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Target Earth: It Will Happen

David Morrison, NASA -Ames Research Center, and Clark R. Chapman, Planetary Science Institute

AKE NOTE: the Earth is a target for

cosmic impacts. We orbit the Sun
within a sparse swarm of asteroids and
comets, some of which will ultimately —
and inescapably — collide with our
planet, This seemingly simple fact lies at
the heart of a profound revolution in
thinking about the Earth, its history, and
its relationship to the other planets. In
fact, growing recognition of the role
played by cosmic impacts in Earth history
is changing some long-clferished ideas in
both geology and biology, including how
life evolves.

Consider, for example, the recent ‘‘near
miss”’ of asteroid 1989 FC,*Which passed
within 700,000 kilometers “of Earth on
March 22, 1989. This object is probably
between 200 and 500 meters in diameter.
Had it actually struck Earth, the impact
would have delivered the energy equiva-
lent of more than a million tons of
exploding TNT and created a crater up to
7 km across (S&T: July, 1989, page 30).

Yet 1989 FC is just one of several

thousand asteroids of this size or larger in:

Earth-approaching orbits. Although fewer
than 80 of them have been discovered to
date (see the table on page 264), the
sampling statistics imply that many more
fly past Earth undetected. In addition,
several new comets are discovered each
year, many of them potential impactors.

Astronomers have been aware for sev-
eral decades of the significance of these
Earth-approaching comets and asteroids.
But very few geologists or biologists had
thought much about them prior to the
1980 publication of a now-famous paper
by Luis and Walter Alvarez and their
collaborators. As explained on page 266,
they proposed that the impact of a 10-km
asteroid caused a widespread and devastat-
ing extinction of life 65 million years ago,
at the end of the Cretaceous period of
geologic history. Subsequent research has
not only verified the Alvarezes’ hypothesis
but has also shown that other breaks in
the_evolutionary record may well have
resulted from Earth’s collisions with com-
ets and asteroids.

At first, the notion that an asteroidal
impact could so radically affect Earth
history met strong resistance from geolo-
gists. Most objections were grounded in
the then-standard dog_rrlzl that all geologic

Astronomers have come to realize that comets and small asteroids occasionally collide with
the inner planets. When they strike Earth, tremendous amounts of energy are unleashed
that can threaten our fragile environment. Painting by Marilynn Flynn.
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changes are gradual and result from the
same_processes we see’todgy. Since no
large impact or resulting worldwide dust
cloud has been recorded in human his-
tory; the critics argued, it is ‘‘ugscien-
tifie’’ to suggest such a cause for ev%‘ts 65
million years ago. At best, the ibpact
hypothesis was to be a scenario of last
resort, to be accepted only if more conven-
tional ideas — such as massive vojcanic
eruptions — failed to explain the ?bserved
data. A

To an astronomer watching from the
outside, these objections seem to be
rooted in a false premise. Many research-
ers apparently assumed that collision-in-
duced catastrophes are ad hoc, inherently
unlikely events. In contrast, astronomers
need only gaze upon the Moon’s pattered
face to realize that cosmic impacts have
occurred throughout solar system history.
We would be surprised not to see some
indication of their effects preseﬁf&i in the
Earth’s geologic and biologic recqgk]_s.

With the benefit of hindsight} we can

4

see that catastrophes such as the impact
65 million years ago must have happened
throughout geologic history. As we will
show, anyone with just a 6-inch telescope
and some simple arithmetic can prove this
conclusion for themselves.

THE MEASURE OF THE MOON

Consider the lunar craters. Because the
Moon shares Earth’s interplanetary niche,
its impact history must be very similar to
that of our own planet. Whatever the
nature of the projectiles — whether com-
ets, asteroids, or something else — they
must have collided with the two bodies at
similar rates. Thus we can use the Moon
to estimate the frequency and magnitude
of impacts on the Earth.

If you look at the Moon through a
small telescope (or examine a photograph
or map of it), you see a surface dominated
by craters. In the light-colored highlands,
craters are packed ‘‘shoulder to shoulder’’
— essentially saturating the landscape.
Most of them were formed early in lunar
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history, when impact events were more
frequent. This must be true because at
present theré are too few asteroids and
comets coursing through the inner solar
system to saturate the Moon’s surface
with craters over the 4.6-billion-year age
of the solar system. Therefore, the lunar
highlands tell us little about the current
impact rates.

In contrast, the darker volcanic maria,
which cover just 16 percent of the entire
lunar surface, are plains that formed after
the Moon’s violent pummeling had sub-
sided. They provide an excellent scorecard
for measuring relatively recent lunar im-
pact history.

Count the largest craters on the maria,

those with diameters of 50 km or more.
You will find Copernicus (93 km), Aristot-
eles (87 km), Bullialdus (61 km), Era-
tosthenes (58 km), and Aristillus (55 km)
— a total of five large craters created
since the emplacement of the maria’s 6
million square kilometers of lava plains. A
further examination yields 24 more mare
craters with diameters from 25 to 50 km.
From this tabulation, combined with the
age of the maria (about 3.5 billion years,
as derived from Apollo samples), you can
estimate average impact rates in these size
ranges for the entire l\"lgc_)n. It works out
to about o ew_crat ig as
Aristillus every 120 million _ygars.

The lunar result can be extrapolated to

our planet. Earth’s surface area 1s 500
illion square kilome

of the lu maria. Therefore, about

400 impacts comparable to those that
formed th rgest Ju TS
must_have taken place—on Earth over the
same_time interval. Put another ‘way,
=
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The dark lunar maria are
volcanic outpourings that
appeared after the most
violent cratering on the
Moon had ended. Even so,
five craters with diameters
exceeding 50 km have
been blasted out of the
maria since these vast
plains were extruded some
3.5 billion years ago. Co-
pernicus and the highland
crater Tycho mark the
sites of the two largest
impacts in recent lunar his-
tory. Courtesy Lick Ob-
servatory.
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. TIME (billions of years before now)
Early in its history (and the Earth’s), the

oon was bombarded by an incredibly
, violent shower of debris left over fom the
solar system’s formation. More Yecently,
however, impacts on the Earth uli Moon
have resulted from a “trickle” of comets
and small asteroids.

endures on
10 million years.
“Our_atmosphere does liitle to slow
dowh such large projectiles, so we will
neglect this effect More 1mertant is the
fact that E > incom-

ing Ero;ecnles, thus increasi er
and energy” of impacts.on.Farth s sucf

h _ev A very

and energy of ace

Y n’s. But we will ignore

this effect as well, to keep the argument
simple (and conservative).

+ A far greater number of ﬁaller craters

have been excavated from Q_;e hunar and

ter}estrial surfaces. We caEr_) count the
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km_across.strike Earth about 100 sim
' more oftep than those 10 kin. agrQss.

craters in different size ranges on the !
lunar maria and thereby estimate the size
distribution of the colliding objects. As
noted, craters 25 to 50 km across are
about five times more common than those
50 to 100 km across. A census of craters
down to a few kilometers in diameter (the .
smallest ones easily discernible with ama-
teur telescopes) tells us that the number of
craters of a given size is roughly inversely
proportional to the diameter squared.
Thus, the pme between impact events of a
given size vari he eter
sguared. Put another way, projectiles 1
k i imes

These cratering-frequency estimates are
the average rates over the past 3.5 billion
years. But how well do they represent the i
current impact rate, within the past few
hundred million years, for example? One
estimate can be obhtained from Apolio

_data, which imply that two large craters

— Copernicus on a mare plain and Tycho
in the highlands — were gouged out of the
lunar surface within the past billion years.
The formation of two craters of this size
over the Moon’s entire Earth-facing hemi-
sphere within 1 billion years is roughly
consistent with five such craters appearing
in the smaller area of the maria in 3.5
billion years. Thus, Copernicus and Tycho 1
suggest that ‘‘recent’’ impact rates have
not been very different from those over
the past 3.5 billion years. Interplanetary
impacts are a continuing process, not one
confined to the early history of the solar
system.

HOW MANY MEGATONS?

Theory, laboratory simulations, and test
explosions in the field have allowed re- |
searchers to estimate the consequences of
an asteroid or comet’s collision with the |

Earth. The incoming projectile strikes at
tens_of_kilomeiess e werondang i
largelz vaporized upon imEact. Blasting a

100-km-wide crater involves the excava-
tion of several times 10% tons of rock,

which requires the energy equivalent of
exploding_more _than 10 _trillion tons.{10
mullion_megatons) of TNE _Jf just 1
percent of the excavated mass reaches the
upper atmosphere — an amount sup-

“ported by calculations — the entire Earth

will soon be covered with a layer of fine
dust several centimeters thick. Dyrj e

months_that the dust remains air Qgrne,
the surface below is plunged intg LQIﬂLﬁlld

impene arkness.
The energy to form a 5-km crater is still
et oSS s (R
several lion me e-

sulting_dust cloud will be equglly gg‘ aque
though not as long lived.

How does the putative impact 65 mil-




Don Davis’ipaintings suggest the consequences of a 10-km-wide asteroid striking the Earth 65 million years ago. Regardless of whether the
object struck land (left) or ocean (right), a huge fraction of Earth’s inhabitants were wiped out by the cataclysmic consequences.

lion years ago compare with these esti-
mates of crater-forming events? Unfortu-
nately, the site of the impact has not yet
been found. (The crater most likely
formed on the seafloor and may already
have been subducted and destroyed by
plate-tectonic .motion.) But based on the
excess of iridium in the clay layer laid
down worldwide at the end of the Creta-

ceous period, the impacting asteroid mugt
hwﬂ-ka — big
enough to produce a crater between 100
and 150 km in diameter. A crater of this
size, created 65 million years ago, roughly
fits our estimate of one new crater in the
50- to 100-km range every 10 million
years, since larger impacts should be corre-
spondingly rarer.

The devastating event at the close of the
Cretaceous is just one of a series of
catastrophic impacts that must have oc-
curred, on average, at intervals of tens of
millions of years. Such events cannot be
avoided. This conclusion follows simply
from the observed lunar cratering record.

Therefore, it would be the height of folly

to _tr
biologic) histo e Eart [thout
taking such impactsintgaccount.

impact catastrophes for the past c¢ntury?
In part, the answer lies in the cons§rvative
nature of science. We are justifiably cau-
tious about overturning the accumulated
wisdom of the past. Until the middle of
the present century, no craters on the
Earth could be reliably show. to have
resulted from infalling asteroids or com-
ets. Many geologists even disputed the
impact origin of lunar craters. Another
problem is the narrowness of ,vision of
scientists, who are immersed in their speci-
alities. Before the recent blossoming of
comparative planetology, thanks to space-
craft missions to the planets, not many
Earth scientists had considered the implica-
tions of the lunar craters.

A few, of course, were atﬁ,‘a’d of their
time. Foremost among these: is Ralph
Baldyin, who wrote eloqueﬁxﬂy of the
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80 how could geologists have n%lected
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possible role of impact cratering in Earth
history in his classic 1949 book The Face
of the Moon. Subsequently, Eugene Shoe-
maker (U. S. Geological Survey) probed
the interrelated questions of the numbers
and orbits of comets and asteroids, the
cratering record of the Moon, and the
search for ancient impact craters on the
Earth. Other planetary scientists were
aware of the significance of large impacts
on the Earth as well, but for most re-
searchers in other fields the concept was
new and unfamiliar when introduced by
the Alvarezes’ paper in 1980.

The cataclysm at the end of the Creta-
ceous wiped out most life on Earth. Most
families of marine animals were termi-
nated, and widespread extinctions of land
plants and animals also occurred. Several
dozen species of dinosaurs, including ter-
restrial, aquatic, and flying creatures, be-
came extinct. So did many species of
mammals, though some (our ancestors)
managed to survive. We can suppose that
even within a species that survived, the vast
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majority of its individuals were killed.

Another mass extinction 250 million
years ago, which ended the Permian era
and which may also have been impact-
triggered, was even more devastating. Im-
pacts may be natural and inevitable, but
they_have come uncomfortably close to
sterilizing_our planet_on_a number_of
0CCasions.

n the Moon, the multi-million mega-
ton impact of a comet or asteroid does
little harm. The blow generates large
moonquakes, a crater is formed, and
ejecta are scattered over much of the
Moon’s face. From a planetary perspec-
tive, this is not a big deal. On the Earth,
however, the environmental consequences
of the same impact are much greater. Life
on our planet is confined to i er

agid-raig. Widespread fires burn u uch

q( the biomassi adding soot_to_the dust

jected by the impact itself.

e atmosphere and ocean thus amplify
the ecological damage of an impact and
spread its effects around the planet. For
these reasons even a geologically modest
cratering event can have disastrous effects
on Earth’s biologic communities. Thgir
eradicatj in vides opportuni-

WAITING FOR THE BIG ONE

So far we have discussed impact events
in a fairly narrow range, with energies of
several million to several tens of millions
of megatons. These energies correspond to
impacts by objects with diameters of a
few kilometers. What about the effects of
both smaller and larger impacts?

The energy of an impact by a 1-km
asteroid is tens of thousands of megatons.
An explosion of this size, while causing
terrible damage regionally, would prob-
ably not trigger a mass extinction. It
might, however, generate sufficient atmos-
pheric dust to reduce temperatures glob-
ally, damage crops, and lead to starvation
and a worldwide breakdown of the fragile
human institutions of economy, govern-
ment, and civilization.

The largest craters on the lunar maria,
such as Copernicus, are the work of
asteroids or comets with diameters of
about 10 km. If the average interval
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between such impacts on Earth is tens of
millions of years, the corresponding inter-
val between impacts due jo 1-km projec-
tiles must be hundreds of thousands of
years. In other words every year the odds
are one in some hundred thousand of
having a civilization-threatenigng impact.
Impacts from larger projectiles would
be less frequent but more damaging. For
example, the same size distribution ex-
trapolated to larger sizes suggests that a
billion-megaton event should take place
once every few hundred million years. But
we are not sure that projectiles this large
(with diameters of 30 to 40 km) are likely
to collide with the Earth at all. For
instance, there are no craters on the lunar
maria corresponding to this size. It may
be that billion-megaton events cannot oc-
cur because none of the Earth-approach-

ing asteroids and comets are large enough .

to cause them.

The situation must have been different
in the past, however. The lunar mare lavas
themselves fill a group of impact basins
500 to 1,000 km across, all formed about
4 billion years ago. These huge basins
came about from bombardment by projec-
tiles at least 50 km in diameter. Even
more basins of comparable size must have
been formed on the Earth during that
period. Impacts of this magnitude are
capable of throwing off large fractions of
the atmosphere and boiling the oceans. If
terrestrial life existed at that time (we have
no fossil evidence indicating one way or
the other), its survival must have been a
close call. Or maybe it was obliterated,
and new life formed again from scratch —
perhaps several times.

Planetary scientists have extended these
simple crater-counting techniques from
the Moon to the other planets, and we
now recognize impact cratering to be an
important process throughout the solar
system. We are also beginning to tally
directly the numbers of potential impac-

tors — Earth-approaching comets and
asteroids — though this work remains in
its infancy. Only in the past year or two,
however, have scientists from other disci-
plines begun to assess the implications of
this knowledge for the history of the
Earth.

Some still remain unconvinced. In the
June, 1989, National Geographic, Rick
Gore notes, ‘‘Many scientists refuse to

The scene is Siberia, in the great taiga
forests below the Arctic Circle; the date
is June 30, 1908. There is no warning at
7:30 on this sunny morning when sud-
denly a column of fire descends from the
east. A fireball as bright as the Sun
speeds silently toward the desolate wilder-
ness.

The fireball explodes suddenly in a

10-megaton airburst about 6 km above
the ground; seconds later the shock wave
strikes. The Siberian forest is flattened
, for thousands of square miles, the trees
stripped of branches and leaves and left
scattered like matchsticks alt, pointing
away from the blast. Ther¢ are no
fatalities, since the nearest witness is a
lone trader at a post about 110 km
away. ‘

This scenario may sound lke science
fiction or the beginning of jsome apoca-
lyptic novel of nuclear war. Unfortu-
nately, the explanation is more prosaic
and more frightening. The explosion
near the Podkamennaya Tunguska River
in 1908 was caused by the‘collision of a
fragment of cosmic debris with the
Earth’s atmosphere (S&T: January,
1984, page 18). s

The most frightening aspect of the
Tunguska event is that the colliding

-

object was probably a giece of ice and

accept that such catastrophes have caused
the great dyings. ‘We don’t need an
impact,’ I have heard over and over from
paleontologists. ‘We can explain mass
extinctions with earthly causes.”’’ Perhaps
these paleontologists have never raised
their eyes to look at the Moon.

The lunar impact record is incontrovert-
ible, and its extrapolation to our own
planet is straightforward. The Earth exists
in a cosmic shooting gallery, and impact-
induced catastrophes have been a part of
its natural history for billions of years. In
the future, astronomers, geoscientists,
ecologists, and biologists will have to
work together to understand how such
events have influenced the evolution &

of our planet and its life.

David Morrison, who directs the Space
Science Division of NASA’s Ames Research
Center, studies asteroids and outer-planet satel-
lites. Clark Chapman is a research scientist at
the Planetary Science Institute in Tucson, Ari-
zona, a division of Science Applications Interna-
tional Corp. His work involves the origin and
evolution of planets. Both authors have many
popular publications to their credit, including
the recent book Cosmic Catastrophes.
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rock no bigger than about 100 meters in
diameter.” Despite decades of searching,
astronomers have never spotted an ob-
ject this small in space. Yet many tens of
thousands of them must exist.

Trees near the Podkamennaya Tunguska
River in Siberia still looked devastated
nearly 20 years after being flattened by the
airborne explosion of a chunk of interplane-
tary debris in 1908. The Tunguska event
was the most violent impact of the 20th
century. Courtesy Novosti Press Agency.
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