill usually
refers ﬁo as a site which produces Paleocene mammal fossi}s. I won't
speak further of the pollen, which doesn't seem to bother Bill nearly
as much as the Paleocene (or early Tertiary) mammal fossils. (These
appear at the 2 meter level.) Bill's main interest is in early
mammals, rather than in dinosaurs, and he feels that such mammals have
no business being below ;he iridium layer, if fhat layer really defines
the Cretaceous-Tertiary boundary, which he doubts is the case on the
cqntinents——although he is apparently able to accept it in the oceanic
sequences. During many of our private discussioms, I took the position

that evolution doesn't move fast enough to make the appearance of
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Paleocene mammal fossils below the iridium layer troublesome to our

theory-~that the dinosaurs were reproducing at a»faifly constant rate,
over millions of years, and‘were suddenly wiped out as a result of the
asteroid impact. Paleontologists have never before had such a world-

wide sharply defined “horizon,"

as is furniéhed by the iridium layer,
except for those special cases that happen to éoincide with a paleo-
magnetic reversal. So my argument (in a field in which 1 havg no
credentials) was that there was no previous evidence that the Paleocene
mammals didn‘t originate 20,000 years before the Paleocene period
started--at the C-T boundary.

Now let's look at fhe time scale ﬁhaf applies to Fig. 13. 1In all
our long discussions of this figure, the sedimentation rate was assumed
by everyone to be about 1 meter in 9,000 years. (That average rate
comeé from the known time between the magnetic reversals that are
observed in the Montana sections. Since that rate is commonly used,
and since noné of the arguments I am about to give are in ény way
dependent on that rate, I'li éssume, for reasons of simplicity, that
the rate 'is just 1 meter per 9,000‘years.)v So Bill Clemens is im-—
pressed by the fact that the dinosaurs became extinct "1ongbbefore"
the iridium layer was deposited--a difference in height, on this
figure, of 3.4 meters =:30,000 years. But the usual description, by
paleontologists, of an extinction that took place in 1 million years,
is that it "happened rapidly." To someone Iike me, who is new to the
field; it is confusing to hear from the same people, that 1 million

years is a "short time," and 30,000 years is a "long time."
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In addition to this strange confusion in time scales, I have heard
- Bill Clemens, and other paleontologists as well, say that the dinosaurs
didn't disappear suddenly, but were declining in population and
diversity, all over the world, for a million years or so, before they
finally became extinct, near the Cretaceous-Tertiary boundary. First
‘of all, I should say that I have looked closely at a lof of data that
bear on this alleged '"decline," and 1 agree with Dale Russell that it
-doesn't stand up under céfeful examination. In the last of our 12
seminars to which I've referred, Bill Clemens presented a table of
dinosaur fossils that showed that neithef the population nor the
diversity of dinoséurs had changed appreciably in the 20 meters bel§w
- the Z coal layer. (AF least, that is what the data said to me and to
Dale Russell, and Bill Clemens didn't attempt to use them to prove
otherwise.) Bill's table.appropriately showed only "articulated
dinosaur fossils," meaning sampleé of at least 2 bones in nearly their
normal'felationship}-or a single bone so large.that one could be sure
that it . hadn't been shifted from its origingl site, by running water,
etc. There were 17 fossils in the sample, extending downward from the
Z coal to a distance of 60 feet = 18.3 meters. This corresponds very
nearly to a time interval of 165,000 years. The average spacing was
1.1 meters per dinosaur, and anyone who is used to looking at truly
random samples of objects would say, "There is no indication that the
population from which this sample was taken was declining as it
approached the Z coal layer." It looks exfraordinarily uniform to me,

even though there is a non-statistically significant increase in the
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‘number of fossils in the top 30 feet, compared to the Bottom 30 feet--
10 to 7.

I will return to a more detailed discussion of these matters,
because they are the ones that cause me to come to conclusions quite
different from those drawn by Bill Clemens. And I'll show that if

'it destroys his

Bill Clemens is correct in his '"decline hypothesis,'’
argument that the eventual extinction of ;he dinosaurs came before the
asteroid impact occurred.

I'll now address what I consider to be a serious error in the way
Bill Ciémen% analyzes his data. The field of data analysis is one in
which I have had a lot of experience--in contrast to mf inexperience
in paleontology--so I1'll offer this criticism without apoiogy. Thev
"Tyrannosaurus rex femur" that appears at the 0.8 meter level is con-
sidered by Bill Clemeﬁs to ﬁark the time at which the dinosaurs went
extinct. I have 'called him" on this point so many times in our little
seminars, that I'm sure I'm not being unfair to him when I say that he
really believes that the dinosaurs went extinct 3.4 meters before tﬁe
iridium layer was deposited, or close to 30,000 years eariier. (And
in a recent article,29 hé makes this point several times.) The
various memSers of our group have come up with at least four different
ways of demonstrating that the proper point to mark the disappearance
of the dinosaurs--based on Bills' "highest observed fossil''--is
measured 1in meters (ratﬁer than decimeters or decameters) above the

"highest bone'". (The fact that we proposed several new ways of
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demonstrating that assertion, on several succeeding Tuesday meetings,
is the best proof I can offer thaf we had not convinced Bill by our
earlier arguments. Each week the proposer of the new explanation would
say, ahead of time, "I'll bet this one will convince Bill Clemens').

The easiest way to show what the problem is, and why it is not
important in the marine deposits,.is to state it in its simplest form.
We will assume that some-ééssils, for example,vforams or dinosaurs,
are seen in an exposea cliff facé, with an averége vertical spacing
equal to L meters. (If we look at only half as widé a sécfion'of the
face of the cliff, the appropriate value.of L Qill of course beltwice
as large.) The hypothesis we are testing is that the créZtures whose
fossils we are observing were reproducing at a substantially constant
rate, until they were suddenly eliminated, as the result of some
catastrophic event. We have used four separaté methods to show that
the most probable location of the true "extinétion layer" is exactly
L meters above the highest observed fossil in that section. The four
methods>are 1) analytical, 2) by using cémputer—generated plots of
randomfy occurring '"fossils," but wi#h a known cut-off level not in-
dicated on the plot,.3)'the "Monte Carlo" random number method and 4)
an analogy based on locating the U. S.-Canadian border by observing
(a) the home of the most n&rtherly U. S. citizen, and (5) the home of . .
- the northernmost U. S. Conmgressman. You may enjoy developing this
analogy--it works quite well. |

The second method corresponds most closely to what one finds in

the field--a collection of fossils extending left and right; to the
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edges of the page, but with no fossils in the upper part of the
diagram, above some unmarked line, that was at a different height on
each page. We passed out dozens of these plots, which were generated
on the computer by.Walter's studeﬁt, Kevin Stewart,bat one of our
seminars, and asked each participant to guess where the computer had
located the "sharp cut~off."” (In some of these plots, the computer
was instructed to weight the surviving fossil population differently
in various lithological layers. We did this because Dale Russell's

experience as a dinosaur fossil hunter has taught him that in some

-formations, such as sandstones, there is a larger chance of finding

fossils than there is in siltstones or mudstones. So the cémputer-
generated fossil plots corresponded as closély as we could make them
to a‘real field situation.) When the "key" was revealed, it was clear
that no one haa done 5 good job in locating the Ir layer, but those of
us who believed the analytical theorem--that one should pick a point
that is above the highest fossil by an amount equal to the average
spacing, L--did better than the paleontologists, who have been taught
for most of their professional lives to take most seriously the levels

corresponding to the "first appearance,'" and the 'last appearance' of

any species. The difference between those two levels is called the

Mrange" of the species, and it is accepted that all species do (or

will) become extinct at some level. - .

T believe the reason for the wider acceptance amongst

‘paleontologists of the idea that the asteroid impact led to the

extinction of the forams is that the average spacing L between their
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fossils in limestone that crosses the C-T boundary can be a very small
fraction of a millimeter. The boundary clay has a lower boundary that
is definable to only somewhat less than a millimeter, so the coinci-
dénce between the iridium layer and the "highest foram" is "perfect,"
and so‘"everybody" believes in the causal relationship between the
asteroid and the extinction.

.In the case of the dinosaur fossils, the average spacing is
"unknown, but in Bill Clemens' table it is slightly more than a meter.
‘1f we took it to be exactly 1 meter, and independent of lithological
factors, the analytical expression for fhe chance that the iridium

1ayer‘appeared at least 3.4 meters above the highest fossil is

-3.4
e

p = = 0.033. On the other hand, if the average spacing were

2 meters or 0.5 meters, the probabilities that the iridium layer is
‘where it is are e-l'7 or e—6'8, equal to O.183 and 0.0011,
respectively. We will soom seé that all of these pr&babilities are
larger than the exceedingly small probability that Bill Clemens is
forced to accept, when he says that the dinosaurs became extinct, for
some unspecified reason--unconnected with the ‘asteroid impact he has
accepted, about 30,0b0 years bgfore that impﬁcg took place.

It is easy 'to calculate the probability that tﬁé dinosaurs, which
had dominated the earth for nearly all of the Mesozoic era——ffom about
200 million years ago, would become.extinct just 30,000 years before’
any arbitrarily chqsen time marker, for example, the asteroid impact;

that probability is the ratio of those two times, or 1;5x10_4.- As T

just said, that is smaller than any of the probabilities we can’

7
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.

construct from the "gap! data, and it suffers furtﬁer from its
completely ad hoc nature--there is nothiﬁg in the history of the earth
that can be connected with this extraordiﬂarily coincidental
Mextinétion". On the other hand, oﬁr preferred scenario is tied
solidly‘to a well documented cgtstrophe that. is the most severe event
of which we have'any record. I really can't conceal my amazement that
some paleontologists prefer to think that the dinosaurs, that had
survived éll sorts oflsevere environmental changes and fldurished for
140 millipn years, would suddenly{ and for no specified reéson, dis-
appear'from the face of the earth (to say nothing of the giant reptiles
in thé oceans and air) in a period measured in tens of thouéands of
years. - I think that if I had spent most of my life studyipg these
admirable'agd hardy creatures, I would ﬁa?e more respect for their
tenacity, ana would argue that they coulavsurvive almost any trauma
except the worst one that has ever been recorded on the earth--the
impact of the C-T asteroid.

Sinég»lkmentioned the Monte Carlo method of demonstrating that
one needs toAadd L to the height of the highest fossil, to locate the
rmost‘probable position of the the iridium layer, 1'll now show you
[figure 14] theﬂresults of 20 computer-generated dinosaur foésil
| sequences.. Each set was consfructed by a random number generator,
which ﬁositioned 50 dinosaur fossils ranaomly in a stratigraphic
heighf of 100 meters. So L is 2.0 metérs in 511 20 sections. The
sharp cut-off at the top is always located at 0 meters and you can see
wheréAthe ﬁigﬁest.fo;sil is located in each section. You also see
thathif you assume the cut-off is at the highest bone, you guess

wrong, on the average, but just L meters.  But if you add L meters
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Computer-generated "highest dinosaur"
L = 2 meters, D = 50 dinosaurs/lOO meters

(zero elevation corresponds to true extinction)

Sample © Z (meters) Z + L meters
. -3.201 - -1.201
2 ~3.063 ~-1.063
3 -0.521 +1.479
4 ~0.396 +1.604
5 -0.097 +1.903
6 -5.408 -3.408
7 -2.930 -0.930
8 -0.649 +1.351
9 -3.747 ~1.747
10 -1.097 +0.903
11 -0.109 +1.891
12 -0.244 +1.756
13 -1.501 +0.499
14 -0.680 +1.320
15 - -1.896 +0.104
16 ~4.330 -2.330
17 -2.903 -0.903
18 -3.681 -1.681
19 4,112 S -2.112
- 20 -1.665 +0.335
Averages -2.112 -0.112

Fig. 14. 'Monte Carlo' table of the highest fossil in 20 random
sequences of 50 fossils, each having a density of 50

fossils/100 meters.
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to the highest bone in each section, then your average estimate of the
position of the ;ut-off-—in the 20»caSes——is»juSt right.

i“I said earliér Eﬁétrlfd.poiht but,the trouble Bill Clgmené»woula
be in if\fhe‘"grédual déciine“ df thevdinosaurs turnea out“to‘be’feal——
which I continue to doubt. The groﬁble comes from the fact that_thg
value of L that one must add to tﬁe height of the '"last observed
dinosaur", to locate tﬂe "mogghprobable height" of the extinction
level,. is not';he'average value of.L.ébserved.in'some'collectingrsite,

1

but the much larger value of L associated with'the‘smaller (declined)

population near the time that the “highest fossil" was laid down.
Since the probabilities of bbservingA“gaps" (larger than G) between

the highest fossil and the iridium layer (assuming it caused the ex-

G/L

tinction) are equal to e- , we see that Bill doesn't have a
statistically significant experimental gap to explain, if he really
believes in his "decline hypothesis." (The larger L is compafed to G,

the closer_e_G/Llapproaches.unity;)

I'm réally sorry to have sbént s0 much time on,something that the
physicists in the auAience will say is 'obvious", but some of my
friends in’the field oﬁlpaleohtdldgy:find it difficult to accept, and
~in fact, ﬁéve-usedvthat-non—acéeptance to "prove" that the asteroid
impact was unfeiated to the extincgion of the dinésaurs, And as 1
'said earliér, Il;m confident that the two events are relatéd causally.

The two questions‘I;ve heard'most\frequently.in the last three

days are, 'where did the asteroid hit?" and "how is the theory being
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accepted thése days?“ The answer to:the first is that we don't know.
No crater of the correct size (100-150 kﬁ diameter) and age is known
on the earth, with the possibie exception §f the Deccan Traps region
on the Indian subcontiﬁent. Fred ﬁhipple's30 iﬁterestiﬁg suggestion
that the asferbid hit the.mid-étlantic ridge, between Greenland and
Norway and led.to the formation of Iceland is uﬁfortunately wrong,
‘because paleomagnetic evidence ghows that there‘wasn't én& such ridge
at fhe end of ;he Cretaceous period-—Greeﬁland and Norway hadn't yet
separated. Wé may never see the crgtep, because 20% of fhe earth's
crust, 65 million years ago, has since bgeﬁ subductéd below fhe
continents. So there 'is a 20% chance that the crater has disappeared
forevef,'but there 1s also a finite chance that if still exists on
'soﬁe part of the ocean floor that ﬁasn't been mapped with sufficient
resolution to show it. Many geologists haQevwritten to suggest
péssible impact sites, and each one has looked pretty exciting at
first glance. But all of them haye had to be discarded, for one
reason or another. |
I1'll conclude my talk by addressing thé>question cdncerning the

acceptanée'of the thebry; ‘Almost everyone noQ beliéves that a
10 kilometer diameter asteroid (or comet or meteorite) hit the earth
65 million years ago,vand'wiped out most of the life in the sea. When
we first said that the extinctions were caQsed by an asteroid, we had
no information on the detailed cémposition of the asteroid, and in
fact, no one had ever had a chance to analyze an asteroid. But if we

had been a little more adventurous, we would have made an eighth
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prediction--that we would eventually prove that the asferoid had a
composition eésentially identical to that of the most common solar
system debris we know-~the carbonaceous chondritic meteorite. We
always assumed it iii have that composition, but it didn't occur to us
that there would be a way to "prove" it. This was first doﬁe by R.
Ganapathy who found the ratios of platinum group eleménts in the Daﬂish
boundary layer corresponded roughly to carbonaqeous chéndritic
ﬁéteorites.31 We then measured.the Pt/Ir and Au/Ir ratios in Danish
and.Spanish boundary clays with high precision, and they agree almost
perfectly with Type 1 carbonaceous chondrites, and don't look at all
like crustal or mantle material from anywhere on the earth. The
measured ratios gléo agree with two other kinds of chondritic
meterorites, but not with.iron meteorites.

While I was in the process éf editing the stenographic
transcription of my talk, to make it suitable for reproducing in
print, I read an article by J. David Archibald and Bill Clemens,
entitled "Léte Cretaceous Extinctions."29 Its latest reference shows

~it to be contemporaneous with my talk. Bill Clemens and I had earlier
discussed all the points I made in my talk, and almost all those made
in his new article, so it will be useful for the reader--trying to
‘decide for himself which point of view to adopt—-if 1 comment on a few
places wheré we obviously disagree. 1 have added (to this printed
version) no new points that I didn't touch on in my talk, eicépt for a

few items that are labeled: [Note added in proof}.
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It would make this printed version of my talk much too long if I
addressed all the points in the article with which I disagree. So I'll
concentrafe my attention on the alternative theories that Dave and Bill
take seriously enough to discuss in some detail. They mention ex-
plicitly only two such theories, and both can be quickly dismissed,
since the first—-the supernova theory--is not consistent with Carl
Orth's limit on the plutonium 244 near a continental boundary; he finds
less than 10—4 of the amoﬁnt called for by the fheory. And further-
more that theory has already been abandoned By its three chief propo-
nents, Mal Ruderman in physics, Dale Russell in paleontology, and »l
Wallace Tucker in astrophysics.

The second theory is Steve Gartner's "Artic Spillover Model." This
was an acceptable theory Qhen it was proposed; several years ago, but
it is no ldnger‘éo, since it offers no reasonable explanation for the
iridium layer in the'ocean sediments, and no possible explanation for
the iridium layers seen on continental sites. I'm really quite puzzled -
to see that in 1982, two knowledgeable paleontologists would show such
a lack of appreciation for the sciéntific method as to offer as their
only two alternative theories to that of thé asteroid, a couple of
oytmoded théories. One can't use the excuse that when they were pro-
posed, neither could be falsified. The facts of the matter are that
as of today, Both of them are as dead as the phlogiston theory of
chemistry, and‘Ivhaven't heard a serious suggestion in place of the
asteroid theory. (But of céurse that situation has no bearing on

3

whether or not the asteroid theory is correct.) .
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On the last page of their article, they speak of several vaguely
defined non-catastrophic theorieé, but then they apparently (and I
believe correctly) dismiss such theories by saying, '"Looking back, it
seems unlikely that gradual'pfocesses could.have caused the extinétions
that occurred at the end of the Cretaceous." This evaluation seems to
be in good»accord‘with a statement that appears near the beginning of
the article, "From today's perspective, the extinétion of the dinosaurs
some 65 million years ago appears to Have éccurred almost literally
overnight."

After reading this article‘at least six or eight times, 1 came away
with the feeling thét they are'emphasizing four main poinﬁs. Firstly,
it is terribly difficult to make meaningful meadsurements in field
paleon'tollogy, that~te11: very much about what happened 65 million years
ago. 1 agree completely with this poiﬁt, and my admiration for the
observations that my newfound friends.have made is enormous. But as
you éan tell, that admiration does not extend tc some of the con-
clusions they draw from those observations.

Their second péint is that the dinosaurs disappeared about 3 meters
(approximately 30,000 years) beloQIthé Cretaceous-Tertiary boundary.
They state this conclusion, explicitly, on 4 out of the 8 pages of
their article, and it is the péint that comes through loudest and
clearest. (And you can see that even after trying in four different
. ways to convince Bill fhat such a gap h;s no significance; we'really

i

Mstruck out.")
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Their third point is expressed in this way in the article's final
sentence, '"At present, the admittedly limited, but growing store of
data»indicates that the biotic changes that occurred before, at, and
following the Cretaéeous—Tertiary transition were cumulative and
gradual and not the result of a single Catastrophic event." Again,
this point is made on at least 4 out of the 8 pages.

Their fourth point is not stated explicitly, but it comes through
quitevclearly——they do not take seriously the idea that the asteroid
impact (if it in fact really occurred, and they neve? say that they
believe that) hadvanytﬁing to do With the extinction of the dinosaurs.
There is not a single inqication that they tgke seriéusly any of the
many properties of the iridium layér that I've discﬁssed in this talk,
and which lead me to cgnclude that the asteroid did trigger the
dinosaur extinction. (You can be sure that before I make such a
sweeping statement, I'vg carefully read and reread what Dave and ﬁill
said about the iridum layer, each of the 13 times they mentioned the
word iridium.)

It seems to me that their article is in no way responsiﬁe to the
wealth of data that 1've presented in this talk, and with which Dave
and Bill are intimately familiar. 1f George Mallory of Everest fame
were still alive, Iithink he'd say, "Gentlemen, you should take the
iridium layer seriously--it is therél" | |

And since Archibald{ Clemens and Hickey ali assert that the
extinctions weren't synchronous--the land plant extinctions, and the

land animal (e.g., dinosaur) extinctions--let me end the technical
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part of my talk with arguments that I find overwhelmingly convincing
as to their pfecise synchronéity.

The Orth graphs, plus thé férity of iridium layers show that the
oceanic and land plant extinctions were synchronous to better than:

5 cm, or appreciably less than one thousand years. There are no data

presented by any of the three authors 1 just mentioned that attempt to

challenge that conclusion. But they do challenge the simultaneity of

the -land floral and faunal extinctions, based on the 3 meter ''gap"
between the "highest dinosaur' and the pollen changes. I can't think
of anything to add to the set of four arguments I've already given to

show that the '"gap" has no experimental significance.
gap P

- In trying to decide whether we or our critics are correct in our

~deductions, I suggest you compare two models. The first is ours, which

says the asteroid was responsible for the iridium layer seen by Or&h
in New Mexico, and for the ones that we and others see all over the
’ ~
earth, in oceanic sections, and that anyone, using a hand lens, can
see was synchronous with the oceanic extinctions. Our ﬁodel says these
two were synchronous to within a few years, so one doesn't need to
calculate a probability--the theory simply predicts what we see--
simultaneity within the resélution of the observations.

But if we téke'the-Archibald,,CleTens and Hickey position--that
the asteroid had!nothing'to do with the land floral extinctions, then

the observed time coincidence of the two events is purely a matter of

luck, which can be expressed as a probability.. The numerator is the

very generous 1000 years I've assigned, and the denominator should be
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the average time between "spikes" such as this dip in the pollen
density. Since I've not heard of other spikes of this nature, I'll
use for this average time, what I tﬂink of as the '"characteristic
species time," or one million years. So the probability that the . .
observed simultaneity is due to fure luck unrelated to an a§téroid
impact, is about 10—3. In physics, we don't treat seriously theories
with such low é Eridri probabilities. (But if you look closely at the
writings of Archibald, Clemehs and Hickey, you find that they don't
really have a viable competing theory--one that explains some réason—
able fraction of the observational data. I think it is correct to say
that their theory is that our theory is wrong!)

- The simultaneity of the C-T extinctions in the oceans and on the
" land can also be demonstrated by a completely different argument, that
depends only on forams, dinosaurs and iridium. Let us look at what
our group concluded after seeing iridium layers in Italy, Denmark and
New Zealand and deducing that these layers resulted from an asteroid
impact. With the exception of Walter, none of the memberé of our
group knew anything about the extinctions of the land animals. But we
were forced to say that there would be an iridium layer seen in con-
tinental sites, precisely at thé C-T boundary, as defined by the
. paleontologists. And this'pre?iction relates to dinosaur extinctions
on all continents, so we should see iridium layers just above the
highest dinosaurs in Western North America, Argentina, France, Spain
and Mongolia. (We hayen't yet looked at the foreign locations, but

I1'd like you to remember that we didn't pick the site to examine; that
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was a random selection.) As I've said, three of us knew nothing about

‘Montana dinosaurs or the lower Z coal layer. But if we had known what

. Dave and Bill now say about that'layer,'we would have predicted (number

‘nine) that the iridium enhaﬁéement‘would be found in the 16Wer'2 éoal
layer. (Here is what they séy aboﬁt.that layer: '"This coal ééme'to
repfééenﬁ the Cretaceoﬁs—Tertiéry Bodn&ary in'ﬁﬁnéana, because remains
of dinosaurs had not been féund'aﬁovevit." ‘[Emphasis a&ded].j Note
that this sentence doesn't mention pollén or mamméls.' So with no
knowiedge whatspgverbabout‘dihosaurs, we pfédietéd that there should
be an_iridiup énhancement at the (unknown to us) C-f Boundary, wﬁich
Daye and Bill could Ha&e toid us wasvin the Z coaf Iayér, and when we
looked Ehere, there it was! ‘[Figure 12, see page 44] (Actually, we-
first looked in the region of Bill Clemens' favofed place, 3 meters

beldw the Z coal layer, and found no "signal." We then worked our way,

slowly up ten centimeters at a time, until we saw the enhancement I've

just shoWn_you.)

1f you believe the aéteroid theory, as we do, then there is nothing
surprising about this--that's just where the i;idium’higlto bé. But
if you again take the boint of view.of our péleontologist criticé;Fthat
the asteroid impact had nothing to do with the dinosaur extinction;—
then ;du can célculate thé pfobabiliiy that we were simply iucky in

that prediction. ‘Inbthis case, the numerator is the thickness of the

. Z coal fayer, or about 4 cm, which we can again approximate as less

than 1000 yeafs. The denominator is again undetermined but certainly

in the raﬁge of millions of years. So my estimate of the probability



64

(

' even though our theory was quite invalid, is

that we were "lucky,'
about 10_3.. And in case you think I'm simply repeating an old
argument, I'll remind you ;hat the 5 centimeter numerator in the first
probability came from a comparison of the two halves of the Orth graph
[Figﬁre 10, see page 29], whereas the nearly same value for the
numerator in the'second probability calculaton came from the measured
bphickness of the lower Z coal layer, aﬁd our discévery of the iridium
enhancement at its base [Figure 12, see page 441. So the two sets of
measurements are quite independent, and the rules of statistics say
that we should multiély the two probgbilities, to get an obviously
absurd chance of the two sets of observa;ions being due to luck;
p = 10f6. It is also interésting that we didn't have to calculate
the probability that the iridium layer was in coincidgnce“with_the
extinction4of the forams; that probabilityvhas'for i;s numefator, a
distance more like a millimeter, in several places that are widely
distributed over the globe.

I hope these exercises will show youbwhy, as.an experimentélist,
I am convinced that'thg three extinctions in question were
simultaneous—fthe oceanic extinction, the land floral extinction,
and the land faunal extinction.

And before I leave the matter of probabilities, let me remind you
that a few minutes back, I calculated the probability that the
dinosaﬁrs, which appeared on earth about 200 million years ago, would

suddenly become extinct within about 3 meters, or about 30,000 years

of some arbitrarily chosen time marker. (We did the calculation on



65

the aésumption that the time markgr wa;lthe time of the asteroid
impact. But if the asteroid had_né;hing to do yith the dinoéau;
extinction, as our critics believe, thgn therg is no‘reésdnbto use‘fhe
asteroid impact as the "arbitrary timeﬂmarkerﬁ;%it qouid }ﬁ faét'bev;
any arbiprarily assignedvtim?,) Aqd a% I sﬁowe& eérlier, thé prbbal:

4

bility that this happened "by luck" was about‘l.leo- . When I'wfqté
the first draft of this paper, I treated this probability as indepeﬁd-

" ent of the other two -- its_nuﬁerator is 30,000 ygars,‘réphér.thén
1000 years, .and its deﬁominaéﬁf is 200 million years rather;than 106
years. So. 1 muLtipiiedvthe'three probabilities together, to yield an
overall probability that all three observations @appengd by luck --
assuming that.tbg asteroiq impaq;_had no relationship to eigher of the
land extinqti&ns. 'But.thac is probably "overkill?,'fo¥ two reasons:
(1) I>shouLdn't use BillyClemeq's:erroneous c?nciusion that the
30,000 year "gap"wi§ siénificant;bto cast'further dqubt on his
gradualistic theory. And (2) the:4;cm limit of error between the Z
coal and the iridium layer, and the 3 meter interval between the z
coa} layep and the "highﬁst dinosagrﬂ_are_not_completely_%ndepen&ent;
both involve the:location_of.the leqal layer. ;Bgt_l ;hink that a
factor of 10§ Fworkipg gga}ngt"vphe Archibald—Clemeng theory is
impressive_enpugh.,

1'11 conclude this‘yalk thh a b;ief discussion‘of‘how‘a theory 1is
uproved"ﬂ We all knqw?‘of‘gourse, that ;heqries cap't,be proved, they
can only be’digprded, éngewtpﬁ's theory. of gravitation was disproved
by the observations that led to the\acceptance of Einstein's theory of

gravitation. So let me change my words and ask how theories come to
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be accepted. Here #he classic exampleiis the Copernicah heliocent;ic
theory, that displaced the Pﬁolemaic geocentric theory. It became
accepted, not becaugelcélileo saw the phases of Venus, as most of us
believe, but simply because the heliocentric theory easily passed a
long series of tests to which it was subjected, whereas to.pass'ﬁhose
same tests, the geocentric theories had ﬁo become mofe and more con-
trived. (That is why I've spent so much.time teiling you of the many
tests and'prédictions that the astéfo{d-theory has '"passed.")

And finally, if you feel that I've been too hard on my
péleontologist friends, and given ﬁhe impression thét physicists
always wear white hats,'let me remind you‘of a time Qhen our greatest
‘ thsicist, Lord Kelvin, wore a black hat, and seriously-impeded
progress in the earth sciences. We all know tﬁat‘he declared, with no
ifs, ands or buts, that the geological'time scale was all wrong; he
was absolutely sure that the sun couldn't have been'shfning for more
than abouﬁ 30 miilion years, using the energy,of gravitational
céllapse.

But most of us don't knoﬁ tha; the first man to suggest the answéf
to this seriops problem was Thoméé C.vChamberlin,32 a geologist at
my Alma Mater--the Universit&_of Chicago. He said that since the sun
had obviously been shining for a»chH‘IOnger time, there must be an as
yet undiscovered saufce of energy in the atoms that make up the sun!
And on this occasion, when the tables were turned, the physicists, who

had been dragging their heels for a long time, eventually discovered
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"atomic emergy" for themselves, (and even convinced everyone that it
was ''their baby'"), and then went on to explain in detail just where
the sun's energy comes from. :

" Every science has much to learn from its sister sciences, and I

look forward to the continuation of our cross-disciplinary Tuesday

morning sessions.

“'Thank you.
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