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Extraterrestrial Cause for the
Cretaceous-Tertiary Extinc tion ^riwo-~
Experimentalresults and theoretical interpreltation
Luis W. Alvarez, Walter Alvarez, Frank Asaro, Helen V. Michel

In the 570-million-year period for
which abundantfossil remainsare available, there have been five great biological crises, duringwhich many groups of
organismsdied out. The most recent of
the great extinctions is used to definethe
boundary between the Cretaceous and
Tertiaryperiods, about 65 million years

microscopic floating animalsand plants;
both the calcareous planktonic foraminiferaand the calcaresousnannoplankton
were nearly extermiinated, with only a
few species surviving
; the crisis. On the
other hand, some gr<
oups were little affected, includingthe land plants, crocodiles, snakes, mammials, and manykinds

Summary.Platinummetals are depleted in the earth'scrust relcativeto theircosmic
abundance;concentrationsof these elements in deep-sea sedirments may thus inmaterial.Deep-sea limestones ex:posedin Italy,Dendicate influxesof extraterrestrial
mark,and New Zealand show iridiumincreases of about 30, 16(3, and 20 times, respectively, above the backgroundlevel at precisely the time of tthe Cretaceous-Tertiaryextinctions,65 millionyears ago. Reasons are given to indicalte thatthis iridiumis
of extraterrestrial
origin,but did not come froma nearbysuperno>va.A hypothesis is
suggested which accounts for the extinctionsand the iridiumobs(ervations.Impactof
a large earth-crossingasteroidwouldinjectabout 60 times the object's mass intothe
atmosphereas pulverizedrock;a fractionof this dust wouldstay in the stratosphere
for several years and be distributedworldwide.The resultingdcarknesswould suppress photosynthesis,and the expected biologicalconsequences matchquiteclosely
the extinctionsobserved in the paleontologicalrecord.One predictionof this hypothesis has been verified:the chemicalcompositionof the boundaryclay, whichis thought
to come fromthe stratosphericdust, is markedlydifferentfromthait of clay mixedwith
the Cretaceous and Tertiarylimestones, which are chemicallysiimilarto each other.
Fourdifferentindependentestimates of the diameterof the asteroid give values that
lie in the range 10 + 4 kilometers.
ago. At this time, the marinereptiles,th'e
flying reptiles, and both orders of dinosaurs died out (1), and extinctions occurred at various taxonomic levels
among the marine invertebrates. Dramatic extinctions occurred among the
SCIENCE, VOL. 208, 6 JUNE 1980

of invertebrates. Russell (2) concludes
that abouthalf of the generalivingat that
time perished during the extinction
event.
Many hypotheses have been proposed
to explainthe Cretaceous-Tertiary(C-T)
0036-8075/80/0606-1095$02.00/0

extinctions (3, 4), and two recent meetings on the topic (5, 6) producedno sign
of a consensus. Suggested causes include gradualor rapid changes in oceanographic, atmospheric, or climatic conditions (7) due to a random (8) or a cyclical (9) coincidence of causative factors; a magnetic reversal (10); a nearby
supernova (11); and the flooding of the
ocean surfaceby fresh waterfroma postulated arctic lake (12).
A major obstacle to determiningthe
cause of the extinctionis that virtuallyall
the available information on events at
the time of the crisis deals with biological
changes seen in the paleontologicalrecord and is therefore inherentlyindirect.
Little physical evidence is available,and
it also is indirect. This includes variations in stable oxygen and carbonisotopic ratios across the boundaryin pelagic
sediments, which may reflect changes in
temperature,salinity, oxygenation, and
organicproductivityof the ocean water,
and which are not easy to interpret(13,
14). These isotopic changes are not particularly striking and, taken by themselves, would not suggest a dramatic
crisis. Small changes in minorand trace
element levels at the C-T boundaryhave
been noted from limestone sections in
Denmark and Italy (15), but these data
also present interpretationaldifficulties.
It is noteworthy that in pelagic marine
sequences, where nearly continuous
deposition is to be expected, the C-T
boundaryis commonly markedby a hiatus (3, 16).
In this article we present direct physical evidence for an unusualevent at exactly the time of the extinctions in the
planktonic realm. None of the current
hypotheses adequately accounts for this
evidence, but we have developed a hypothesis that appears to offer a satisfactory explanationfor nearly all the available paleontological and physical evidence.
Luis Alvarez is professor emeritus of physics at
Lawrence Berkeley Laboratory, University of California, Berkeley 94720. Walter Alvarez is an associate professor in the Department of Geology and
Geophysics, University of California, Berkeley.
Frank Asaro is a senior scientist and Helen Michel is
a staff scientist in the Energy and Environment Division of Lawrence Berkeley Laboratory.
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Identificationof Extraterrestrial
PlatinumMetalsin Deep-SeaSediments
This study began with the realization
that the platinumgroup elements (platinum, iridium, osmium, and rhodium)
are much less abundant in the earth's
crust and upper mantle than they are in
chondriticmeteorites and average solar
system material. Depletion of the platinum group elements in the earth's crust
and upper mantle is probablythe result
of concentrationof these elements in the
earth's core.
Pettersson and Rotschi (17) and Goldschmidt(18) suggested that the low concentrations of platinum group elements
in sedimentaryrocks mightcome largely
from meteoriticdust formed by ablation
when meteorites passed throughthe atmosphere. Barker and Anders (19)
showed that there was a correlationbetween sedimentation rate and iridium
concentration, confirming the earlier
suggestions. Subsequently, the method
was used by Ganapathy,Brownlee, and
Hodge (20) to demonstrate an extraterrestrialoriginfor silicate spherulesin
deep-sea sediments. Sarna-Wojcickiet
al. (21) suggestedthat meteoriticdust accumulationin soil layers might enhance
the abundanceof iridium sufficientlyto
permitits use as a datingtool. Recently,
Crocket and Kuo (22) reported iridium abundances in deep-sea sediments

and summarizedother previous work.
Considerations of this type (23)
promptedus to measurethe iridiumconcentrationin the 1-centimeter-thickclay
layer that marks the C-T boundary in
some sections in the Umbrian Apennines, in the hope of determiningthe
length of time representedby that layer.
Iridiumcan easily be determinedat low
levels by neutron activation analysis
(NAA) (24) because of its large capture
cross section for slow neutrons,and because some of the gammarays given off
during de-excitation of the decay product are not maskedby othergammarays.
The other platinum group elements are
more difficultto determineby NAA.
Italian Stratigraphic Sections

Manyaspects of earth historyare best
recorded in pelagic sedimentaryrocks,
which graduallyaccumulate in the relatively quiet waters of the deep sea as individual grains settle to the bottom. In
the UmbrianApennines of northernpeninsularItaly there are exposures of pelagic sedimentaryrocks representingthe
time from Early Jurassic to Oligocene,
around 185 to 30 million years ago (25).
The C-T boundaryoccurs within a portion of the sequence formed by pink
limestone containing a variable amount
of clay. This limestone, the Scaglia ros-

Fig. 1. Photomicrographsof (a) the basal
bed of the Tertiary,
showing Globigerina
eugubina, and (b) the
top bed of the Cretaceous, in which the
largest foraminiferis
Globotruncana contusa. Both sections
are from the Bottaccione section at Gubbio; they are shown at
the same scale and
the bar in (a) is 1 mm
long.
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sa, has a matrixof coccoliths and cocco0
lith fragments (calcite platelets, on the
order of 1 micrometerin size, secreted
by algae living in the surfacewaters)and
a rich assemblage of foraminiferaltests
(calcite shells, generallyin the size range
0.1 to 2.0 millimeters, produced by
single-celledanimalsthat floatin the surface waters).
In some Umbrian sections there is a
hiatus in the sedimentaryrecord across
the C-T boundary,sometimeswith signs
of soft-sedimentslumping.Wherethe sequence is apparentlycomplete, foraminifera typical of the Upper Cretaceous
(notably the genus Globotruncana)disappearabruptlyand are replacedby the
basal Tertiary foraminifer Globigerina
eugubina(16,26). This changeis easy to
recognize because G. eugubina, unlike
the globotruncanids,is too small to see
with the nakedeye or the handlens (Fig.
1). The coccoliths also show anabrupt
change, with disappearance of Cretaceous forms, at exactly the same level
as the foraminiferal change, although
this was not recognized until more recently (27).
In well-exposed, complete sections
there is a bed of clay about 1 cm thick
between the highest Cretaceousand the
lowest Tertiarylimestone beds (28). This
bed is free of primaryCaCO3,so there is
no record of the biological changes during the time interval representedby the
clay. The boundaryis furthermarkedby
a zone in the uppermost Cretaceous in
which the normally pink limestone is
white in color. This zone is 0.3 to 1.0 mieter thick, varying from section to section. Its lower boundaryis a gradational
color change; its upper boundary is
abruptand coincides with the faunaland
floral extinctions. In one section (Cohtessa) we can see that the lower S mif of
the boundaryclay is gray andthe upper5
mm is red, thus placingthe upperboundary of the zone in the middleof the clay
layer.
The best known of the Umbriansections is in the Bottaccione Gorge near
Gubbio. Here some of the first work on
the identificationof foraminiferain thin
section was carried out (29); the oldest
known Tertiary foraminifer, G. eugubina, was recognized, named, and
used to definethe basal Tertiarybiozone
(16, 26); the geomagnetic reversal
stratigraphyof the Upper Cretaceous
and Paleocene was established, correlated to the marinemagneticanomalysequence, and dated with foraminifera
(30); and the extinction of most of the
nannoplanktonwas shown to be synchronous with the disappearanceof the
genus Globotruncana(27).
SCIENCE, VOL. 208

Results from the Italian Sections
Our first experiments involved NAA
of nine samples from the Bottaccione
section (two limestone samples from immediately above and below the boundary
plus seven limestone samples spaced
over 325 m of the Cretaceous). This was
supplemented by three samples from the
nearby Contessa section (two from the
boundary clay and one from the basal
Tertiary bed). Stratigraphic positions of
these samples are shown in Fig. 2.
Twenty-eight elements were selected
for study because of their favorable nuclear properties, especially neutron capture cross sections, half-lives, and gamma-ray energies. The results of these
analyses are presented in Fig. 3 on a logarithmic plot to facilitate comparison of
the relative changes in elements over a
wide range of concentrations. The only
preparation given to these samples was
removal of the CaCO3 fraction by dissolution in dilute nitric acid. Figure 3
shows elemental abundances as gram of
element per gram of insoluble clay residue. The limestones generally contain
about 5 percent clay. The boundary clay
layer contains about 50 percent CaCO3,
but this is coarse-grained calcite that
probably crystallized during deformation
long after deposition. Chemical yields of
iridium in the acid-insoluble fraction averaged 44 percent for the red and gray
Contessa boundary clays, and this value
was assumed for all the other samples.
Twenty-seven of the 28 elements show
very similar patterns of abundance variation, but iridium shows a grossly different behavior; it increases by a factor
of about 30 in coincidence with the C-T
boundary, whereas none of the other elements as much as doubles with respect
to an "average behavior" shown in the
lower right panel of Fig. 3. Figure 4
shows a typical gamma-ray spectrum
used to measure the Ir abundance, 5.5
parts per billion (ppb).
In follow-up experiments we analyzed
five more samples from the Bottaccione
section, eight from Gorgo a Cerbara (28
kilometers north of Gubbio), and four
large samples of the boundary clay from
the two sections near Gubbio and two
sections about 30 km to the north (31).
The chemical yield of iridium in the acidinsoluble fraction was 95 ? 5 percent for
the Contessa boundary clay, and a 100
percent yield was assumed for all the
other samples.
Figure 5 shows the results of 29 Ir
analyses completed on Italian samples.
Note that the section is enlarged and that
the scale is linear in the vicinity of the CT boundary, where details are important,
6 JUNE 1980

but changes to logarithmic to show results from 350 m below to 50 m above the
boundary. It is also important to note
that analyses from five stratigraphic sections are plotted on the same diagram on
the basis of their stratigraphic position
above or below the boundary. Because
slight differences in sedimentation rate
probably exist from one section to the
next, the chronologic sequence of samples from different sections may not be
exactly correct. Nevertheless, Fig. 5

a

b

gives a clear picture of the general trend
of iridium concentrations as a function of
stratigraphic level.
The pattern, based especially on the
samples from the Bottaccione Gorge and
Gorgo a Cerbara, shows a steady background level of- 0.3 ppb throughout the
Upper Cretaceous, continuing into the
uppermost bed of the Cretaceous. The
background level in the acid-insoluble
residues is roughly comparable to the
iridium abundance measured by other
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workers (19, 22, 32) in deep-sea clay
sediments.This level increases abruptly,
by a factor of more than 30, to 9.1 ppb,
the Ir abundancein the red clay fromthe
Contessa section. Iridiumlevels are high
in clay residuesfrom the firstfew beds of
Tertiarylimestone, but fall off to background levels by 1 m above the boundary. For comparison, the upper dashed
line in Fig. 5 shows an exponentialdecay
from the boundary clay Ir level with a
half-heightof 4.6 cm.
To test the possibility that iridium
might somehow be concentratedin clay
layers, we subsequently analyzed two
red clay samples from a short distance
below the C-T boundary in the Bottaccione section. One is from a distinctive clay layer 5 to 6 mm thick, 1.73 m
below the boundary;the other is from a
1- to 2-mmbedding-planeclay seam 0.85
m below the boundary. The whole-rock
analyses of these clays showed no detectable Ir with limits of 0.5 and 0.24
ppb, respectively. Thus neitherclay layers from below the C-T boundary nor
clay components in the limestone show
evidence of Ir above the backgroundlevel.

lo-IO

The Danish Section

To test whetherthe iridiumanomalyis
a local Italianfeature, it was desirableto
analyze sediments of similar age from
another region. The sea cliff of Stevns
Klint, about50 km south of Copenhagen,
is a classical area for the C-T boundary
and for the Danian or basal stage of the
Tertiary. A collection of up-to-datepapers on this and nearby areas has recently been published, which includes
a full bibliography of earlier works
(6, vol. 1).
Our samples were taken at H0jerup
Church(33). At this locality the Maastrichtian, or uppermost Cretaceous, is
represented by white chalk containing
black chert nodules in undulatinglayers
with amplitudes of a few meters and
wavelengthsof 10to 50 m (14). These undulations are considered to represent
bryozoanbanks (34). The C-T boundary
is markedby the Fiskeler, or fish clay,
which is up to 35 cm thick in the deepest
parts of the basins between bryozoan
banks(14) but commonlyonly a few centimeters thick, thinningor disappearing,
over the tops of the banks. The fish clay

Ippb

I ppm

j0-4

10-6

at HojerupChurchwas studied in detail
by Christensen et al. (14), who subdivided it into four thin layers; we analyzed a sample mixing the two internal
layers (unitsIII and IV of Christensenet
al.). These layers are black or darkgray,
and the lower one contains pyrite concretions; the layers below and above (II
and V) are light gray in color. Undisturbedlaminationin bed IV suggeststhat
no bottom fauna was present duringits
deposition (14). Above the fish clay, the
Cerithiumlimestoneis presentto a thickness of about 50 cm in the small basins,
disappearingover the banks. It is hard,
yellowish in color, and cut by abundant
burrows.Above this is a thick bryozoan
limestone.
The presence of a thin clay layerat the
C-T boundary in both the Italian and
Danish sections is quite striking. However, there are notable differences as
well. The Danish sequence was clearly
deposited in shallower water (35), and
the Danishlimestones preservean extensive bottom-dwellingfauna of bivalves
(36), echinoderms (37), bryozoans/(38),
and corals (39).
Foraminiferal(40) and coccolith (41)

i0o'
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Fig. 3. Abundancevariationsof 28 elements in 12 samplesfrom two Gubbiosections. Flags on "averagerareearth" diagramare ? 30 percent
and include all rare earth data.
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zonation indicates that the C-T boundaries at Gubbio and Stevns Klint are at
least approximately contemporaneous,
and they may well be exactly synchronous. However, no paleomagnetic results are available from Stevns Klint, so
synchroneity cannot be tested by reversal stratigraphy.

the atomic number position of iridium.
Iridium has been detected (45) in a warm
spring on Mount Hood in northern California at a level of 7 x 10-12 g per gram
of water, and in two cold-water sources
at levels of 3 x 10-13 to 4 x 10-'3 g per
gram of water. Many other cold-water
sources in this area had Ir levels less
than 1 x 10-13 g/g.

The Boundary Layers
The whole-rock composition of the
Contessa boundary layer (a mixture of
red and gray clay) is shown in Table 3.
There are two recognizable sublayers,
each about 0.5 cm thick, the upper being
red in color and the lower gray. The elemental iron content, which may explain

Results from the Danish Section
Seven samples were taken from near
the C-T boundary (Fig. 6). Fractions of
each sample were treated with dilute nitric acid, and the residues were filtered,
washed, and heated to 800?C. The yield
of acid-insoluble residue was 44.5 percent for the boundary fish clay and varied from 0.62 to 3.3 percent for the pelagic limestones (Table 1).
Neutron activation analysis (24) and xray fluorescence (XRF) (42, 43) measurements were made on all seven samples
both before and after the acid treatment.
This measurement regime was more sophisticated than that used for the Italian
sections studied earlier, and 48 elements
were determined.
The Cretaceous and Tertiary acid-insoluble residues were each rather homogeneous in all of the measured elements, and the two groups were only
slightly different from each other. The
residue from the clay boundary layer
was much different in composition
(Figs. 7 and 8 and Table 2), and this suggested a different source for the boundary clay.
As shown in Table 1, the Ir in the
boundary layer residue rises by about a
factor of 160 over the background level
(- 0.26 ppb). A 1-cm thickness of this
layer would have about 72 x 10-9 gram
of Ir per square centimeter. To test
whether there is enough Ir in the seawater to contribute to this value, we
made a measurement of the Ir in the
ocean off the central California coast. In
water passed through a 0.45-,tm filter Ir
was undetected, giving an upper limit of
4 x 10-13g of Ir per gram of seawater. If
the depth of the shallow ancient Danish
sea is assumed to be less than 100 m and
our limit for Ir in seawater is applicable,
then the maximum Ir in the 100-m column of water should be 4 x 10-9 g/cm2,
almost a factor of 20 lower than the observed value. So there was probably not
enough Ir stored in the seawater to explain the amount observed in the Danish
boundary. Iridium has apparently not
been detected in seawater. One tabulated result (44) contains a typographical
error that places the value for indium in
6 JUNE 1980
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the color, is significantly higher in the
residue of the red layer (7.7 versus 4.5
percent) than in the gray, and so is the
Ir (9.1 ? 0.6 versus 4.0 ? 0.6 ppb).
Boundary samples were analyzed from
the Bottaccione Gorge nearby and two
other areas about 30 km to the north.
In samples taken near the Italian
boundarylayer, the chemical compositions of all clay fractions were roughly
the same except for the elementIr. However, thereare discernibledifferences,as
shown in Fig. 9, which suggest that at
least partof the boundarylayer clay had
a different origin than the Cretaceous
and Tertiaryclays.
The Danish C-T boundary clay is
somewhat thicker than 1 cm and is divided into four layers, as mentionedearlier. Only a single mixed samplefromthe
two middle layers was measured, so no
informationis available on the chemical
variationswithin the boundary.The averageIr abundanceis 29 ppb in the whole
rock or 65 ppb based on the weight of
acid-insolubleresidue.
The whole-rock abundancesand mineral compositionof the Danishboundary
clay are shown in Table 3, and the abundances of pertinent trace elements are
shown in Table2. The majorsilicate minerals that must be present were not detected, so the other mineralabundances
were normalizedto give the amount of
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acid. The whole-rock abundance was 28.6 + 1.3
ppb.

calcite expected from the calcium measurement.The boundaryclay fractionis
far different chemically from the limestone clay fractions above and below,
which are similarto each other. Pyrite is
present in the boundary clay, and elements that form water-insolublesulfides
are greatly enhanced in this layer. The
trace elements that are depleted are
those that often appear as clay components. The element magnesiumis an

30

To test whether the anomalous iridium
at the C-T boundary in the Gubbio sections is of extraterrestrial origin, we considered the increases in 27 of the 28 elements measured by NAA that would be
expected if the iridium in excess of the
background level came from a source
with the average composition of the
earth's crust. The crustal Ir abundance,
less than 0.1 ppb (19, 22), is too small to
be a worldwide source for material with
an Ir abundance of 6.3 ppb, as found
near Gubbio. Extraterrestrial sources
with Ir levels of hundreds of parts per
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exception. Its enhancementmay be due
to replacementof iron in the clay lattices
in the sulfide environment or to a different, more mafic source for the boundary layer clay than for the Tertiaryand
Cretaceousclays.
Recent unpublished work by D. A.
Russellof the NationalMuseumsof Canada and by the present authors has
shown that the boundary layer wholerock concentrationof Ir in a section near
Woodside Creek, New Zealand, is approximately 20 times the average concentration in the adjacent Cretaceous
and Tertiarylimestones.
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billion or higher are more likely to have
produced the Ir anomaly. Figure 10
shows that if the source had an average
earth'scrust composition (46), increases
sinificantly above those observed
would be expected in all 27 elements.
However, for a source with averagecarboceoOus chondrite composition (46),
Onlynickel should show an elementalincrease greater than that observed. As
shown in Fig. 11, such an increase in
nikel was not observed, but the predicted effect is small and, given appropriate
conditions, nickel oxide would dissolve
in seawater (47). We conclude that the
patternof elemental abundances in the
Qubbio sections is compatible with an
extraterrestrialsource for the anomalous
iidium and incompatiblewith a crustal
source.
The Danishboundarylayer, which has
much more Ir than the Italian C-T clay,
is even less likely to have had a crustal
origin. Rocks from the upper mantle
(which has more Ir than the crust) have
less than 20 ppb (48) and are thereforean
unlikely worldwide source. There are,
however, localized terrestrial sources
with much higherIr abundances;for example, nickel sulfide and chromite ores
(48) have Ir levels of hundredsand thousands of parts per billion, respectively.
The Danish boundary layer, however,
4dos not have enough nickel [506 parts
per million (ppm)] or chromium (165
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ppm)to explain its Ir in this fashion, unless the marine chemistry concentrated
Ir preferentially(even in the sulfideenvironment)and disposed of the other elements elsewhere. The probability of

these effects occurringworldwideseems
less likely than an extraterrestrialorigin
for the Ir.
We next consider whether the Ir
anomalyis due to an abnormalinflux of

Table 2. Abundanceof trace elements in the Danish boundarylayer (partsper million).
Elementment

(1)
Abundancein
whole rock/
abundanceof
residue*

(2)
Abundance
in residue*

Zn$
As
Se?
MO
Ag?
Ip?
Sb
?Ba
.
Ir
Pbt

Enhanced elementst
+ 27
330
391
+
358
371
+ 13
57.2
+
141.6 ? 1.8
479
31
1137
93
+
167
+ 14
378
1027
+
+ 49
? 8
68
96
+
? 0.6
46.5
12.1 +
? 2.5
29.0
20.3
+
3.5
2.6
+
+ 0.9
0.245 + 0.022
0.086 ?
+ 0.4
6.7
8.0
+
747
1175
+
+ 16
0.0416 +
0.0643 + 0.0029
? 14
28
64
+

Sc
a
0Gu
$Sr:
Au

20.74
30
1465
< 0.12

V
Cr
Co
Ni

Cui:

Otherelementst
14.30
+ 0.16
19.8
+ 6
48.1
+ 72
0.027

+
+
+
?

31
9
0.7
14
6
18
4
0.3
1.4
0.7
0.019
0.4
11
0.0018
7
0.14
3.0
2.4
0.007

Elem
ment

Mn
Rb
Y:
Zrt
Nbt
Cs
La
Ce
Nd
Sm
Eu
Tb
Dy
Yb
Lu
Hf
Ta
Th
U

(1)
Abundancein
whole rock/
abundanceof
residue

(2)
Abundance
in residue

Depleted elements
102.0 + 1.3
21.3 + 0.5
? 7
27
35
+4
+ 6
79
6.3 + 1.8
? 6
11
144
125
1.8
8
6.1
+ 4
1.87 + 0.19
1.51 ? 0.14
61.1 + 1.6
6.8 +0.4
57.0 + 1.2
9.7 + 0.6
63.4 ? 2.7
5.4 + 0.6
11.93 + 0.08
0.781 + 0.008
2.76 + 0.11
0.121 + 0.010
1.84 + 0.04
0.148 + 0.014
11.24 + 0.12
0.908 + 0.033
5.02 + 0.09
0.56 ? 0.05
0.553 + 0.031
0.083 ? 0.004
4.34 ? 0.16
3.88 + 0.07
0.508 ? 0.011
0.500 + 0.005
7.1 + 0.4
1.28 - 0.06
8.63 + 0.09
0.918 + 0.024

*Column1 minuscolumn2 is the amountof an elementthatdissolvedin the acid or was lost in the firing;abundanceof residue = 44.5 percent.

tElementsV, Ag,

audIn are at least 20 percent and all other "enhancedelements" are at least a factor of 3 more abundantin the boundaryresiduethan in the other residues. All

"deplted elements"are at least 20 percentless abundantin the boundaryresiduethan in the otherresidues. "Otherelements"do not show a consistentpatternof
?Flux monitorswere used in the NAA measurementsof these elements.
SMeasuredby hardXRF (43).
boundaryresidueabundancesrelativeto the others.
The indicatederrorsare applicablefor comparingthe two entriesfor a given element, but calibrationuncertaintiesof possibly 10 to 20 percent must be considered
when the values are used for other purposes.
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extraterrestrial material at the time of the
extinctions, or whether it was formed by
the normal, slow accumulation of meteoritic material (19), followed by concentration in the boundary rocks by some
identifiable mechanism.
There is prima facie evidence for an
abnormal influx in the observations that
the excess iridium occurs exactly at the
time of one of the extinctions; that the
extinctions were extraordinary events,
which may well indicate an extraordinary cause; that the extinctions were
clearly worldwide; and that the iridium
anomaly is now known from two different areas in western Europe and in
New Zealand. Furthermore, we will show
in a later section that impact of a 10-km
earth-crossing asteroid, an event that
probably occurs with about the same frequency as major extinctions, may have
produced the observed physical and biological effects. Nevertheless, one can invent two other scenarios that might lead

to concentration of normal background
iridium at the boundary. These appear to
be much less likely than the sudden-influx model, but we cannot definitely rule
out either one at present.
The first scenario requires a physical
or chemical change in the ocean waters
at the time of the extinctions, leading to
extraction of iridium resident in the seawater. This would require iridium concentrations in seawater that are higher
than those presently observed. In addition, it suggests that the positive iridium
anomaly should be accompanied by a
compensating negative anomaly immediately above, but this is not seen.
The second scenario postulates a reduction in the deposition rate of all components of the pelagic sediment except
for the meteoritic dust that carries the
concentrated iridium. This scenario requires removal of clay but not of iridiumbearing particles, perhaps by currents of
exactly the right velocity. These currents

must have affected both the Italian and
Danish areas at exactly the time of the
C-T extinctions, but at none of the other
times represented by our samples. We
feel that this scenario is too contrived, a
conclusion that is justified in more detail
elsewhere (23).
In summary, we conclude that the
anomalous iridium concentration at the
C-T boundary is best interpreted as indicating an abnormal influx of extraterrestrial material.
Negative Results of Tests for the
Supernova Hypothesis
Considerable attention has been given
to the hypothesis that the C-T extinctions were the result of a nearby supernova (11). A rough calculation of the
distance from the assumed supernova to
the solar system, using the measured
surface density of iridium in the Gubbio
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boundarylayer and the amount of iridium expected to be blown off in the supernova explosion, gives about 0.1 lightyear. The probabilityis about 10-9 (49)
that, duringthe last 100 millionyears, a
supernovaoccurred within this distance
from the sun. Any mechanismwith such
a low a prioriprobabilityis obviously a
one-time-onlytheory. Nevertheless, because the theory could be subjected to
direct experimentaltests, it was treated
as a realpossibilityuntilwe obtainedtwo
other independent pieces of evidence
that forced us to reject it.
Elements heavier than nickel can be
produced in stars only by neutron capture followed by beta decay. The most
intense source of neutrons so far postulated is that producedby the gravitational collapse of the core of a starthat leads
immediatelyto a supernova explosion.
In this environmentthe rapidcapture of
neutrons("r process") leads to the formation of the heaviest known isotopes.
The slower captureof neutronsby heavy
isotopes in highly evolved stars ("s process") leads to a different mix of isotopes (50).

samples were obtained-no carriers
were added. Chemical separationswere
also performedon the plutoniumfraction
after the neutron irradiation.No significant gammaradiationwas observed, other than that associated with the plutonium isotopes. In order to measure our
chemicalyields, Gubbioacid-solubleand
acid-insolubleresidues were spiked with
smallamountsof 238Putracer.This plutoniumisotope is easily detectablethrough
its alpha decay, as its half-life is only
87.7 years. In addition, one of the samples was spiked with 244Pu. Figure 12a

shows the gamma-ray spectrum of the

time of the creation of the solar system,
about 4.7 billion years ago, would have
decayedby 58 half-lives, or by a factorof
1017, which would make it quite undetectable in the Gubbio section by
the most sensitive techniques available.
If the C-T extinctions were due to a supernova, and if this were the source of
the anomalous Ir, each Ir atom should
have been accompanied by about 10-3
244Puatom, and this 244Pu
would have decayed by only a factor of 2.
Plutonium-244is easily detected both
by mass spectrometryand by NAA. The
former is more sensitive, but the latter
was immediately available. In NAA,
which we utilized, 244Puis converted to
245Pu,

which has a half-life of 10 hours

and emits many characteristic gamma
rays and x-rays. Plutonium was chemically separatedfrom 25- and 50-g batches of boundary clay and from a 50-g
batch of bedding clay from below the
C-T boundary, and nearly "mass-free"
6 JUNE 1980

freedomof the purifiedsamplefrom other elements that might interferewith the
detection of 244PU.The plutonium isotop-

ic ratios in this sample and in the tracer
were also measured with a single-direction-focusingmass spectrometer5 feet in
radius.
No 244pUwas detected in the Gubbio

samples(Fig. 12b), with a detection limit
of less than 10percent of the amountthat
would be expected to accompany the
measurediridiumif a supernovawere re-

Th

Fig. 9. Some of the
element abundances
measured in acid-insoluble residues of
Cretaceous, boundary
layer, and Tertiary
near
Gubrocks
bio. Data include all
samples from that
area measured within
19 m of the boundary.
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Table 3. Whole-rock composition of the Gubbio and Danish boundary layers (percent).
Abundance in boundary layert
Element* or
mineral

Gubbio
(Contessa)
measured

SiO2
A1203
FeO
MgO
CaO
Na2O
K20
TiO2
S2P043C02?
X Trace elements

27.7
+ 0.6
12.19 + 0.15
4.53 + 0.05
1.10 + 0.07
22.6
+ 0.4
0.1806 ? 0.0036
2.46 ? 0.20
0.521 ? 0.022
Not detected
Not detected
? 0.3
17.7
- 0.2

Sum
Differencell
Calcite
Quartz
Pyrite
Illite

89.2
10.8

? 0.8
? 0.8

Denmark
Measured
29.0
8.01
4.35
3.07
23.1
0.0888
0.38
0.324
0.92
18.4
-

+ 0.6
+ 0.17
+ 0.04
+ 0.10
? 0.4
? 0.0018
? 0.04
? 0.016
1.1
? 0.09
? 0.3
0.3

90.3
9.7

? 1.0
? 1.0
- 90
5-7
-5
2-3

Normalized

41.5 (norm)
- 3
-2
-1

*Abundancevaluesare for elementexpressedas formshown.
tElementsSi, Ca, Mg, S, P, andGubbioTi
were measuredby soft XRF (42). Some S may be lost in this samplepreparationprocedure.The DenmarkTi
was measuredby hardXRF (43). All othermeasurementswere by NAA. Mineralanalyseswere done by M.
Ghiorsoand I. S. E. Carmichaelby x-raydiffraction. *TotalFe expressedas FeO.
?The CO2abundance was calculatedfrom the Ca abundanceby assumingall Ca was present as the carbonate. l(The
differenceis mainlywater and organicmaterial.
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test whether a supernova was responsible for the iridium anomaly involved a
measurement of the isotopic ratio of iridium in the boundary material. Iridium
has two stable isotopes, 191 and 193,
which would be expected to occur in
about the same relative abundances, 37.3
to 62.7 percent, in all solar system mate-

sponsible for the latter. The ocean, however, can produce chemical and physical
changes in depositing materials as well
as diagenetic alterations in the deposited
sediments, so the absence of measurable
244Pu
is not an absolutely conclusive argument.
The second method that was used to
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Fig. 12. Gamma-ray
spectra of Pu fractions from acid-insoluble residues of irradiated boundary
layer clay samples
from Gubbio. (a)
Sample had been
spiked with 244Puand
238Pucontainingrelatively small amounts
of 239Pu, 240Pu,
242pu. Dashed
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and

lines
show expected energies and abundances
of 245Puand equilibrated daughterradiations normalizedto
the 327.2-keV gamma ray of 245Pu(not
shown). (b) Sample
had been spiked with
238Pucontainingrelatively small amounts
and
of 239Pu, 240P,
242pu.No 244Pu was

rial because of mixing the protosolar gas
cloud. However, different supernovas
should produce iridium with different
isotopic ratios because of differences in
the contributions of the r and s processes
occasioned by variations in neutron
fluxes, reaction times, and so on, from
one supernova to the next. According to
this generally accepted picture, solar
system iridium is a mixture of that element produced by all the supernovas
that ejected material into the gaseous
nebula that eventually condensed to
form the sun and its planets. A particular
supernova would produce Ir with an isotopic ratio that might differ from that of
solar system material by as much as a
factor of 2 (52).
We therefore compared the isotopic
ratio of Ir from the C-T boundary clay
with that of ordinary Ir, using NAA. This
is a new technique (23), which we developed because of the extreme difficulty of
determining Ir isotope ratios by mass
spectrometry. In our earlier analytical
work we used only the 74-day 192Ir,made
from 191Irby neutron capture. But in this
new work we also measured the 18-hour
'94Ir made from the heavier Ir isotope,
and extensive chemical separations before and after the neutron irradiations
were necessary. Figure 13 contrasts a
typical gamma-ray spectrum of the kind
used in the isotopic ratio measurement
with one used in an Ir abundance determination. This comparison demonstrates
the need for chemical purification of the
iridium fraction as well as the lack of major interfering radiations.
The final result is that the isotopic ratio of the boundary Ir differs by only
0.03 + 0.65 percent (mean + 1 standard
deviation) from that of the standard.
From this, we conclude that the '9Ir/'93Ir
ratio in the boundary layer and the standard do not differ significantly by more
than 1.5 percent. Therefore the anomalous Ir is very likely of solar system origin, and did not come from a supernova
or other source outside the solar system
(53)-for example, during passage of the
earth through the galactic arms. [In a
very recent paper, Napier and Clube
suggest that catastrophic events could
arise from the latter (54).]

340

350

After obtaining negative results in our
tests of the supernova hypothesis, we
were left with the question of what extraterrestrial source within the solar system
could supply the observed iridium and
also cause the extinctions. We considSCIENCE,
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ered and rejected a numberof hypotheses (23); finally, we found that an extension of the meteorite impact hypothesis
(55,56) provideda scenariothat explains
most or all of the biologicaland physical
evidence. In brief, our hypothesis suggests that an asteroid struck the earth,
formedan impactcrater, and some of the
dust-sizedmaterialejected from the crater reached the stratosphere and was
spread around the globe. This dust effectively prevented sunlightfrom reaching the surface for a period of several
years, until the dust settled to earth.
Loss of sunlight suppressed photosynthesis, and as a result most food chains
collapsed and the extinctions resulted.
Severallines of evidence supportthis hypothesis, as discussed in the next few
sections. The size of the impactingobject can be calculated from four independent sets of observations, with good
agreement among the four different diameterestimates.
Earth-Crossing Asteroids and
Earth Craters
Two quite different data bases show
that for the last billion years the earth
has been bombarded by a nearly constant flux of asteroids that cross the
earth's orbit. One data base comes from
astronomical observations of such asteroids and a tabulation of their orbital parameters and their distribution of diameters (57). Opik (58) computed that the
mean time to collision with the earth for
a given earth-crossing asteroid is about
200 million years. To a first approximation, the number of these objects with diameters greater than d drops roughly as
the inverse square of d. E. M. Shoemaker [cited in (59, 60)] and Wetherill
(60) independently estimated that there
are at present about 700 earth-crossing
asteroids with diameters greater than 1
km (Apollo objects), so there should be
about seven with diameters greater than
10 km. This assumes that the power law
with exponent -2 extends from the accessible 1-km-diameter range into the 10km-diameter range. If one accepts the
numbers given above, the mean time to
collision for an earth-crossing asteroid
with a diameter of 10 km or more would
be 200 million years divided by 7, or
- 30 million years. In a more sophisticated calculation, Shoemaker (61) estimates that a mean collision time of 100
million years is consistent with a diameter of 10 km, which is the value we will
adopt. A discussion of cratering data,
which leads to similar estimates, is given
6 JUNE 1980

in Grieve and Robertson's review article
(62) on the size and age distribution of
large impact craters on the earth. Rather
than present our lengthy justification (23)
for the estimates based on the cratering
data, we will simply report the evaluation of Grieve (63), who wrote: "I can
find nothing in your data that is at odds
with your premise." Grieve also estimates that the diameter of the crater
formed by the impact of a 10-km asteroid
would be about 200 km (63). This section
of our article has thus been greatly condensed now that we have heard from experienced students of the two data bases
involved.

ference is that extreme atmospheric turbulence would follow the impact. The asteroid would enter the atmosphere at
roughly 25 km/sec and would "punch a
hole" in the atmosphere about 10 km
across. The kinetic energy of the asteroid is approximately equivalent to that of
108 megatons of TNT.

Size of the Impacting Object

If we are correct in our hypothesis that
the C-T extinctions were due to the impact of an earth-crossing asteroid, there
are four independent ways to calculate
the size of the object. The four ways and
the results obtained are outlined below.
Krakatoa
1) The postulated size of the incoming
asteroid was first computed from the
The largest well-studied terrestrial ex- iridium measurements in the Italian secplosion in historical times was that of the tions, the tabulated Ir abundances (66) in
island volcano, Krakatoa, in the Sunda type I carbonaceous chondrites (CI),
Strait, between Java and Sumatra (64). which are considered to be typical solar
Since this event provides the best avail- system material, and the fraction of
able data on injection of dust into the erupted material estimated to end up in
stratosphere, we give here a brief sum- the stratosphere. If we neglect the latter
fraction for the moment, the asteroid
mary of relevant information.
On 26 and 27 August 1883, Krakatoa mass is given by M = sAlf, where s is
underwent volcanic eruptions that shot the surface density of Ir (measured at
an estimated 18 km3 of material into the Gubbio to be 8 x 10-9 g/cm2), A is the
atmosphere, of which about 4 km3 ended surface area of the earth, andf is the Ir
mass fractional abundance in CI meteorup in the stratosphere, where it stayed
for 2 to 2.5 years. Dust from the ex- ites (0.5 x 10-6). This preliminary value
plosion circled the globe, quickly giving of the asteroid mass, 7.4 x 1016g, is then
divided by the estimated fraction staying
rise to brilliant sunsets seen worldwide.
Recent measurements of the '4C injected in the stratosphere, 0.22, to give
into the atmosphere by nuclear bomb M = 3.4 x 1017g. The "Krakatoa fractests confirm the rapid mixing (about 1 tion," 0.22, is used simply because it is
year) between hemispheres (65). If we the only relevant number available. It
take the estimated dust mass in the could differ seriously from the correct
value, however, as the two explosions
stratosphere (4 km3 times the assumed
low density of 2 g/cm3) and spread it uni- are of quite different character. At a denformly over the globe, it amounts to sity of 2.2 g/cm3 (67), the diameter of the
1.6 x 10-3 g/cm2. This layer did not ab- asteroid would be 6.6 km.
sorb much of the incident radiation on a
2) The second estimate comes from
"straight-through" basis. However, if it data on earth-crossing asteroids and the
were increased by a factor of about 103(a craters they have made on the earth's
rough prediction of our theory), it is surface. In a sense, the second estimate
most probable that the sunlight would be comes from two quite different data
attenuated to a high degree.
bases-one from geology and the other
from astronomy. Calculations of the asSince the time for the colored sunsets
to disappear after Krakatoa is frequently
teroid diameter can be made from both
data bases, but they will not really be ingiven as 2 to 2.5 years, we have assumed
that the asteroid impact material in the dependent since the two data bases are
known to be consistent with each other.
stratosphere settled in a few years. Thus,
65 million years ago, day could have As shown in an earlier section, the most
been turned into night for a period of believable calculation of the mean time
several years, after which time the atmo- between collisions of the earth and astersphere would return relatively quickly to oids equal to or larger than 10 km in diameter is about 100 million years. The
its normal transparent state.
What happened during the Krakatoa smaller the diameter the more frequent
explosions can be expected to happento are the collisions, so our desire to fit not
a much greaterextent duringthe impact only the C-T extinction, but earlier ones
of a large asteroid. An interesting dif- as well, sets the mean time between ex1105

tinctions at about 100 million years and
the diameterat about 10 km.
3) The third method of estimatingthe
size of the asteroid comes from the possibility that the 1-cm boundarylayer at
Gubbioand Copenhagenis composed of
materialthat fell out of the stratosphere,
and is not related to the clay that is
mixed in with the limestone above and
below it. This is quite a surprisingprediction of the hypothesis, since the most
obvious explanationfor the originof the
clay is that it had the same source as the
clay impurity in the rest of the Cretaceous and Tertiarylimestone, and that
it is nearly free of primary CaCO3because the extinction temporarily destroyed the calcite-producingplankton
for about 5000 years. But as discussed
earlier,the materialin the boundarylayer is of a differentcharacterfromthe clay
above and below it, whereas the latter
two clays are very similar. To estimate
the diameterof the asteroid, one can use
the surfacedensity of the boundarylayer
(about 2.5 g/cm2),together with an estimate of the fraction of that material
which is of asteroidal origin. The asteroid diameteris then calculatedto be 7.5
km. The numbersused in this calculation
are the following: clay fraction in the
boundarylayer, 0.5; density of the asteroid, 2.2 g/cm3;mass of crustal material
thrown up per unit mass of asteroid,
- 60 (63);fractionof excavated material
deliveredto the stratosphere,0.22 (from
the Krakatoameasurements).If one uses
differentnumbers,the diameterchanges
only by the cube root of the ratioof input
values.
The first and the third methods are independent, even though they both depend on measurements made on the
boundarymaterial.This can best be appreciated by noting that if the Ir abundance were about the same in the earth's
crust as it is in meteorites, the iridium
anomaly seen in Fig. 5 would not exist.
Therefore,method 1 would not exist either. The fact that method3 could still be
used is the indicatorof the relative independence of the two methods.
4) The fourthmethodis not yet able to
set close limits on the mass of the incoming asteroid, but it leads to consistent results. This methodderivesfromthe
need to makethe sky much moreopaque
than it was in the years following the
Krakatoaexplosion. If it is assumedthat
the Krakatoadust cloud attenuatedthe
vertically incident sunlight by about 3
percent, then an explosion involving 33
times as much materialwould reduce the
light intensity to 1/e. The stratospheric
mass due to an explosion of the magnitude calculatedin the three earliermeth1106

ods-about 1000 times that of Krakatoa-would then be expected to reduce the sunlight to exp(-30) = 10-13.
This is, of course, muchmorelight attenuation than is needed to stop photosynthesis. But the model used in this simplistic calculation assumes that the dust
is a perfectabsorberof the incidentlight.
A reasonable albedo coupled with a
slight reductionin the mass of dust can
raise the light intensity under the assumed "optical depth" to

10-7

of normal

sunlight,correspondingto 10 percent of
full moonlight.
Although it is impossible to make an
accurate estimate of the asteroid's size
from the Krakatoa extrapolation, it
would have been necessary to abandon
the hypothesishad a serious discrepancy
been apparent. In the absence of good
measurementsof the solar constant in
the 1880's, it can only be said that the
fourthmethodleads to asteroidsizes that
are consistent with the other three.
Until we understand the reasons for
the factor of 10 differencein Ir contentof
the boundaryclay between Denmarkand
Italy, we will be faced with differentvalues for the asteroid diameter based on
the firstmethod.The "Danishdiameter"
is then 6.6 km x 101/"= 14 km. The second and third estimates are unchanged;
the second does not involve measurements made on the boundarylayer, and
the thirduses the thickness of the clay,
which is only slightlygreaterin Denmark
than in Italy. The fourthmethodis based
on such an uncertainattenuationvalue,
from Krakatoa, that it is not worth recalculating. We conclude that the data
are consistentwith an impactingasteroid
with a diameterof about 10 ?+4 km.
Biological Effects
A temporary absence of sunlight
would effectively shut off photosynthesis
and thus attack food chains at their origins. In a general way the effects to be
expected from such an event are what
one sees in the paleontological record of
the extinction.
The food chain in the open ocean is
based on microscopic floating plants,
such as the coccolith-producing algae,
which show a nearly complete extinction. The animals at successively
higher levels in this food chain were also
very strongly affected, with nearly total
extinction of the foraminifera and com-

plete disappearanceof the belemnites,
ammonites,and marinereptiles.
A second food chain is based on land
plants. Among these plants, existing individualswould die, or at least stop pro-

ducingnew growth, duringan intervalof
darkness, but after light returned they
would regenerate from seeds, spores,
and existing root systems. However, the
large herbivorous and carnivorous animals that were directly or indirectlydependent on this vegetation would become extinct. Russell (2) states that "no
terrestrialvertebrateheavier than about
25 kg is known to have survivedthe extinctions." Many smallerterrestrialvertebratesdid survive, includingthe ancestral mammals,and they may have been
able to do this by feeding on insects and
decaying vegetation.
The situation among shallow marine
bottom-dwelling invertebrates is less
clear; some groups became extinct and
others survived. A possible base for a
temporary food chain in this environment is nutrientsoriginatingfromdecaying land plants and animals and brought
by rivers to the shallow marinewaters.
We will not go furtherinto this matter,
but we refer the reader to the proceedings of the 1976 Ottawameeting on
the C-T extinctions. This volume reproduces an extensive discussionamongthe
participantsof what would happenif the
sunlight were temporarily"turned off"
(5, pp. 144-149). Those involved in the
discussionseemed to agreethat manyaspects of the extinction patterncould be
explainedby this mechanism,althougha
numberof puzzles remained.
We must note, finally, an aspect of the
biologicalrecordthat does not appearto
be in accordwith the asteroidimpacthypothesis or with any sudden, violent
mechanism.Extinction of the foraminifera and nannoplanktonoccurs withinreversed geomagnetic polarity zone Gubbio G- in the Gubbiosection (30). Butler
and co-workers(68, 69) have studiedthe
nonmarinesequence of the San JuanBasin of New Mexico and l,ave found a
polaritysequence that appearsto be correlated with the reversal sequence at
Gubbio.In the San JuanBasin, the highest dinosaurfossils are found in the normal polarityzone (anomaly29) that follows what is identifiedas the GubbioGzone. It would thus appearthat the dinosaur and foram-nannoplankton extinctions were not synchronous. (Extinctions occurringin the same polarity
zone in distantsections would not establish eithersynchroneityor diachroneity.)
Three commeits on the San Juan Basin
work have been published(70)callingattention to the possibility of an unconformity at the boundary, in which case
the correlationof the magneticpolarity
zones could be in error and the extinctions might still be synchronous.
Lindsay et al. (69) argue strongly against
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a majorhiatus, but admit that "the case
is not completely closed." Russell (71)
has noted stratigraphicevidence against
a diachronousextinction in the continental and marinerealm.
Resolutionof the question of whether
the extinctionscould have been synchronous will depend on further paleomagnetic studies. In the meantime we can
state that the asteroid impacthypothesis
predictsthat the apparentlydiachronous
timing of the foram-nannofossiland dinosaur extinctions will eventually be
shown to be incorrect.
Problemsin BoundaryClayComposition
One would expect from the simplest
considerationsof our hypothesisthat the
boundarylayer resultedfrom crustalmaterial (enriched in certain elements by
the asteroidal matter) that was distributed worldwide in the stratosphereand
then fell into the ocean. This material
would be subjected to chemical and
physical processes in the atmosphere
and then in the ocean, which would alter
the composition. The enhancements of
metals havingwater-insolublesulfidesin
the Danish C-T boundary compared to
the Italianmightbe relatedto an anaerobic environmentduringdepositionof the
formerand an aerobic one for the latter.
Hydrogen sulfide can be produced by
bacteriain oxygen-deficientwaters, and
this would precipitate those metals if
they were available. This would not,
however, explain the striking depletion
of some trace elements in the Danish
boundaryor its very high Ir abundance.
If chondritic Ir with an abundance of
-~ 500 ppb were diluted 60-fold with

crustalmaterial,the Ir abundanceshould

be - 8 ppb rather than the 65 ppb ob-

served. Possible solutions to these difficulties may arise when better estimates
of the extent of mixing of asteroidaland
terrestrialmaterialin the atmosphereare
made, and when the boundary layer
chemistry is studied at additionallocations and a better understandingof the
marinechemistryis achieved.

the probableintervalof about 100million
years between collisions with 10-km-diameter objects. Discussions of these extinction events generally list the organisms affected according to taxonomic
groupings; it would be more useful to
have this informationgiven in terms of
interpreted ecological or food-chain
groupings. It will also be importantto
carry out iridium analyses in complete
stratigraphicsections across these other
boundaries. However, E. Shoemaker
(private communication)predicts that if
some of the extinctions were caused by
the collision of a "fresh" comet (mostly
ice), the Ir anomaly would not be seen
even though the extinction mechanism
was via the same dust cloud of crustal
material, so the absence of a higher Ir
concentrationat, for example, the Permian-Triassicboundarywould not invalidate our hypothesis. Accordingto Shoemaker, cometary collisions in this size
rangecould be twice as frequentas asteroidal collisions.
Second, we would like to findthe crater produced by the impacting object.
Only three craters 100 km or more in diameter are known (62). Two of these
(Sudbury and Vredefort) are of Precambrian age. For the other, Popigay
Craterin Siberia, a stratigraphicage of
Late Cretaceousto Quaternaryand a potassium-argondate of 28.8 millionyears
(no furtherdetails given) have been reported (72, 73). Thus, Popigay Crateris
probably too young, and at 100-km-diameterprobablyalso too small, to be the
C-T impact site. There is about a 2/3
probability that the object fell in the
ocean. Since the probable diameter of
the object, 10 km, is twice the typical
oceanic depth, a crater would be produced on the ocean bottom and pulverized rock could be ejected. However, in
this event we are unlikely to findthe crater, since bathymetricinformationis not
sufficiently detailed and since a substantialportionof the pre-Tertiaryocean
has been subducted.
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No-Tillage Agriculture
Ronald E. Phillips, Robert L. Blevins, Grant W. Thomas
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ity of growing many different crops without tilling the soil (I-3).
In this article, we define conventional
tillage as moldboard plowing followed by
disking one or more times. By this method one obtains a loose, friable seedbed in
the surface 10 centimeters of soil. We define the no-tillage system (4) as one in
which the crop is planted either entirely
without tillage or with just sufficient tillage to allow placement and coverage of
the seed with soil to allow it to germinate
and emerge. Usually no further cultivation is done before harvesting. Weeds
and other competing vegetation are controlled by chemical herbicides. Soil
R. E. Phillipsand G. W. Thomasare professors amendments, such as lime and fertilizer,
andR. L. Blevinsand W. W. Fryeare associatepro- are applied to the soil surface.
fessors in the Departmentof Agronomy,College of
In pasture management, chemicals are
Agriculture, University of Kentucky, Lexington
40546. S. H. Phillipsis assistantdirectorof the Co- used as a substitute for tillage, herbicides
Lexfor
Extension
Service
Agriculture,
operative
being used to restrict growth and comington40546.
For over 100 years, agriculture has relied upon the moldboard plow and disk
harrow to prepare soil to produce food.
Without the moldboard plow and disk it
would not have been possible to control
weeds and to obtain the yields necessary
to provide favorable economic returns
from agriculture. Weeds are strong competitors with food crops for water and
plant nutrients, and it was not until plant
growth regulators were introduced in the
late 1940's that attention was turned to
no-tillage agriculture. From plant growth
regulators selective herbicides were developed, and these increased the feasibil-
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petition of undesirable plants during the
establishment of the newly seeded crop
or to supress growth of grasses and allow
establishment of legumes. Row crop production with the no-tillage system is almost always carried out by planting the
crop into soil covered by a chemically
killed grass sod or with dead plant residues of a previous crop. For example, in
continuous no-tillage corn (Zea mays)
production, the soil surface at the time
of planting is covered with corn stalk
residues of the previous corn crop. In
double-cropped soybeans, the soil at the
time of planting is covered with residues
of a recently harvested small-grain crop
such as barley or wheat.
The land area used for row crops and
forage crops grown by the no-tillage system has increased rapidly during the past
15 years. In 1974, the U.S. Department
of Agriculture (5) estimated that the
amount of cropland in the United States
under no-tillage cultivation was 2.23 million hectares, and that 62 million hectares or 45 percent of the total U.S. cropland (6) will be under the no-tillage system by 2000. An estimated 65 percent of
the seven major annual crops (corn, soybeans, sorghum, wheat, oats, barley,
and rye) will be grown by the no-tillage
system by the year 2000 and 78 percent
by the year 2010 (5). In Kentucky there
were 44,000, 160,400, and 220,000 ha
of no-tillage corn and soybeans grown
in 1969, 1972, and 1978, respectively.
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