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ABSTRACT |

Platinum metals are depleted in the earth's crust relative to
their cosmic abundénce; cohceﬁtrations of these e]ements’invdeep~sea'
sedihents may thus indicate. influxes of extraterrestrial material.
Deep-sea 1limestones exposed in Italy and Denmark shoh iridium
increases of about 30 and 160 times, respectively, above the back-
ground']eve1 at pfecise]y_the time of the Cretaceous Tertiary extinc
tions, 65 m.y. ago. keasohs are given to indicate that this iridium
is of extraterrestrial origin, but did not come from a nearby super-
nova.  We suggest a new hypothesis to accoﬁnt for the extinctioné and

the iridium observations. Impact of a large Apollo objectAwou1d

~inject about 100 times the object's mass into the atmosphefé as
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pu]verized rock; about 20 percent of this dust wou1d stay in the

stratosphere for 3-5 years and‘be distributed world-wide. The résu]t_

~ing darkness would suppress photosynthésis'and the expected hiological

consequences match quite closely the extinctions observed in the
pa]eontolog1ca1 record. One prediction of this hypothes1s has been
verified: = the chemical composition of the boundary clay is marked]y
different from that of clay hixed with the Cretaceous.and Tertiary
1imestones, which are chemical]j simitar'to each other. Four
different and quite 1ndependent estlmates of ‘the d1ameter of the ‘
stero1d g1ve values that lie in the range 10 .3 km. - This hypothesis

has not been proven, but deserves further test1ng
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INTRODUCTION
Abundant fossil remains brovide a record of organic evo]ution'overv
the last 570 million years of Earth history. During this time there |
have béen.five great biologica1'cri§es; during Which many groups of
ofganisms died out% Numerous crises,of less séverity aré also
recorded. o | ‘ » |
The most recent of the great extinctibhé isbused to define the

boundary between the Cretaceous'and'Tertiary Periods, about 65 million
. years_agoi' At this time, the marine repti1e§;}the f]yihg reptiles,
and both orders of Ainosaars died out (l), -Exffnctions occurred at_ :
“various taxonbmit ]eveis amdng the marine invertebrates, fof'examp1e,
the ammonoid and belemnoid cephalopods and various groups of gastro-
pods, pelecypods, bfaéhibpods; and echinoderms. Dramaticﬁéxtiﬁctions
occurred among the microscopic floating animals and plants; both the
calcareous p]ankton1c foram1n1fera and the calcareous nannoplankton
'were nearly exterm1nated with on]y a few species surviving the
crisis. On the other hand, some groups were 11tt1eraffected 1nc1ud—
ing the land p1ant$, crocddiles; snakes, birds, mammals, and many
* Kinds of invertebrates. |
Many hypothéses havé been proposed to explain the Cretaceous-
‘ Tertiafy’extinctions (2), and two recent héetings on the topic (3,4)
produced no sign of a consensus. Suggestéd causes include gradual or
rapid changes in oceanographic, atmOSphefjc; or. climatic conditions (5)
due either to a random (6) or a'cyc1ica1 (7) coincidence of caUsative;

factors, the effect of a magnetic reversal (8) or a nearby subernbva‘(g)



" Various mechanisms specific to a single. group, such as d1sease or
destruct1on of dinosaur eggs by mammals, are incapable of exp1a1n1ng
why the extinctions affected many groups. |
A major obstacle to'deteemining the cause of the extinction3is
that virtually a]} available information on events at the time of the
crisis.deaTs with'bio1ogica1:thange5~seenAin fhe paleontological |
.record;gend is therefore inhefenfly indirect. Little physjca]
evidence is available, end it, also, is_indirect. This inc]udee
variations in-stab1e oxygen and‘earbon;iSOtOpic ratios across the
boundary in pelagic sediments, which may -reflect changes in tempera-
ture, salinity, oiygenation,‘and organfe prodhctivity of the ocean
water, -and which_érevnot eesy to interpretv(lO). These -isotopic
changes are not particularly striking'anditakeh by themselves, would
not suggest a dramat1c crisis. Changes'in mino} and trace e]ément
b1eve1s at the Cretaceous-Tertiary boundary have been noted from 1ime-
- stone sections in Denmark and Ita]y (11), but these . data also present '
1nterpretat1ona1 d1ff1cu1t1es. It s a]so noteworthy that in pelagic
‘ marine sequences, where near]y cont1nuous depos1t1on is to be
expected, the Cretaceous-Tertiary boundary is almost invariably marked
by a hiatus (12). Because of the lack of clear evidence outside the
field of paleontology, it is stlll poss1b1e to argue that the various
extinctions were not exactly synchronous, that they were produced by a
fortuitous combination of ordinary environmental stresses, and that

there really was no Cretaceous-Tertiary boundary crisis (6).
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In this paper we present; for the first time, direct physical
evidence for an unusﬁaT eveht at exactly the time of the extinctions
1n.the planktonic realm. None of the current hypotheseé adequately
accounts for this eQidence; bdt we have developed a new hypothesis
that‘appears to offer a Satiéfactory'explahation.for nearly ali.the
available pe1eontologica1 and phyéicelrevidence.

In th1s paper we first discuss the use of anoma]ous

concentrat1ons of p]at1num—group e]ements in deep-sea sed1ments as

v1nd1cators of 1nf1uxes of extraterrestr1a1 material; the techn1que is

based on the extreme dep]et1on of these elements in the earth S

crust. We then. present the resu]ts of our ‘measurements by neutron

activat1on ana]ys1s of iridium in Upper Cretaceous-Lower Tert1ary
marine 1ihestones from two areas; The first area is in the Umbrian
Apenn1nes of Italy, where recent pa1eomagnet1c studies.have estab-
11shed the timing of the plankton1c ext1nct1on in the sequence of
geomagnet1c po]ar1ty reversa]s (13). Ana]ys1s-of the acid-insoluble

c1ay fract1on of the limestone shows Ir 1evels of ébout 0.3 ppb in the

‘uppermost-Cretaceous. The Cretaceous—Tert1ary boundafy is marked by a

1 cm°c1ay layer in which Ir suddenly jumpsbto about ah'aVerege of

6 ppb 1h the acid-insoluble residue, then gradually decreases tovthe
previous baekground Tevel in less than 1 m above the bouhdary. To
test Whether this is av1oca1 phenomehon, we have ana1ysed samples from
a c]éssic exposure of the Cretaceous-Tertiary boundary near Copenhagen
and found Ir levels nearly ten'fimes higher than are seen in fhe

Ita]ian‘sections;'a 160 fold increase ébove the background level.



These results leed.to the hypothesis that the anoma]bus Ir was
probably ihtroduted into the Earth's atmosphere’aslparf of an abnormal
influx of extraterreStria1 materia] at the time of the extinctions.
One poss1b1e extraterrestr1a] cause of the extinctions, a nearby
supernova, has been debated for some t1me. »We report three lines of
evidence for rejecting the supernoya hyppthesis: (a) 244Pu
(80 x 10° yr half life) should be detectable a]ohg with Ir in the
boundary clay iffa supernova is responsible for the Ih anomaly, buf'if
present, 244Pu is at 1east_e factor of 10 below predicted levels.

This faef‘a]one is not:conclusiye; as;oceahjc'ehemistry could alter

the Ir/Pu ratio. (b): The ratio ‘t1r/!%3

Ir might well be signif-
icantly different in supernova mafefia] at the boundary and %n nohmel‘
terresthia] material, but ne difference was fednd. .(e) To aecount
for the Ir seen in the boundary clay, a hypothetical supernova would
vhave to be - so close that the probab111ty of such an event becomes
vanishingly small. We conc lude that the extraterrestr1a1 mater1a1
introduced at the t1me of the ext1nct1ons came from a solar system
source, “and. not a galactic source,‘e g., it was not caused by a super-
nova or passage of the earth through the ga1act1c arms. ‘(Note ‘added
Dec. 12, 1979: W. M. NapTer and S. V. M. Clube suggested.the 1atter.in
Nature, 282, 455- 9 (1979)). 4: . | B
After cons1derat1on and reJectlon of a number of p0551b1e
explanations for the extraterrestr1a1 material and the ext1nctiohs, we

have deve]oped the fo110w1ng hypothes1s, which seems to account for

most or all of the relevant observations: A number of astero1ds have
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orbité with perihelions inside the Earth's orbit; these are ea11ed
“"Apollo Objects." Collisions of Apollo objects with the Earth are
inevitable, and the many known meteor craters are the result. We
suggest thét impact of a large Apollo object was the cause of the
Cretaceous-Tertiary extinctions. Four independent calculations
1ndicate.that the impacting Abo]]o object had a diameter of approx-
imately 10 km. Such an impact wou]d produce a crater approximately
175 km in diameter. The material expelled from the crater would weigh
about 100 times as much as the*astereid, and much of the combined mass
would stay aloft for severa1 years as dust in the stratosphere;
Comparisons of this effect with the much smalier exp]osion of Krakatoa
in 1883 inditate thatvfhe atmosphere would becdme’opaque to visible
light until the dust settled, although enough heat would reach the
surface to prevent a major drop in temperature. |

- The resulting suppression of phptosynthesis appears to be capable
of explaining the major features of the extinctions. _The marine |
| phytop]anktbn wou1dvdie»out-through loss of light with which to carry
on photosynthesis. This would cause the collapse of the food chain
supporting the planktonic foraminifera and the large open marine.
fauna, 1nc1udingvammonites,.be1emnites, and marine repti]es.
Terrestrial plants would cease to grow, but would not die.out, because
their seeds could Tie dormant until the dust settled and light
returned. Small terrestrial animals including the mammals as well as
the birds, could survive on a food chain based on seeds and nuts. The

herbivorous dinosaurs, and the carnivorous dinosaurs that preyed on



~ them, depended on a fbodrchaiﬁ based on growing Vegetation; this chaih
would have co11ap§ed; The survival of many marine invertebrates and
aquatic animals such as crocodiles may be due to their ability to
utilize food chains based on nutrients derived from decaying land.
plants carried by }ivers td the sha]iow séa§. | |
Thus it appears that a hi§h1y probable sequence of events»cou]d
produce the observed extinctidns; and.independenf physical evidencé
for this mechanism has now been found.
IDENTIFICATION OF EXTRA—TERRESTRIAL PLATINUM METALS IN DEEP-SEA
SEDIMENTS -
This study began with the realization that the platinum group

3 _ 104

" metals and some related elements (Pt, Ir, Os, Rh) are 10
times more abundant in chondritic meteorites than they are in the
earth's crust and upper mantle (14). Carbonaceous chondrites are.
thought tovcome from undifferentiated bodies giving a close approxima-
tion to average solar system elemental abundance. Depletion of fhe
platinum group elements in the earth's crust and upper mantle is
probably the result of concentration‘of these-e}ements‘in the earth's
core. | |

P]étinum group'eiements are apparently difficult to detect without
- chemical separation in most sedimentary rocks, judging from the few
published data (15). This is reasonable, because in addition tovtheﬁr
. scarcity in rocks from which sediment§ are derived, they are also

extremely insoluble and should be presént only at very low levels in

river and sea water (again, data are not available).

~)
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These considerations suggeéted-to us that much of the iridium to
be found in sedimentary rocks comes from ablated meteoritic dust,

deposited at a roughly constant rate. We suspected that measurement

of the platinum group metals might shed light on the time interval

'repreSented by the 1 cm thick_c1ay layer that marks the Cretaceous—

Tertiary boundary in the UmbrianvAppenhines; We therefore undertook .
an investigation of the abdndance of iridium, which can easiﬁy be

detérmined at low limits by neutron activation analysis (NAA) because

‘of its large capture cross section for slow neutrons, and because the

. gamma rays given off during de-excitation of the decay product are not

masked by other gamma raysl‘-The other platinum group elements are
more difficult to determine by NAA.

AfteffWe had begun our wofk; we learned that this method of

$ﬁdentifyin§ extraterrestrial material had been suggested. in the early

1950'5 by.Petterséon and Rotschi and by Goldschmidt (16) and actually
carried out in the 1960's by Bafkerkand,Anders-(17). Subsequently -the

method was used by.Ganapathy et al. (14) to demonstrate an extra-

terrestrial origin for silicate spherules in deep-sea sediments.

Sarna-Wojcicki et al. '(18) suggested_that-meteoritic dusf accumulation
in soil Tayeré might enhance the abundance of iridium sufficiently to
permit its use as ‘a datingvtool; | |

We have found that iridium does show anomalously high abundances
at éxact]y the stratigraphic pdsition of the Cfetaceous—Tertiary,
boundhry inftWo areas, Italy and Denmérk, whe}e marine limestones

preserve a complete or nearly complete record of this stratigraphy.



THE ITALIAN STRATIGRAPHIC SECTIONS

Many aspects of earth history'aré best recorded in sedimentary
rocks deposited in the relatively quiet wéters,of'the deep éea as i
individual grains settle to the bottom. These élbw]y but continuous]y_ 
deposited pelagic'sediments are present in many parts.of the oceah and |
have been sampled by fhe Deep Sea Drilling Project (19). Although
pelagic sedimentary sequences normally remain below the sea bottom,
they have in a few places been uplifted and exposed at the sﬁrface aé
d_resu]t'of deformation during mountain building. -Such’exppsures are
va1uab1é because the rocks can be examined over large areas, and havé
not suffered the disturbances sometimes produced by drilling.

In the Umbrién Apennines of northern peninsular Italy therefare
expésures of pelagic sedimentary rocks representing the fime from _
Early Jurassic to 'Oligocene, ca. 185-37 m.y.B.P. (20). The Cretaceous-
Tertiary boundary occurévwithin,a portion of the sequenée formed by
pink limestone containing a variable amount of clay. This Jime;tone,

the Scaglia rossa, has a matrix of coccoliths and coccolith fragmehts

(calcite platelets on the order of 1 micron in size, secreted by élgae
living in the surface waters) and a rich assemblage of}foraminifeka]_
tests (calcite shells, generaiiy'iﬁ the size range 0.1-2.0 mm,‘
produced by single-celled animals that float in the surface waters).
In some Umbrian sections there is a hiatus in the sedimentary
record across the Cretaceous-Tertiary boundary, sometimes with signs
of soft-sediment slumping. Where the sequence is apparently complete,

foraminifera typical of the Upper Cretaceous (notably the genus
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.G]obdtruncana) disappear abrupt]y;‘and are rep]aced by the basal |

Tert1ary foram1n1fer G10b1ger1na eugub1na (21). This change is easy

“to recogn1ze because G eugub1na, un11ke the G1obotruncan1ds, is too

small to see w1th the naked eye or the hand 1ens (P1ate.1). - The

coccoliths a]so show an abrupt change, with d1sappearance of

h Cretaceous forms, at exact]y the same 1eve1 as ‘the foram1n1fera1

change, although th1s was not- recogn1zed unt11 more recent]y, because
these fdss11sacan on1y be stud1ed with the scann1ng electron
m1croscope (22). No other types of fossils: are present in the Umbrian
Timestones near the Cretaceous—Tert1ary boundary’ 1n numbers suff1c1ent
to be usefu]; ‘ |

In ue11—exposed complete sections there is a bed of.c1ay_about
1 cm thick between‘the highest Cretaceous and theviowest_Tertiary

Timestone beds (23). This c]ay-contains 11tt1e or no original

' CaC03, a1though secondary calcite crysta111zed during deformation, is

_present in .at 1east one sect1on Thus there is no record of the

biological changes dur1ng the time interval represented by the clay.

The boundary. is further marked by a zone in the uppermost Cretaceous

in wh1ch the normally p1nk 11mestone is wh1te in color.  This zone is
'0 3- 1 0 m th1ck vary1ng from sect1on to section. Its lower bOUndary

is a gradat1ona1 co]or change, 1ts upper: boundary is abrupt and

o1nc1des w1th the fauna] and- f]ora1 ext1nct1ons In one sect1on

(Contessa)’ we can see that-the Tower 5 mm of the boundary clay is gray

" and the upper-5 mm is red, thus p]acing'theyupper boundary of the zone

in the middle of the clay layer.
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The best known of the Umbrian sections is in the Bottaccione Gorge
near Gubbio. Here:some of the first work on the identification of

foraminifera in thin. section was Carried 0ut (24); the oldest known

Tertiary foraminifer, Globigerina eugubina, was recognized, named, and E -

used to define the basal Tertiary bjozone~(21); the géomagnetic
reversal stratigraphy of the Upper Cretaceous ahd Paleocene waé estab-
lished; correlated to the marine magnétic~anomély sequence, and dated
with foraminifera (13); and the extinction of most of the nanno-
plankton was shown to be synchronous w{th the disappearance of the
genus Globotruncana (22).

In the present study we have ana]yzed 15 samples from the
Bottéctione'sectibn, supp]eméntedfby 4 samples from the ConteSSa'
section, 2 km to the northwest, where details of fhé Cretaceous-
Tertiary boundary ére cjear]y-exposed. Samples from 3 sections about
30 km to the north of Gubbio have been analyzed to test the possi-
bility that the iridiumvanoma1y is a local feature restricted‘to the
Gubbio area (25). |
RESULTS FROM THE ITALIAN SECTIONS

Qur first experiments involved NAA of 9 samp]es from the
Bottaccione sectwon (2 Timestone samples from immediately above and
below the boundary plus 7 limestone samples spaced over 325 m of the >
Cretaceous). This was'supp]ementéd by 3 samples from the nearby
Contessa section (2 from the boundary clay énd one from the basal
Tertiary bed). The stratigraphic positionsvof these samples are shown

in Fig. 1.
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Twenty-eight elements were selected for study'becduse_of their
favorable nuclear properties, especially neutron capture cross-
sections; half lives, and gamma-ray energies. The fesu1ts of these
analyses ‘are presented in F{gi 2 on a logarithmic plot to facilitate )
cbmparison‘of the~ke1ative changes in elements over a wide range of.
concentrétions; The only prgparation given to these .samples was
removal of the CaCO3 fractioh\by solution in dilute nitric acid.
Figure 2 shows elemental abundahtes as gram of element per gram of
1nsolub1e~c1ay residue. "The limestones égﬁera11y contain about
5 percent clay. The boundary clay layer contains about 50 percent
CaC03;‘but“thiS~is coarse grainéd calcite that probably cfysta1lized
duringvdeformation long after deposition; no pfimary.CaCQ3 is
present’ _ | | _

Oné”of the results of this work is that although 27 of the 28
elements show very similar patterns of abundance variation, -iridium
"‘showsfa'grbS$1y'diffefent behavior; it- increases by a factor of about
30 in coincidence with the Crgtaceouszertiary boundary, while none of
the other elements shows as mﬁch as a doubling with respect to an
‘waverage behavior" shown in the lower right panel of Fig. 2.  This
“diagram is a besi,"eyeba]i fit" to thevseven-raré earth curves (slid
left or right to overlap to the greatest extent);l The "flags" on the
12 points in that'diagfam do not indicate errors;,butajnétead‘denoteva -
“plus or minus" ‘change of a facter of,1.3} A1l of .the rare earth
points fit within these limits, and so do most,of;the points. corre-

spohdihg'to'the abundancés-of'the.other elements. ThiS "average
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curve"‘fits very well to the sma11-chan§es in relative abundances of
most of the observed e]ements, extendlng over a t1me per1od of more
than 40 m11110n years ThlS makes the behav1or of 1r1d1um a11 the o
_more extraord1nary, s1nce it 1s the only one of the 28 elements that
departs by more than a factor of two from the average behavior, and
then only in the 1mmed1ate v1C1n1ty of the Cretaceous—Tert1ary
4'boundary Such a spec1f1c enrlchment of 1r1d1um,_1f it occurs ‘world-
w1de, would be difficult to obta1n from terrestr1a] mater1als and fw
" strongly suggests»an extraterrestr1a1-0r1g1n. This interpretation is
justified in detail in a later sectien; o |

In fo]]ow—up;experimehts we ana1yzed.17vmdre sémp]es‘for irjdium{'

This second gkoup’inéiuded-s samples f}bm.the Bottaccione section, 8

| from Gorgo a Cerbara (28 km north of Gubb1o), and 4 large samples of »
the boundary clay from the two sect1ons near Gubblo and two sect1ons
about 30 km to the. north. ' |

Figure 3 ‘shows the results of - the 29 Ir analyses comp1eted to date
- on Ita11an-samp1es. Note that the sect1on is. en]arged and the scale '
is jinear in the vic1n1ty ofvthe_Cretacequs—Tert1ary,boundary, where‘
'detai1s are important, but changes to 1ogéfithhic to showfresﬂ1ts frbm.'j
350 m below to 50 h aboVe'the'bQUndary. It is also impohtant to hbte'
that analyses from 5 stratigraphic'sections are b]otted‘on the same ‘
diagram on thé basis of their stratigraphic position aone or be]bw
the boundary. Because of s]ight differences in sedimentation rate
,that,probably exist from one section to the next, the chronologic

" sequence of samples from different sections may not be exéct]y
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Ccorrect Neverthe1e55'the'figure giyes a-clear ptcture of the»genera1
f‘trend of iridium concentrat1ons as a funct1on of .stratigraphic level.

: The pattern, based espec1a11y on the samples from the Bottaccione
:Gorge and Gorgo a Cerbara shows a steady background level of a few
."'tenths of a ppb (~0.3 x 100 ) throughout the Upper,Cretaceous,

"eontinuing into the-uppermost bed of the Cretaceous; This 1eve1_:
,1ncreases abruptly by a factor of over 20 to 6.35 x 10~ -3 (average
in the clay res1dues of the four 1arge samp]es) in the 1 cm c]ay bed
;:at the boundary Ir levels are h1gh in clay residues from the-f1rst
few beds of Tertiary 11mestone, but fall off to background Tevels by
1 m above the boundary.f For‘compar1son, the upper dashed 1Jne_1n
th.ijShows an‘ekponentiaT decay from the boundary clay Ir level with
a ha]f heightjof 4.6 cm;-Figure 4 shows a typiea1 gamma—ray_spectrum
used to measure the abundance of Ir |

In a later section we will argue that th1s 1r1d1um pattern is
1nd1cat1ve of a sudden 1nf1ux of extraterrestr1a1 .material at exact1y
~the time of the Cretaceous—Tert1ary ext1nct1ons First, however, it
:1s necessary to show that the 1r1d1um anoma1y is not a local- feature
-conf1ned to the Umbrian 11mestones Comp]ete sections across the
‘boundary are quite rare, but we were ab1e to- samp]e a nearly comp1ete
sect1on near Copenhagen, the type area of the Dan1an Stage (Towest
stage of the Tert1ary),_
THE DANISH SECTION

The sea’ c11ff of Stevns K1int, about 50 km south of Copenhagen is |

a c1ass1ca1 area. for the Cretaceous—Tert1ary boundary and for the
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Danian, or basal stage of the Tertiary.-“A cd11éction of up-to-date ”
papers on this and nearby areas has recent]y.béeh published, which f
includes a full bibliography of earlier works (26);

Our samples were taken at Hgjerup Church (27).' At this locality
the Maéétrithfian, or Uppermoét Cretacéous, is represented by white
chalk marked'by_undu1éting layers of black chert nodules with ampli-
tudes of a few meters and wavelengths of 10-50 m (28). These undula—.
tions are considered to represent bryozoan banks (29). The Cretaceous-
Tertiary boundary is marked by the [iégglgg, or fish clay, up to 35 cm

“thick in-iheideepestbparts of the basins between bryozoan banks (28),
but commonly on]y‘a‘few cm thiék; thinning or disappearihg_over the
tops of the banks. The fish clay at‘deerub,Church was studied in
detail by Christensen et al. (28), who subdivided it intb four thin
units; we have-analyzed d samp1e'ﬁixing the'two internal layers
(units I and IV pijhristehsen et al.). These layers are black or
dark gréy, and the 1QWer one contains pyfite concretions; the layers
below and above (II'and V) are Tight gray in color. Undisturbed
lamination in bed IV‘suggests that;no bottom fauna was present during
“its deposition (28). |

Above the fish clay, the Cerithfqm 1ihestone is present'to.a
thickness of about 50 cm in the smal]_basins, disappearing over the
banks. It is hard, yellowish in color, and cut by abundant burfﬁws.
Above this is a thick bryozoan 1iﬁestone. The Maastrichtian carbon-
ates are soft chalks, while the Danian carbonates are indurated }ime—

stones. As a result, the Danian forms an overhanging cliff, with the

fish clay making a recess at the base of the overhang.

@
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 The presence.of awthincc1ay‘1ayer at the Cretaceous-Tertiary
boundary in both the Tta]ian-and DaniSh sections is quite_Striking,
However, there are notab]e d1fferences as well. The Danish sequence
' was c]ear]y depos1ted in sha]]ower water. Stevns K11nt is 1ocated on
a zone of structura] up11ft related to the R1ngk¢b1ng—Fyn High (30),
;and the Dan1sh 11mestones preserve an extens1ve bottom-dwelling fauna
of b1va1ves (31), ech1noderms (32), bryozoans (33), and cora]s (34).
Foram1n1fera1 (35) ‘and cocco11th (36) zonat1on indicates that the
Cretaceous—Tert1ary boundar1es at Gubb1o and Stevns K11nt are at least
capprox1mate1y contemporaneous, and they may well be exactly synchro-
:nous However, no pa1eomagnet1c resu]ts are ava11ab1e from Stevns |
K11nt ‘S0 synchrone1ty cannot be tested by reversa1 strat1graphy
RESULTS FROM THE DANISH SECTION |

Seven samples were taken from near the T/C boundary as shown in
| F1g 5. Fract1ons of each samp]e were treated w1th d11ute nitric acid,
iand the res1dues were f11tered washed and heated 'to 800°C.  The"

ac1d treatment should have d1sso]ved a11 carbonates, and some ox1des,’
-su1f1des and phosphates, but not much of the silicate’ m1nerals. The
yield of ac1d—1nso]ub1e res1due was - 44 5 percent for the boundary fish
c]ay and var1ed from 0. 62 percent to 3.3. percent for the pe]ag1c
11mestones as. shown in Tab]e I | | ‘

Neutron act1vat1on ana]yses (37) and X—ray f1uorescence
:measurements (38 39) were made on all 7. samp]es both. before and after
'the acid treatment Th1s measurement reg1me was more soph1st1cated
‘than that used for the Italian sect1ons stud1ed ear11er, and 48 usefu1

e]ements were determ1ned.
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The maJor element abundances in the acid-insoluble residues of the
three Cretaceous 11mestones are very s1m11ar to each other as shown in
Fig. 6. The three Tert1ary 1imestones are 11kew1se very similar to
eeach other in chemical composition., There are d1st1ngu1shab1e-d1ffer¥
ences (e.g., Na and Ti) between the Cretaceous‘and Tertiary patterns,
but they still are very much‘a1ike; The boundary layer residue; how-
ever, is much different from the Crecaceous and Tertiary pattern in
that it is much lower in.Navand K and much higher in Fe and Mg. This
~difference also appears in most of the trace element abundances as
‘shown fn-Wab]e IT. Of 3é trace and minor e]éments which were usefully
detected, 15 were enhanced in the fish c1ay res1due compared to the
pelagic res1dues, 19_were dep]eted and 4 were comparab]e. Most of
" these effects were:vehy makked,'and examp1es are shown in F1g. 7.

Although it might be possible to explain the abundance of some of
the enhanced e1ements by oceanlc chem1stry effects involving su1f1de—

producing organisms, this would not explain the depleted elements.
This'suggesﬁs that a‘different souhce of clay material was introduced
during the boundary,formation; | | | |
~ The abundance of'Ir_invthe.Danish boundary layer (nhole—rock) is

(28;6*1.3) X 10"9. Some Ir dissolved in the nitric acid, and its
vabundance in the insoluble residue was 41.6%1.8 ppb. The Ir in the
residue from 0s5 meters be Tow the.boundary was 0.73%0.08 npb, and the
amount in the other two Cretaceous residges had a weighted average of
0.26%+0.08 ppb. In the residue from 0.7 meters above the boundary the

abundance'was 0.36%0.06 ppb, and it was less than 0.3 ppb in thelother
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two Tertiarv residues;"lThus.the.Ir in the boundary'1ayer residue
rises by about a factor of‘160 over the backgroundblevel (~O;26‘ppb).
. A one centimeter th1ckness of th1s 1ayer wou1d have about 72.x 10~ 9
Ir/cmz; To test if there was enough Ir in the sea water to contrib-
ute to this vatue,,we made a measurement of the Ir in the ocean of f
the'central California coast. None-uas detected in'waterbpassed‘
through a .45 micron’ft1ter uith an upper Timit of‘8‘x 10-'13

.Ir/gm sea water' If the depth of the sha]]ow ancient Dan1sh sea is
assumed to be less than 100 meters and our Timit on Ir in sea water is
app11cab1e, then the maximum Ir in the 100 meter co1umn of water wou1d

be8x109 2

gm/cm . a]most a factor of 10 1ower than the observed
value. So there was probab]y not enough Ir stored in the sea water to
exp1a1n the amount observed 1n the Danish boundary

~ As most terrestr1a1 bas1c rocks have Ir abundances of less than
1'ppb,_and u]trabas1Cfrocks have va]ues of less than_ZO ppb (40),
extraterrestrial_sourCes with abundances'of about 400 ppb seem more
likely to oroduce a sediment‘with 29 ppb Ir;than doﬂterrestria1
‘sources. It is not possible to rule out terrestr1a1 sources com-
p1ete1y There are n1cke1 su1f1de and chromite ores (40) for example
which have Ir jn. the hundreds and thousands of ppb respect1ve1y The
Dan1sh boundary 1ayer, however does not have enough n1cke1 (506 ppm)
or chrom1um (165 ppm) to explain 1ts Ir in this fashion, un]ess the
oceanic chemistry concentrated Ir preferent1a11y and d1sposed of the

other elements e1sewhere The probab111ty of these effects occurr1ng

on a world-wide basis seems 1ess 11ke1y than an extraterrestr1a1
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origin for the Ir. 'If the Ir-arose from such a source, the Ni in the
| Danish boundary layer is c]ose to the value expected if the Ir were
’chondr1t1c and there were no Ni-Ir fract1onat1on A1l the elements
which we measure and which appear in meteorites are at least as
'abundant in the boundary layer as would be expected from the1r abun—
dance in carbonaceous chondrites and our Ir value. There are no |
apparent chemical conf11cts w1th an extraterrestrial explanation for
the Ir As mentioned in the:next.section however, the Ir abundance
is h1gher than would be expected by the m1x1ng of a carbonaceous
_ chondr1te with a hundred times its mass of terrestrial material.
THE BOUNDARY LAYERS | h |

The T/C boundary layer in the Contessa section near Gubbio is
about 1 cm thick and contains a variable amount of recrystallized
calcite The acid-insoluble orlciay component averages about
50 percent of the tota] mass. The‘whole rock composition (a mixture
of red and gray clay) is shown in Table III. 'AThere are two detectab]e
1ayers, each about 0.5 cm thlck the upper be1ng red in co]or and the
_lower gray The 1ron content wh1ch may exp1a1n the color, 1s s1gn1f1-
cantly h1gher in the res1due of the red 1ayer (7.7 vs. 4.5 percent)
than in the gray and so is the Ir (9.1*.6 vs. 4.0+.6 ppb). Boundary .
samp]es were analyzed from the Bottaccione Gorge nearby and two other.
‘areas about 30vkm'to the north. A1l of these samples were roughly
simi]ar'in composition with respect to all measured elements. |

It was 1nd1cated ear11er that in samples taken near the Ttalian

boundary layer, the chemical compos1t1ons of a11 clay fract1ons were
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roughly tﬁe same excebf'for the element Ir. There ére some discern-
ible differences, howéver,}between the bouhdary']ayer and the lime-
stones abbve and below as shown fn F1g;'8; These differences Suggest
that the boundary 1éyer'c1ay fr;ctioﬁ or a component in it may have
had a différent drigin‘than the’Cretacéous and Te?tiary clay fractions.
‘The Danish T/C bodndéryllayef is somewhat thicker than 1 cm and
- "has been class%fied'into 4 settions as mentioned in the Danish Secfion
of this paper. Only a.single mixed sampie from the center two |
sections was measurediéobno {nfbrmationﬂis available on the“chemﬁca1
variations within the bouhdary; " The ave}age Ir abundance is 29 ppb in
the Wholekaék of 65 ppb based on the weight of acid—iﬁso1ub1e residue.
The whole rock abundances and mineral composition are shown in
Table IIi, and pértinent'traCe Fﬁé&énts were shown in Table II. The
major silicate minerals were‘nbt‘;etectéd so the other mineral abun-
dances were normalized to give the amount of calcite expected from the
Ca measu?ement.‘ The.bdundafy clay ffactibn is far different chem
“ically from the 1imestone ¢1ay fractions abové and below, whiéh are
similar to each other.’ Pyrite was known to be’presént in the boundary
and was détected in our measgrements; Those elements which are
greatly enhanced ih'the boundary re]ativé fo the 1imeétoné:c1ay:'
fractions areAgenera11y those which fofm Qater—inso1ub1e:sd1fides§
The trace e1ement$ which aré depleted aFé those which oftén appear as
clay components. The e1¢ment Mg is an exceptﬁon and may be related to
a different; more maffé édurcé'for‘the Boundary 1ayér'cihy than the

Tertiary and-Cfetaceous clays. If the boundary is‘condeered to be a
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mixture of two such c1ays'and a thjrg component, the depletion of the
alkali elements indicateglmore than 80 percent of the boundary clay
fraction is due fo'the third component.

It has beenvshown then that the Danish and, to a:lessér extent,
the Italian boundary layers are different in composition from the
clays which were depdsited along with the Cretacéous and Tertiary
| limestones. This is to be‘expected in thé asteroid impaét theory.
fhe asteroid and the terrestrial impact‘material (if the asteroid

impacted on land) could b]énket thé earth with about a 1 cm thick
layer of material. | | :

There are many problems which remain unsolved. There are great
differences in: chem1ca1 compos1t1on between the boundary layers in
Italy and_Denmark. One would expect from the simplest considerations
of our hypothesis‘fhat the boundary layer is most]y crustal material
(enriched in éertain-e]ements by the asteroidal matter) which was
distributedkwor1d—widé;in the stratoéﬁherevand then fé11 into the
ocean, and that the boundary clay 1n Italy and Denmark wou1d be
1nd1st1ngu1shab1e, The enhancements of sulfide-insolubtle meta]s in
the Danish T/C boundary compared to the Italian might be related to
anerobic conditions in the former and aerobic coﬁditions in the
latter. HZS can be produced by bacteria in oxygen deficient waters;
and this would precipitate those metals if they were available. The
striking depletion of some of the trace elements found .in the Danish
boundary’a1so remains as one of the unsolved prob]ems. Others arevfhe

difference in Ir abundance between the two layers (about an order pf
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magnitude) and- the highbabsoiute abundance of Ir in the Danish layer.
Chqndritic Ir at 400 ppb mixed with a hundféd.times its mass of earth
»shou]d produce a mixture with-4 rather than the 65 ppb of Ir found in
" Denmark. - o ‘ |
A SUDDEN INFLUXlOF EXTﬁATERRESTRIAL MATERIAL

The reaﬁbns for cOhsidering iridium fn pelagic sediments to be .
. largely of'extraférrestrié1 origin havevbeeh set oufjabove; ﬁnd,we
interpret the iridium in the Italian and Danish limestones in this way.

To test the extkaterkestrié]‘origin of the anomalous iridium at
" the boundéry in the Gubbio sections;‘we have considered the increases
in 27 of the.28'e1em¢nts measured by NAA thaﬁ on]d be'expectedxifithe
 iridium in excess of.the_Background level came.from eithér of two .
po$sib1e'sdurces; Fig. 9 shows that if the source had an "average
earth's.crust“ composition (41), 1ncreasés significantly above those
observed wou1d~bé expectéd in aT1'27 elements. However, for a source
‘with "average carbonaceous chbndrite" cdmposition (41), only nicke?
should show an elemental increase gfeater'than that observed. As
shown in Fig. 10 this increase. n nickel was not. observed, but the
predicted:effect is small and the diécrepancy is“probab]y not
1mportantf. We'conc]ude that the pattern.of elemental abuﬁdancés in
the Gubbio sections is compatible with an extraterrestrial soukcé for
fhe ahémaWous 1fidium,aand-incompatib1e with a crustal soufce;

‘,Cou1d*thg anoma]bus 1ridium have come from the upper mantle in=a‘
large volcanic eruptibn? it might be-expected that thé'upper_mantTe

would be richer in platinum metals than the crust, since the only
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-~ commercial sources of these elements are in mafic rocks (42). How-
ever, the few Ir analyses from rocks of upper manf]e origin show
levels only S]ight]y above those typical of crustal rocks (40).

The anomalous iridium is thus apparently of extraterrestrial
origin, and we must now ask whether it is due to an abnormal influx of
| extraterrestr1a1 material at the time of the ext1nct1ons, or whether

it is from the same source as the normal background 1r1d1um, that is,
the steady accumulation of meteorite ablation dust (17), and was
concentrated in the boundary_rotks by some identifiable mechanism.

There is primé'faéie evidence for an abnormal influx in the
observations that the excess iridiﬁm occurs exactly at the time of one
vof the extinctions, that the extinctions were extraordinary events
which may well indicate an extraordinary cause, that the extinctions
were clearly world wide, and that the iridium anomaly is now known
from two widely-separated areas in western Europe. Furthermore, we
will show in a later section that impact of a 10-km Apollo iject, an
event that pfobably'0ccurs with about the same frequency as. major
extinctions, would probably produce the observed physical and biolog-

ical effects. Nevertheless, one can invent two other scenarios which
might lead to concentration of normal background iridium at the
boundary. These appear to be considerably less likely than the
sudden-=influx model, but we canﬁot definitely rule out either one at ‘
the present time. | ‘

The first scenario requires a physical or chemical change in the

ocean waters at the t1me of the extinctions 1ead1ng to extract10n of



23

iridium residentiin the sea water. This would require that iridium be”
present at fairly high.concentration in sea water. In.addition, it
suggests that the pos1t1ve 1r1d1um anomaly shou1d be accompanled by a
compensat1ng negat1ve anona]y 1mmed1ate1y above, but th1s is not seen.
The second ‘scenario postulates a reduct1on in the dep051t1on rate
of all components of the pelagic sed1ment except for the meteoritic
dust that carries the concentrated iridium. It is not difficult to
a;coUnt‘for cessation of CaC03‘depositibn: ,something.certainly
Killed of f the CaCOS—fjxjng nannopldnkton during the crisis, and
this wou1d stop the réin of CaCO3 partfc1es and produce a rise in
the ca1c1te compensat1on depth (CCD). It is dﬁfficult to stop the
normal rain of c]ay part1c1es, but this is a]so required since the
iridium anomaly is 'seen at Gubbio as about a 30-fold increase.in the
Ir/clay ratio. One‘cou1d'postu1ate‘that 11tt]e or no clay was carried
to the sea by rfvers during the extinction event, but we are unable to
think of a mechanism'that WOuld haVe_this effect; we consider instead
a mechanism that might breQent deposition bf the clay.
| In this scenarib‘an unSpecified CrétaceOus—Teritaryucrisis event
kills off the nannoplankton and foramihifera and generates bottom
currents of an optimum velocity. .The rain of CaCO3 stops;vthe CCD
rises, the sea floor suffers some dissolution and a "hard ground" or
indurated bottom forms. The bottom currénts are sufficient to keep.
the 11ght platy clay part1cles in. suspens1on, sweep1ng them away
toward the deep ocean and not replen1sh1ng the areas w1th c1ay brought

in from elsewhere. Only the Ir-bearing meteorite dust reaches the '
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bottom; it must occur as partitles whdse size, shape; and.dehsity v
a11ow them to sink- through currents capable of transport1ng c]ay
part1c1es When depos1t1on of CaCO3 and ‘clay resumes at the end of
the crisis, b1oturbat1on smears the iridium upward through the f1rst
3Q cm of the Tertiary 11mestone; the hard ground at the top of the
Cretaceods.prevents burrowtng.organisms from smearing the iridium
ddwnward. At this point there ts no.bouhdary ;1ay layer; it is
producéd much later by dissolution of the uppermost Cretaceous and
basal Tertiary‘11mestohe; and this disso]ution is unrelated to‘the o
boundary crisis events. |

We feel that this scenario is too contrived. The bottom currents
must have been fast enough to thansport clay but not fast enoughvtd
transport meteoritic dust; the meteorittc'dust must occuh.in'a size
range that makes this'possib1e; clay must have been.swept‘away from
the areas Wé sampled but not toward them; these specially adjusted
currents must have endured for approximaté]y 230,000 years based on
Gubbio sedimentation rate ca1cu1atidns but not have occurred at'any
of the 18 other time horizons we have sampled in the Ita11an sect1ons,
and all of these features are requ1red in Denmark as well. In addi-
tion, in Denmark the chemical composition ofithe'bouhdary'1ayer is
very different from the acid—inso]ub]é fractiohs df'the Cretaceous and
Tertiary periods.

We have discussed this scenario at some 1ehgth since our original’
"reason for undertaking Ir‘measurements was to develop a sedimentation-

rate indicator; is it possible that the boundary jridium anomaly is.a
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sedimehtafion—réte effect? Although we cannot completely eliminate

this possibility at present, {he arguments given above make it seem

- quite unlikely.

In summary, we conclude that the anomalous iridium concentration

‘ at the Cretaceous-Tertiary boundary is best interpreted as indicating

an abnormal influx of extraterrestrial material. We now proceed to a
consideration of the various hybbtheses that might exp]ain our data

and account for the mass extinctions.

_ NEGATIVE RESULTS OF TESTS FOR THE SUPERNOVA HYPOTHESIS

Considerab1e attention has‘been givén to the hypothesis that the
Cretacéousifertiary extinctions were the'resu1t of a néarby superﬁova (9),
and our first thoughts, after we'saw the Ir énoma]y, and suspected
that it was of extraterrestrial origin, were that if the supernova

theory of the extinction was correct, we could vekify it. It was

Vpossib]é to make a rough calculation of the distance from the assumed

superndva to the solar sysfem by using the measured surface density of
iridium in the Gubbio boundary layer and two aséumed‘quantities relat-

ing to the éupernoya. The first is the 1 solar mass usually assumed

. to be blown off in a type II supernova. The second is the fraction of

that material which is 1f1dium, and here one has nothing but untested
theoriesias a guide. C. F. McKee'gave us his beét estimate of the
distance (frbm the Ita]ian data) to be about 0.1 light year (L.Y.).
That is much closer tﬁan tHose who have favored a supernova theory of
the extihctioné'have ever Suggesfed, even though most éveryone wou ld

agree that such a close explosion would have killed most of'the
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organisms 1living oh the earth by the mechanism of greatly increased
cosmic radiation. The reason no one had ever suggested such a close

‘supernova is simply that its a priori probability is so low. The

probability varies with the cube of the distance, and depending on'the

assumptions one makes, the value lies in the range of 10__6 times

R3, per 108 years, where R is the distance, measured in light

years (43). So for R = 0.1 L.Y., the probability is about 107

in the last 100 million years a supernova'event occurred within this
distance from the sun. That is an'uncomfortab1y small probability.
It is doub]y so because anyvviab1é,theory of the eXtinction'méchanism
shQu1d prbbab]y apply to earlier éxtjnctions as-well. Anylmechanism
with such a low g'priéri probébi1ifyvis‘obviously a oné—time—on]y
theqry; Neverthe1éss because the theory could be sﬁbjected to a
direcf experimenta1 test, it waé treated as a real possibility until
tWo other independent pieces of eVidence effectively ruled it out.
Ordinary chargedvpaftig1e thermoénuc1éar reactionsviﬁ stars cannot

produce elements with atomic numbers higher than those having the

max imum binding energy per nucleon--iron and nickel. In order to make

heavier elements such as iridium, uranium or plutonium, stars must

.produce neutrons, which build heavier isotopes by being captured (44). ,

The most copious source of neutrons known is that unleashed in a
supernova, when the stored gravitational eﬁergy of a star ié suddenly
released by the star's collapse, with the formation of enormous |
neutron fluxes. vOne heavy‘isotope in particular offered the possi-

bility of testing the supernova hypothesis; this is 244Pu, with a

half-1ife of 80.5 x 10% years, which is close to the age of the

extinction event.

- that

v 8
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- mental basis. (45). The amount of

* be due to'thevfission of

activity of = Pu is therefore smaller than that of

27

The explosion of a supernova should send out an expanding shell of

newly created heavy e]ements; with a predictable ratio of Ir atoms to

244 244

Puatoms. Any " "Pu incorporated in the earth at the time of

the. creation of the sd1ar'system; about 4.7 billion years Ago, would -

have decayed by 58 half-lives, or by a factor of 107

, which would
make it quite undetectable in the Gubbio Timestone by the most sensi-

tive techniques available. As was explained above, fhé absolute

- amountrof Ir expected,to bé*expe]]ed»in a ‘supernova could not be

tested experimentally, but came instead from theoretical models. But

224

Ph-fo Ir has a ké]ativeiy solid experi-
244

the;expected,ratio of

Pu pfesent at the formation of

the‘sbjak system can be inferred from the existence of an anomaly in

the meteoritic- abundance of heavy Xe isotopes that has been found to

244Puf From the experimentally determined

244 238

'ratio of = Pu to U in the meteorites, plus the known Ir to U

ratio in solar system.material; one calculates that each Ir atom

should have been accombanied, in the supernova explosion, by ébout

-3 244

10 Pu atoms. This-is the origin of the ratio used in one of

two tests of the supernova theory of the extinction. It is of course

1ndependent'of the_ca]cu?ated-diétance'tovthe'assumed supernova.

244Pu emits alpha particles, as does its-more fami]ia} isotope,

239, which has a half-life of 24,000 years. The specific radio-

244 2395, by the
ratio of their half-1ives, or a factor of about 3000. We considered

and rejected the possibi1ify_of_detecting the alpharradioactivity of
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“the 2%y, If the Ir in the Cretaceous-Tertiary boundary layer had

come from a supernova, the expected alpha particle cdunting rate from

244Pu'wouid‘be in the range of

several counts per year. But fortunately, 244Pu is ea511y detec—

a highly concentrated sample of the

table both by mass spectrometry‘and by NAA; In the 1atter method

244 245Pu, which has a half-

which we utilized Pu is converted to
- life of 10 hours, and- emits many characteristic gamma rays and X -rays.

| The p1uton1um was.chemicaily separated from 25 and 50 g batches of

boundary materia1 and asog batch of bedding clay from be]ow the T—C

“boundary, and nearly "mass-free" sampies were,obtained——no carriers
were added. Chemical separations were a]so‘performed on the plutonium
fraction after the neutron irradiation. iNd‘significant.gamma radia-
tion was observed, other than that associated with the Pu isotopes;'
In order to measure our chemicaityieids, some Gubbio acid—solubie and

238Pu;

acid-insoluble residues were "salted" with smaii,ambunts of
This'Pu_isotope is easily detectable through its alpha decay as its
half-life is only 87.7 years. In addition,ionevof the samples was
salted with 244Pu. Figure 11 shows the gamma an spectrum of .a
sample salted with about 20 picograms of 244Pu; and indicates both

244Pu;.and also the

the sensitivity of NAA to the detection of
freedom of the purified sample from other elements that might inter-
fere with the detection of 244Pu; The ddtted line is not drawn to

pass through the measUredvpoints, but is computed from the measured

height of the 327 KeV gamma ray line, and the known energies and

relative abundances of the other most intense gamma ray and X-ray

@
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“argument. The NAA calibration for
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245 245

Pu, and its 2-hour ~ “Am daughter. A comparison of

244

1ines from

Fig. 11 with that of the sample not salted with Pu (Fig. 12)

showed that the Gubbio samples contain less than 0.1 of the amount

that wou1d'be expected to accompany the'measurgd iridium, if a super-
hova were responsible for the latter. The ocean, however, can
produce chemical -and physiCa1 changes in depositihg materials as well
as aiagenetic alterations in the deposited sediments. The absence of
measurable 244Pu in ouf samb]es suggests that the anomalous iridium
did not come from a supernova 65 m.y. ago, bﬁt it is not a conclusive

24%py was confirmed by a measure-

2885 The -

ment of the Pu isotopic ratio in the sample salted with:
5-foot-radius single-direction focusihg mass spectrometer used in this
measurement, which employs thermal ionization at the source and single

jon counting detection, will be used to search for much lower 244Pu

levels than is practical by NAA.

The second method that was used to test whether a supernova was
re?ponsib]e for the iridium anomaly stemmed from a suggestion by J. R.
Arnold;'it involved a measurémenf of the isotopic ratio of iridium in
the boundary material. Iridium has two isotopes, 191 and 193, which
would be expected to occur in about the same abuhdances; 38.5 percent
andA61.8 percent, respectively, in all solar‘system material, because
of'mixing ih the proto-solar éas cloud. However, different supernovae
should produce 1ridiqmvwith different isotopic ratios, because of
differences in the rapid ("f—processﬂ) to slow (stprocess") produc-

tion contributions occasioned by variations in neutron fluxes,
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reaction times, etc., from one supernova to the next. According to
thjs generally accepted pictdfe; solar system iridium is a mixture of -
that element produced by'é11 the supernovas that ejected material 1nto
.the gaseous nebu1a that eventua]]y condensed to form the sun and its
planets. Any new supernova would be expected to produce Ir w1th an
jsotopic ratio different from that of solar system material, with
possible differences of a factor of 2, according to C. F. McKee.

| We therefore compared the isotopic ratio of Ir from the C-T
boundary clay with that of drdinary Ir, by NAA. In our earlier

192 191

ana]ytwca] work, we used only the 74-day Ir, made from Ir by

neutron capture. But in this new work, we also had to measure the

194Ir made from the heavier Ir isotope, and extensive

18-hour
chem1ca1 separations before and after the neutron 1rrad1at1ons were
necessary. The chemical purity requirements for this work were even
more severe than those necessary in the p1utonium search, and Fig. 13
shows a typical gamma—ray‘spectrum of the kind used in the isotopic
ratio measurement. Also shown is one which demonstrates the need for
chemical purification of the iridium fraction.

. It is hard to thihk of a measurement that is simpler in principle,
and apparently less sensitive to systematic error. One might expect
to take the iridium from the boundary layer and an ordinary sample of
iridium, irradiate them simultaneously in a reactor at any unknown
flux, and measure the re]ative peak heights of the gamma rays of the

two Ir jsotopes.. The two samples could be placed at any unmeasured

(and even different) distances from the gamma ray detector. Then the
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ratio of the two peak he1ghts should, be the same in the two sampTes,
if the 1sotop1c ratio was the same in each If by chance the
isotopic . ratwo was d1fferent 1n the two sampTes, the “rat1o of the
ratios" woqu give the des1red answer But this p1cture was found to
be too‘s1mp11st1c, Two 1mportant systemat1c errors were tracked down
and eTiminated The f1rst 1nv01ved 2 greater loss of counts by

192 192

Ir, when the soT1d angle of detect1on was increased; Ir has

194Tr. The second

more gamma.rays emitted in co1nc1dence than
involved small changes in the neutron flux spectrum between two points
spaced a few mm apart in the reactor' | -
The final resuTt was that the 1sotop1c rat1o of the boundary Ir
d1ffered by only (0 03 * 0 65) percent from that of the standard
From tn1s we thlnk it 1s safe to concTude that the boundary Tayer Ir
and the standard did not d1ffer s1gn1f1cant1y by more than 1. 5 percent
: and therefore the Ir was very T1ke1y of soTar system rather than .
supernova,,origin So from that po1nt onward the 1r1d1um anomaTv was
assumed to be of extraterrestrial, but soTar system or1g1n (46)
THE ASTEROID IMPACT HYPOTHESIS |
After obta1n1ng negat1ve resuTts in our test of the supernova
hypothesis, we were left w1th the quest1on of what extraterrestr1a1
source within the soTar system could supply the observed 1r1d1um and
also cause the ext1nctjons.: We consmdered‘and.reJected_a substantxaT
number ofvhypotheSes. Several sources;of hydrogen andviridium were
examined} because‘hydrogen could combjne;withwthe;atmospheric oxygen,

to reduce,its partial pressure,,and therefore ki1l animals by anoxia.
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Before the supernova was'e1iminated from considenation, passage
through a gaseous nebu]a appeared to be able to supply the right
amount of hydrogen, at the proper 1nterva1s, but the hydrogen accumu~
Jated too slowly. The sun appeared as an attractive source for some
“time, but it was eventually e11m1nated-by several energet1c considera-
tions. Jupiter was more favorable energetita11y; but no reasonabte
scenario using Jupiter could be constructed; hoWever,'COnsideration of
Jupiter had a useful catalytic effect 1n*mak1ng'us:100k more closeTy
at asteroids | .‘ |

Finally, one hypothes1s,‘wh1ch we be11eve has not prev1ously been
suggested did seem to account quite we11 for most of the relevant

observations. In_br1ef~ this hypothesis suggests that an Apo]]o

object--an asteroid in;en earth-crossing orbit--struck the earth
- 65 m.y. ago. Fromvtheeita1ian data, the object nas about 8 km in
diameter and produced an impact crater about 140vkm in diameter. .Much
of the dust-sized materia1 ejected from the crater reached the strato-
sphere; was spread around the g1obe, and effectively prevented sun-
light from reaching the surface for a period of several years, until
the dust settled to earth. Loss of sunlight suppressed photo—'
synthesis, and as a result, most food chains collapsed and the‘
extinctions resulted. | _

" Several lines of evidence support this hyoothesis, as disoussed 1nv
the next few sections. We can calculate the sizerof the impacting
object,:end comparison with'the distribution of known Apollo objects

in orbit indicates:that such -bodies should strike the earth with about
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the same frequency as that of the maJor ext1nct1ons The voTume of
dust-s1zed material that woqu be eJected from the crater produced by
such an impact is easily suff1c1ent if spread world w1de, to darken
‘the earth and atmospher1c m1x1ng rates are fast enough to spread the
dust over the whoTe globe. The generaT pattern of ext1nct1ons that
woqu be produced by severaT years of darkness matches qu1te well the
pattern of ext1nct1ons that occurred at the end of the Cretaceous
APOLLO OBJECTS -

‘Oné might expect the moon and the earth to have swept up long ago :
all obJects capabTe of scarr1ng the1r surfaces, and a s1mp1e calcula-
v_t1on woqu support that roncTus1on But the well known 25,000 to
50, 000 year on crater in Ar1zona 1nd1cates that there are still large
'obJects capable of mak1ng impact craters on the earth The explana- |
,t1on that has been g1ven for th1s apparent d1screpancy is that an
equ1hbr1um ex1sts between the Toss of earth orbwt cross1ng obJects by
coTl1s1ons w1th Mars the Earth and the Moon, and the 1nJect1on of new
material (now caTTed ApoTTo obJects and meteoro1ds) into earthcross1ng
,orb1ts The 1n3ect1on mechan1sm has been stud1ed by a stat1st1ca1—
_mechan1ca1 1nvest1gat1on of the perturbat1on of orbits of out-gassed
comets and ord1nary astero1ds, by grav1tat1onaT interactions (47),
has aTso been s1mu1ated on computers, us1ng a Monte CarTo techn1que (48).
A,Both methods pred1ct a steady state popuTat1on of ApoTTo obJects of
about the correct den51ty to have produced the moon S craters, “and
those on Mercury, Mars and the Earth Most of the Earth s craters
have been erased by eros1on, but in the past few years, Targe numbers
have been found on sate111te and aer1aT photographs, part1cuTarTy in

Canada.
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| Additiona] convincing evidenoe in supoort of the nearly constant
‘number of Apollo objects with time has been the discovery, on astro-
nom1ca1 photographwc p1ates, of about the pred1cted number of such
objects. The First Apo]]o obJect (Apollo itself) was dwseovered in
j1933' now 28 are known, with'a'present Qéy discovery rate of about 4
per year. The latest artft]e in the astfonomica] 1iteratore on such
-objects is by Chapman, WI111ams and Hartman (49), and an excel]ent'
summary article by G. W. Wetherill (50) appears in the March 1979
issue of the Scientific American. | |
Apollo objeots are difffeult to find and study. They ane 50 far
away.as'fo appear. pointWike, 50 their»diameters musf be infenred from '
v‘the1r SLattered light 1ntens1ty and their assumed albedos; fhese are

known to vary (for solar system debr1s) from 0.05 to O 20. (Note

- added Dec 12, 1979. Eugene Shoemaker now determ1nes the photographic -
Valbedo by spectrophotometrlc means and thereby reduces this
uncerta1nty). From statistical arguments involving the rate of
oiscovery'of new objects, the "rediscovery" of known objects, the
obserned'iunar and terrestrial cratering, and the known inveniory,
Wetherill (50) est1mated that there are about 700 obJects equal to or
larger than 1 km in diameter (compared to the 28 now known with a
1argest known d1ameter of 8 km) Shoemaker He11n and Gillett (49,50)
estimate the number above 1 km in diameter to be 750 * 300
FREQUENCY OF IMPACTS | N

Careful counts of 1lunar impact'cratérsv(SZ) larger fhan a
diameter, D, show thaf this number N per unit area, varies about as

D_3: in other words,.1og N = -3.0 log D + C. Th1s is true for
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craters with diameters between 1_metervand 100 km, where one "runs out
of statistics." This relationship should break down,nhen the craters'_
have diametersl1ess tnan.about 3 meters, because at that size, the
ca1cu1eted probébi]ity that every circ]e,wfth sucn a diameter}has been
nit by a meteorite Iarge enough to make-SUeh a crater approaches
unity. ,Extensive experimentgfband theoretical studiee of erater
formation (47) indicate that%for a constant_impqct ve]ocity; the
diameter of a lunar crater sﬁou]d vary with the mass of the impinging

object according to the relationship
log D = 0.30 lTog.m + K.

. 1f we assume a constanf.density'ang aeconstant velocity for the -
ineominé onject, and a_Spherical'shape,‘with_diameter, d, tne slope of
.rthe log D.vs log d qut is 3 times 0.30 = 0.90. ,(This ié because mass
is proportiona].to,d3.) The slope ef,fhe Tog N vs log d curve is
then 0.90 x (-3.0) =:-.2.7. _The»]éstzsentence says jn_effecf that the
number of objects impacting the moon, per unit time and per unit area,
with diameters greater than the value d, is given by the power law

Ny = kd 27,
where the constant,k‘depend;_upon'fhe}units of area‘and_time, and is
therefore unimportant. The important constant is the "index", which

in this case is -2,7. So far, all of this infqrmation concerning moon
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cfaterékhas'come froh éhhexaminatioh of the mqoh's surface, plus a
theoreticé]-éktrapd]ation frqmlterrestr1a1 cratéring experience.

If one p16fs the knoWn.number of Apo]1o‘objects agéinst their
inferred diameter, oanqg'paper, the maximum‘s10pe”(index)'is about
-1.6. Sagan (54) séys, "The sizes of objects in the asteroid belt,
and jndeed énywheke else that collisions.determine-sizés, are underQ
stood by comminution physfcs"_(the study of fragmentation processes).

' "The number éf bbjects of-a inén size range is proportional to the

v radius:of the object tb some negative power, usually in"the range from
2 to 4." Since there must be a bias:against finding smaller Apollo
objects at a given range'~— they reflect less 1ight'—— the observed
maximum slope of —1.6'shou1d probably be changed to about.—2.7, to lie
' withih Sagan's theokefica1 range, from -2 to -4, as well as tQ agree
with tHe'indéx OBSerVed'from moon crater'data; E(A steepér true slope,
compared to the obServedvs]épe,'wquld'ariSe natura]]y from the‘sé1ec_
tionjbias'in any'éeéfch for Abol]g objééts; ode‘misses a larger
fractioh'of'the passing Apollo objects, as they become smaller and
| fainter.) | | o

In our earliest calculations of the mean fime betwéén.co11is10ns
of objects larger in diameter than 5 or 10 km with the earth, we
inserted estimated numbers of Apollo objects into Opik's equatidn (47,54)
relating the orbit paramsters of the object (relative to the earth's
orbit), and the lifetime of that object against co]]iéions with the
earth.' None of the'known Apo]lo objects, on their presently khown

" orbits, could impact either the earth or the moon. But as Wetherill
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.explains, (50) the orbital b]anes;of;the:objects precess under the
grévitétiona] influence of Jupiter, so that once every SOQQ years or
s0, a typical Apollo object will be in an orbit that exactly inter-

~sects the earth's orbit,. so there is then an easily calculable

;probability of a collision —- 1afgeh than that predicted by the
physical cross sectfonal-érea,of the earth, because of "grévjtationa]

‘-focusing.“.

The most,straightfbrward way to understand the mean time between
collisions -of an_Apoilo object bf, say, 10 km diametér with the earth
is to quote from‘thé caption fo Wetherill‘s.map‘(SO) showing the
ancient :¢raters in Canada: WRicha?d Grievevof the.Canadian Department
--of -Energy, Mines and Resources has-made a‘count of the we11e
. established ancient ératers in North.Americé and Eukdpe; on the basis
,of‘hjs:count one can estimate that.in the past 600 million years 1,500
--Apollo-objects onevkilometef in diameter or larger have struck the
earth, about 70 percent of which landed in the o¢eans." By using an
index of -2.7, one calculates that 3 Apollo objects. 10 km or more
should . have struck the earth in that.time, or one every 200 M.Y. The
importance of the .index can be seen if the time is recalculated using
- an .index of ~2;5;=c011isions‘then_happen on the average every 130 M.Y.

vahe mean time between collisions can also be calculated from the
inventory oﬁ;Apollo,objects and their mean orbitiparametefs, using

Opik's formula."Rather than .doing this frqm firét principles, using

B jnput_data_fromjvarious_éources,,it is probab1y.mqre yalid(to scale

L from the,value_obtaihed by Wetherill when he’uses his bestijudgemént
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in carrying out that same éxerciée (50) He finds the probability
'that any typ1ca1 Apollo object will" co111de w1th the earth per year,
x1s 5 x 10 . Its inverse, 200 M.Y., is the mean time to a co111s1on
with the earth,_for that object. If fhere are 750 Ap011o objects
larger than 1 km, and the index is —2,7,'there should be 1.5 objects .
larger than 10 km diameter. The mean time between co]]iéibns for such
objects is then 200 M.Y./1.5 = 130 M.Y. Again, the use of a different
“index changes the time as it d1d,1n the last paragraph;

The two time intervals calculated above; one from purely
geological data (Grieve's), and the othér from purely astronomical
dafa (assumed number of Ap011o obJects plus 0p1k s collision rate
forﬁu]a), are both in the 100 M.Y. range ‘expected from pa]eonto1og1ca1
evidence. The on]y-adjustab]é parameter is the index, which is not
known for Apollo objects. Three reasons have been given for choosing
an index near -2.7, and an example wés gfven to show the sénsitivity
of the time scale to the'change.fn index.

(Note added Dec. 12, 1979. Just before the,f{rst set of
preliminary copies of this‘report werevsent out for review we learned
of an article by William K. Hartmann [Sci.,Am._ggg,vJan. 84-99 (1977)]
that contained much more data on moon craters than was available in
»our reference (52). Hartmann gives reasons for believing that the
correct index to use in relating large crater density to crater
diameter is -2, which corresponds to an index for crater density vs.
Agglyzjygiggg diameter of -1.8. Subsequent conversations with Eugene

Shoemaker confirmed that value. Shoemaker also believes that the
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1ndex'1ncreases for Apollo ohjects above about 10_km, and that the
1argest Apollo object-is approximatety 10 to 20 km in diameter We
must therefore reca1cu1ate our predicted- t1mes between co111s1ons,
based on ‘the sma11er'1ndex of‘—l 8. From Grieve's data,.the average
‘time between 1mpacts of 10 km d1ameter obJects is reduced from 200 MY
~to 25 MY. Impacts w1th the 60 percent of the earth s surface that is
coveredbbyvmore than 2000 meters‘of'water would probably not’ lead to
thé-scehartehdescribed}ihbthis paper;;so:the’time between "effective
co]1isiohs“ is inéreased_t0-42 MY. And ahy increase in the index at
large diameters wohjd further'increase the time between co11isions,_to
- make it agreé more c]ose]y.hith thebcanonica1 100 MY required by the
proposed hypothesis, Eugene Shoemaker reports that on hearing of the
qua]itative~aspects‘of our hybothesis, he independently ca]culated
that the required asteroidishqu1d have a diameter of approximately
10 km). | |
KRAKATO0A

The 1argest we]] studied terrestrial exp]os1on in historical times
is that of the 1s1and volcano, Krakatoa,. 1n the Sunda Strait, between
Java and Sumatra‘(55) ' S1nce this event prov1des the best available
data on 1n3ect1on of exp10s1on products into the stratosphere we g1ve
here a br1ef summary of re]evant information.

On August 26 and»27, 1883, Krakatoa underwent:vo]canic eruptions
that shot ahlestimated'18 cubic kilometers of material into the
atmosphere, of_whiph'about 4 cubic kilometers ended up in'the strato- -

sphere, where it'stayed for 2 tp»2—1/2 years. Dust frdm‘the'exp1osioh
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éifcledvthe globe so quickly that many scienﬁific observers-wou1dn't
" believe that the obscured sunsets seen world-wide, a few dayé later,
“were re]aﬁed to the exp1osion§_they prqposed alternate theories in
which the earth almost simultaneously passed through a meteor shower
on the far side of the globe. But tﬁe Krakatoa Committee of the Royal
“Society collected hundreds of reports on the unique meteorological
conditions, ‘and proved that the upper air circulation was far more
- rapid than anyone had expected. (One can call this the discovery of
- the jet stream). |

Many famous names appear in the list of a]host 500 men who
reported observations that are recorded in the committee's report (55);
in addition to Cornuy Helmholtz, ‘Langley, Lockyer; Pockels, and
- Tyndall, 90 ship éaptains reported on entries from their logs. = From
this mass of data;‘the coﬁmittee-wasvable.to reconstfuct the way the
material fell out of ﬁhe_atmosphere as- a funcfion of distance -- from
the thickness of pumice on ships'vdecks or covering city streets
within hundreds Qf miles of the explosion. Some nearby ships reported
that it was quite dark for days." |

The world at large was fascinated by the gxtraordinari]y dusfy'and
“highly colored sunsets that persisted for two and one-half years. The
dust spread quickly to the west;_and then, afﬁer‘circ]ing‘the globe,
‘spread re]étive]y uniformly over all latitudes. (Recent measurements
of the 14C injected into the atmosphere by the nuclear bomb testé
confirm the rapid —- 1 year —- mixing between hemispheres (56).) At

noon, observers generally classed the sky as "clear b]ue," when no
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VWater'vapor c16udsfwere in}evidénce; Photo cells were unknown in this
period, and accurate photometers were apparently not auailable; $0 No
quantitative measurements seem to be available to help in eva1uating
the actual absorptionidt the dust as'a function of path»length.

If we take the'estimated mass in the'stratosphere (4 cubic

ki]ometers) t1mes the assumed low dens1ty of 2 gm per cm3, and

-3 2

spread it un1form1y over the g]obe, it amounts to 1. 6 x 107 gm/cm .
The layer was effect1ve1y 0.0003" th]Ck, and was spread over a range
of several miles.in height. It is known that the layer did not absorb
much'ut the intident radiatibn,.on a “straight through" basis, but it
. did lead to the dusty sunsets when viewed through a much longer path
rough]y para]]e] to the hor1zon | |

But if the amount of very fine dust in the'stratdsphere were
1ncreased by a factor of 1600, it is most probable that the sunTight
would be attenuated to a high degree, and the scenario out11ned in our
hypothesis cou1d~we]1 enSue. ‘Since the sca11ng Taws involved in the
extrapo1ation_tovexpldsive cratering in this energy range are
anparently npt_known, it Wi11'ndt_be:usefu1 to try to extract more
information frOm'this'scenario than is warranted. One final gbserva—'
tion may be.usetud: 'Contrary toiwhat 6ne'might think,‘the.fa11out of
', thevsuspended material shoutd not be -exponential With time,_but more
nearly Jinear;‘each dust-grain falls at its'dwn speed, as determined
by Stoke's iaw, unless it coalesces with a netghboring grain,vin whtch
case it falls faster. ]Since?the time for the_dusty sunsets to}dis_

appear after Krakatoa isvfrequent1y given as 2 to 2.5 years, we have
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arbitrarily assumed that'fhevboundgry layer was deposited in about 3
to 5 years. Opticai observation of the suspended particle sizes (by
measuring diameters of lunar diffraction halos) together with Stoke's
law, gave a reasonable account of the way the material fell out of the
stratosphere in the mid 1880'3. It is therefore quife possible that
65 million years ago,_day could have been turned into night fér a
period of perhapé three to five yéars; after which time, the
atmosphere would return relatively quickly to its normal transparent
state.

What happened during the Krakatoa explosions can be expected to
happen to a much greater extent during the impact of a large
asteroid; Wetherill (50) has the fo1Towing-to say concerning fhe ,

impact of a 1 km diameter asteroid with the -earth (our canonical 10 km

diameter object has 103 times'the,energy -~ 100 million megatons of
TNT — and should make avcrater'with about 8 times the diameter he
mentions -- 175 km);._

"When these rare but statistically inevitable collisions take
"place, the consequences are dramatic. In the reference frame of
the earth the kinetic energy of a one-kilometer Apollo object of
typical density (3.5 grams per_cubic centimeter) and moving in a
typical orbit is about 4 x 1027 ergs. This is 100,000 times the
energy released by the detonation of a one-megaton nuclear war-
~head. A1l this energy must be dissipated in one way or another on
impact with the earth. Only a small fraction of the total energy
is required to vaporize the impacting body, so that most of the
energy will be expended in pulverizing the material of the earth's
surface and ejecting it outward at high velocity. Hence, the
impact will excavate a crater similar to the craters that dominate
the landscapes of the moon, Mars and Mercury. . ‘
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' There are no direct datg on the dimensions of craters
produced by explosions of 10° megatons. One can, however,
extrapolate empirical scaling laws based on much smaller explo-
sions. and carry out computer simulations of explosions of
asteroidal magn1§9d Such calculations indicate that an 1mpact

~releasing 4 x 10/ ergs of energy will’ make a crater about 22
kilometers 1n d1ameter "

bAlthough these paragraphs stress the 1nev1tab111ty of an\event of
the kind considered in th1s paper, the scenario stops as the earth]y
material ‘(plus the Apollo obJect) is eJected "outward at high
ve]ocity". It séems p]ausibie_t0*1mag1ne that in the case of a 103
times moré energetic explosion, a_mushrodm‘cloud.wou1d form, and sweep
“the material into the St}atosphere quiteAefficient1y;
SIZE ‘OF THE IMPACTING OBJECT.

If we are correct in our: hypothes1s that the Cretaceous-Tert1ary

" extinctions were due to the 1mpact of an Apo]]o object, there are four

1ndependent ways to ca]culate the size of the object. A1l four ways,
‘using the Italian data, g1ve a d1ameter close to 7 km.

(1) The pdstu1éted size o?gthe %ncoming asteroid was first
computed from the irididm?measurements in the Italian sections, the
tabu1ated eﬁemental abundances ih‘cakbonaceous Choﬁdrites; which are
‘considered to be:typical so1af sysfem.material, and -the fraction'of
, eruptedijteriaT éstimated to end up'in‘théfstratosphere. If we
' neg]eét”thé'1é£ter.fréctibn fo} the ﬁoment; the asteroid mass is given

by

M= sA/f
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where s is the surface density of Ir.(measured_at'Gubbio to be

8 2)

1x 107 ,’and f is.the'Ir mass fractional abundance in

gm/cm
;carbonaceoué.chondritic meteorites (0.40 x 10_

This preliminary
17 _

value of tHe asteroid.mass; 1.3 x 10 igm, is then dividéd by the
estimated fraction staying in the_stratospheke, 0.22, to give
M= 5;8_X»1017 gm. (We use_the "Krakatoa fraction", 0.22, simply
because it is the only relevant number we know, and we don't know how
‘:if scales.) At a density of 3.5, the diameter of tHe Apollo object
~would be 6.8 km. -

(2) The second estimate comes from data on Apollo objects; and
from the observed craters they have made on the earth's surface. 1In a
. sense, the second estimate tomes from fwo quite different data bases —-
.Jghe from.ged]pgy and theiother from astronomy. We will ca]cu1éte the
asteroid diameter from bothvdata bases but they will not really be
independent, since the. two data bases are known to be consistent with
each other. As we‘showed in én earlier section, the most beiievablev
calculation of the mean time. between collisions of the earth and
Apollo objects equal to orularger than 8 km in diameter is about
100 million years (MY). -The smaller the diameter, the more frequent
are the collisions, so our desire to fit not only the Cretaceous-
Tertiary extinction, but eér]ier ones as well, sets the mean time
between extinctions to be about 1001MY, and therefore sets the
diameter at about 8 km.

(3) The third method of estimating the size of the asteroid comes

from the possibility that the 1 cm boundary Tayer at Gubbio and

Copenhagen is composed of material that fell out of the stratosphere,
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and is not re]ated to the c]ay that 1s m1xed in with the Cretaceous
Timestone below it, or w1th the Tert1ary 11mestone above 1t This is
quite a surprising prediction of the hypothesis, since the most
obvious exp]anat1on for the or1g1n of the clay is that it had the same
source as the c]ay 1mpur1ty in the rest of the Cretaceous and Tertiary
11mestone, and that it is near]y free of 11mestone because the extinc-
t1on temporar11y destroyed the calcite-producing plankton for about
_5000 years. But as d1scussed above, the mater1a1 in the boundary
Iayer is of a qu1te different character from the clay above and below |
it; the latter two c1ays are'very similar. Tolestimate'the diameter
of the astero1d one can use the surface density of the boundary layer
:(about 2 5 gm/cm ), together w1th an est1mate of the fract1on of

that mater1a1 which is of asteroidal origin. The asteroid diameter is
_a1cu1ated to be 7 km. The numbers used in this ca]cu1ation,are the

fo]]oWing' density'of the astero1d.

"3.5; mass of crustal material

100 (from cratering experiments

thrown up per unit mass of astero1d
plus sca11ng 1aws), fraction of excavated mater1a1 de11vered to the
stratosphere = 0.22 (from the Krakatoa measurements) 1f one uses
d1fferent numbers than those just 11sted the dlameter obv1ous1y
changes. only by the cube root of the change in 1nput value
The f1rst and the th1rd methods are 1ndependent even though they

both depend on measurements made on the boundary material. Th1s can
-_best be appreciated by not1ng that if the Ir abundance was about the
same in the earth's crust as 1t is in meteorites, the "iridium

anomaly" seen in Fig. 3 would not exist;v Therefore, method'l would
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not exist either.. The‘fact that_method 3 coqu still be used is the
indicator of the relative independence of the two methods.

(4) The fourth method 1s not yet able to set as close limits on
the mass of the 1ncom1ng astero1d ‘but’ it 1eads to consistent
results. This method der1ves_from the need to make the sky much more
apaque than it was in the years following the Krakatoa explosion. If
it is assumed (for 111ustrat1ve purposes and because 1t is probably
not far from the correct va1ue) that the Krakatoa dust cloud absorbed
3 percent of the vert1ca11y 1nc1dent sun11ght then an exp\os1on
1nvo]v1ng 33 times as much mater1a1 would reduce the 1lght 1ntens1ty
to.l1/e. An exp1os1on of the magn1tude ca1cu1ated in the four earlier
methods — about 1600 times that of Krakatoa —-- wou1d then reduce the

_21} This is of course much more light

sunlight to exp (-48) = 10
attentuation than is needed to stop photosynthes1s But if the mass
of the astero1d were ‘dropped by a factor of 3 (d1ameter dropped by a

| factor of 1.44, to 5 km), the sun11ght wou]d be attenuated to

exp (—16)_=10 -7 which is about one- tenth the light at full moon.

This low illuminance would subject plants to a severe stress, but
still permit most animals to locate tood supplies. We can conclude
this discussion of the "fourth method" of computing the size of the
asteroid by saying that our input data concerning the vertical attenu-
ation of sunlight after Krakatoa are not weT] enough known to give
much Weight,to the calculation. But a reasonab1e Quess (from the

historically documented "dusty sunsets") tends to set the diameter in

the same range as the 7 to 8 km found in the other three methods. The
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1oner‘1imit is obytous;'tf there is not enOUgh dUst'in'the atmosphere
:to cut out the 1ight; the pTants will not stop growing; If on the
other hand, the attenuation’associated with.an Apollo object of a
certaln assumed d1ameter is much greater than that requ1red to do the
job, there shou]d have been many s1m11ar ext1nct1ons in the past
100 MY.- These would have made use of the many smaller (but still
adequate), asteroids that existvfor every large one. The small number
of such.ertinctionsftherefore sets an upper limit on the asteroid
stze' This uoper 1im1t'argument'is based on our quatitative'knowiedge
(from Apo]]o obJects and craters) that‘the number'decreaSes'rapidly as
the size 1ncreases ' In effect 1t says that the upper Timit is not
too far from the 1ower 11m1t So in the absence of good measurements
of the so]ar constant in the 1880 s, 1t can on]y be said that the
~ fourth method 1eads to astero1d sizes that are cons1stent with the
;other three o |

Unt11 we underStand the reasons'for the factor of 7 difference in
Ir content, of the boundary c]ay, between Denmark and Ita1y, we will
be faced w1th a d1fferent va1ue for the astero1d d1ameter, based on

/3 _ 13 .

the f1rst method The "Dan1sh d1ameter" is “then 6 8 km x 7
The second and th1rd est1mates are unchanged the second does not

1nvo]ve measurements made on the boundary 1ayer, and the th1rd uses
' the th1ckness of the c]ay, wh1ch is on1y s11ght1y greater in Denmark

than in Ita]y The fourth method is based on such an uncertaln input

attenuation value, from Krakotoa; that it is not uorthireCalcu1atingt
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It is perhaps best to conclude thisvsection by sayingdthat all
known data are consistent with an impactfng asteroid with a diameter
about equal to 10 + 3 kh.

BIOLOGICAL EFFECTS |

A temporary absence of sunlight would effectively shut off
photosynthesis and thus attack food chains at their origins. In a
_ genera}vway the effects to be expected from sUCh an event are what one

sees in tne pa]eonto1ogica17record of the extinction.
vahe_food chain in the open ocean is based on microscopic floating
plants, soch as the coccolith—producing algae, which show a nearly
comp]ete extlnctlon The animals at successiveiy higher levels in
this food cha1n were also very strong]y affected, w1th nearly total
“extinction of the foramjnlfera and comp]ete d1sappearance of the
belemnites, ammonites, and marinevreptiles.

A second food chain is based on land p]ants Among these plants,
existing 1nd1v1duals would die, or at least stop produc1ng new growth
during an interval of darkness, but after 11ght returned they would
'regenerate from seeds pollen and ex1st1ng root systems Honever, the~
large herb1vorous and carnivorous an1ma1s that were d1rect1y or
indirectly dependent on th1s vegetat1on would become extinct. Dale
Russell states that "no terrestr1a1 vertebrate heaV1er than about
25 kg is known to have survived the extinctions" (57) Many smaller
terrestrial ventebrates did survive, including the ancestral mamha]s,
and they may have been able to do this byAfeeding on nuts,vseeds,

insects, and decaying vegetation.
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The Situation among Sha]1on-marine;”bottom—dweTTing invertebrates
is less c1ear;‘some_groups became extinct and others survived. A
poésib1e‘ba$e for a temporary food chain in.this environment is
nutrients originating from decaying land plants and anima1§ and
bnought by rivers to the shallow marine waters. |

wevwf11 not go further into this'natter'here, but we refer the
' reader to thelproteedinés of the 1976 Ottawa meeting on the'Cretaceous
Tertiary extinctions; 'Thié vd]ume neproduces an extensive discussion
among the part1c1pants of what would happen if the sunlight were
'temporar11y “"turned off" (58). ' Those involved in the discussion
’seemed to agree that many aspects of the ext1nct1on pattern could be
exp1a1ned by this mechan1sm, a1though a number of puzzles remained.
.The d1scuss1on apparent]y moved on to other top1cs without
establishing any way in which the light could have been turned off.

' ‘Aé ene’aspect~of future teSt%ng of the aSteroid—impact'hypothesis
.it will be’veny 1mportant“to‘eonsider in detail the pattern of extine—
tionihiThis should be done in terms of the interpreted environmental

habitat or food-chain membership of the drganisms; rather than by
taXonomic grdupiné. |

We must note, fina]]j, an aspect of the bioTogica] record which,
on the face of it, is not in accord with the asteroid-impact hypoth-
| e51s, or with any sudden, v101ent mechan1sm ’Extinction of the
foram1n1fera and nannop]ankton occurs’ w1th1n reversed geomagnet1c
po]araty zone Gubbio G- in the Gubb1o section (13). R. F. But1er,

E. H. L1ndsay, and colleagues (59) have studled the non-marine
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sequence of the San Juan Basin of New Mexico, and have found a
polarity sequence that appears to correlate with the reversal sequence
at'Gubbio. In the San Juan_Basin; the highest dinosaur fossils are
found in the normal polarity zone (anoma1y 29) that follows the Gubbio . . -
G- Zone. It thus appears that the,dindsaur and foram-nannoplankton
extinctions were not synchronous. (Extinctions occurring in the same
polarity zone in djstant sectioﬁs would not estab1ish either synchro-
.neity or diachrbneity;) Three cdmments on the San Juan Basin work
have been‘pub1ished; including one by one of us (66), calling atten-

. tion‘to the possibi]ityvpf an unconformity at the boundary, in which
case the Corre1ation of thé maghetic po]arity zones couid be in error,.
and the extinctions Might still be synchrohousi Lindsay, Butler and
Johnson (61) argue'strbngiy agaihst a méjor hiatus, but admit "that
the case is not completely closed.”

Resolution of the question of whether or not the extinctions coujd
have been synchronous will depend on further paleomagnetic studies. |
In the meantime we can state that the asteroid-impact hypothesis
predicts that fﬁe apparently diachronous- timing of the foramnanno-
fossil and dinosaur extinctions will eventually be shown to be
incorrect. . | »

IMPLICATIONS | | - | -

Among the many implications of.the asteroid—impact hypothesis, if
it is correct,vtwo stand out prominently. First, if the Cretaceous-
Tertiary extinctions were caused by an impact event,.the same could be

true of the earlier major extinctions as well. There have been five
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such extinctions stnce'the end of'the Precambrian,’570 n;y. ago which .
matches well w1th the probab]e 1nterva] of "about 100 m.y. between
col11s1ons thh-obgects this size, (~10 km). D1scuss1ons of these‘
extinction events genera]]y Tist the organ1sms affected according to.
taxonomic group1ngs, it wou]d be more useful to have this information
g1ven in terms of 1nterpreted ecolog1ca1 or food-chain groupings. 1t
w111 also be 1mportant to carry out 1r1d1um ana1yses in comp]ete
strat1graph1c sections across these boundar1es

| Second it may be p0551b1e to assoc1ate large 1mpact craters on |
earth w1th part1cu1ar ext1nct10ns There are, at present one sug-
gested and five proven- impact craters greater than 50 km in. d1ameter
“The largest is the part1a1 ring structure marked by the accurate
shoreline of southeastern Hudson’ Bay, wh1ch was once suggested as a
'poss1b1e 1mpact crater (62) Its d1ameter would be ‘about 400 km, and
if it is an 1mpact feature, 1t is older than the flat- lying

h Precambr1an rocks on the Belcher Islands within the ring. We know of
| Tno further work on this site. The three 1argest proven impact s1tes
are atvSudbury;'Ontario, at Vredefort,‘ln_South Africa (63) and at
Pooioay; in Siberia (64). A1l three are about 100 km-in diameter
' (Sudbury has.subsequent1y been flattened:to an‘e11ipse)’ The first
two are Precambr1an 1n age, whereas Popigay has been dated strat1-
graphically as Late Cretaceous to Quaternary and by K/Ar as 28. 8 M;Y;

No major ext1nct1on occurs at this t1me, but details of the radio-

 metric’ dat1ng were: not given so its re]lab1]1ty 1s not c]ear The

Puchezh—Katunk1 crater on the upper Volga River (65) is 80 km in
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diameter and dated_stratigréphical]y as Early Triassic to Middle
Jurassic. No radiometric age was reported. The fifth large crater is
at Manicouagan, Quebec (66). It is 65 km in diameter, and has given a
Rb-Sr isochron age of 214 * 5 m.y. (61)" In.the most retenf radio-
metric time_sca]e (68) the Tfia551C—Jurassic'boundary is at 212 m.y.,
a major'cofrection from the previous value of about 195-200 m.y. (69)
The Triassié—Jurassic bouﬁdary is sometimes listed as a major extinc-
tion event, although the evidence is somewhat.ambiguous. It»may be a
coincidence that the agé of.thé Manicouagan érater is indistinguish- |

able from that of the Triassic-Jurassic extinctions, but the poséibi1—

ity of. a causal relationship should not be ignored. We note however,

that 65 km is considerably smaller than the predicted crater of 175 km

diameter; we would have expected this 65 km crater to be too small,
and. events of this magnitude too frequent, td account for major
extinctions. We also note that the Triassic-Jurassic boundary falls
in the stratigraphic interval to which the somewha£ larger Puchezh-
Katunki crater is confined. It seems unlikely that the Manfcouagan
event would produce ah extiﬁction if the Puchezh—Katunki event did
not. Neverthéiess, this topic is worth further 1nvesti§ationh
SUMMARY '

The anomalously high concentrations of iridium that we have found
in Italian and Danish 1imestqne sections at exactly the level of the
Cretaceous—Tertiary boundary strongly suggest that a sudden inf1ux of
extraterrestrial material occurred at the time of this great extinc-

tion. Several authors have proposed that a nearby supernova could

T D) SR
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have produced the Crefaceous-fertiary extihctions, but we report fwo
observations and probability arguments that.this was not the case.

In seeking to explain. the paleontological record of the extinction
"and our observations on iridium; we have/deve]oped a new hypothesis
‘which .seems to accbdnt for most of the available information. The
Earth should be struck by an Apo]loetype asteroid with a diametér of
10 km about once evéry 100 M,Y;; roughly,the interval between major
pé]ednto]ogica] extinctions; Such an impact‘eVent would produce the

iridium énomaly Wé see in the‘stfafigraphic record. It would also
produée an impact crater about 175 km in diametér.. Pulverized rock
debris from the crater would be injected as dust into the stratosphere
and rapidly distributed overvthe whole globe. The quantity of dust in
the'sfratosphere would'be‘suffiéient to cut out.most of the Tight
normally reaching the surface, and the resulting suppression of

, photosynthesis would be expected to produce very nearly the pattern of
extinctions that is observed in the paieontological record. When the
dust settled to edrth in the next few years, it would deposit a layer
of clay éimilar to the-c1ay:1ayef in which we have found the {ridium
anomaly in Italy and Denmark. In stport of this suggestion; we -note
that the grossgcheMicaI compoéition of the c]éyl]ayer is substantially
different from that of the'clay mixed with the limestone above and
below the layer. _Ne_thereforé suggest that impact of a 10-km asteroid
may have caused the'Cretaceous—Tértiary extinctibns.

We wish to stress that this is only a hypothesis. We make no
~claim to have proven that an asteroid impact caused the extinctions at

the end of the Cretaceous. Nevertheless, this'hypothesis'does_exp]ain
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much of what is known about the extinctions including our new observa-
tions, and we know of no other hypothesis which does so. 1In the
5rocess of thfs work we made predictions based on this hypothesis
(including the prediction of'anAiridium excess at other locations, and
the chemical difference between the clay ]ayer.and tHe adjacent

o layers) which were subsequently verified by measurement. Fortunately,
the asteroid impact hypbthesis does make additiona1 predictions,
including the prediction that the Cretaceous—Tertiary extinctions were

‘a1l simultaneous and the prediction that there will be iridium

 excesses at other extinctions. Additional confirmation of the
‘hypothesis -depends on the verifiﬁation of these predictions.
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Table 1

Abundance of écid—inso1ub1e residues in the Danish section

Abundance(b) of acid-

Samp]é(a) - R insoluble residues (percent)
SK (+2.7m) S - 3.27
(+1.2m) - | | - 1.08
(+0.7m) .836
| Boundary _ _ o B 44.5
SK (-0.5m) - | B 654
(-2.2m) T 621
(-5.4m) | S | S LTh

(a) Numerxca] values are the d1stance in meters from the boundary
' layer.

_ (b) The boundary layer has a much h1gher proport1on of clay than the
pe]ag1c 11mestones above and be low. :
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Table II

Abundance of Trace Elements in Danish Boundary Laye
(expressed in ppm) ’

Abun. in wh. rk.(@)  abun. in{23)  Abun. in wh. rk.  Abun. in

Abund. of Residue residue - abun. of residue residue
Enhanced Elements(P) o Depleted Elements
v 391 + 27 33031 Mn o 102.0 # 1.3 21.3 £ 0.5
Cr = -~ 371'#13 3589 Rb  27%7  35%4
Co - 141.6+1.8 57.2%0.7 " v 79s6 6.3+ 1.8
Ni- 1137 % 31 479 * 14 'z}(C) L1 125 %6
cule) ;f157“f 1 193’¢~5 o nplc) g§+4  6.1+1.8
N zn(c) 1027 1149.', 378+ 18 Ccs R | 1.87 .19 1.51 + .14
As . %+8 684 Lla 6L1+1.6 6.8+ .4
se(d)  46.5+ 0.6 12;1't_.3 e 57.0%1.2 9.7+ .6
Mo 20.0%2.5 20.3+1.4 Nd 63427 5.4+ .6
gl 269 35+l sn 11,93+ .08 .78+ .008
anld) 245+ 022 086 .oigj B 276 £ .11 121+ 010
Sb 8.0+ .4 6.7 .4 To 1.8 % .04 .148 * .0l
Ba 1175 £ 16 747 = 11 Dy 11.24 + .12 .908 * .033
ir(d) 0643 + .0029 .0416 + .0018  Yb 5.02 + .09 .56 + .05
polc) 64 + 14 28 + 7 Lu 553 £ .031 .083 % .004
Hf 4.34 £ .16 3.88 + .07
Ta .508 * .011 .500 * .005

" Th 7.1 4 1.28 % .05

U 8.63 £ .09 .918 £ .024
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Table II (continued)

Other'E1ements(b)

20.74 + .16 14.30 + .14

Sc

Galc) 30 + 6 19.8 + 3.0

se(€) 1465 + 72 48.1 % 2.4

Au <.12 .027 # .007

(a) The first coTumn minus the second column is the amount of an
element which dissolved in the acid or was. lost in the
firing. Abun. = abundance, wh. rk. = whole rock, abun. of
residue = 44.5 percent.

(b) V, Ag and In are at least 20 percent and all other "enhanced
elements" are at least a factor of 3 more abundant in the
boundary residue than in the other residues. A1l “depleted
elements" are at least 20 percent less abundant in the
boundary residue than in the other residues. “Other elements"
do not-show a consistent pattern of boundary residue
abundances re]at1ve to the others.

()" Measured by hard X-ray fluorescence (39)

(d) Fluxmonitors wére used in the NAA measurements of these

elements. The indicated errors are applicable for comparing
the two entries for a given element, but calibration
uncertainies of possibly 10-20 percent must be cons1dered when
the values are used for other purposes.
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Table III

Whole-rock Compos1t1on of The Gubbio and Dan1sh
: Boundary Layers (percent)

Formula _Or name Gubbio | : . Denmark

E1ements( a)

$i0p . 27.7 % .6 | 29.0 * .6

CAT03 1219 % .15 O B.0L% .17
Feolc) Coas3s0s o 45+ .08
MgO o -~ 1.10 # .07 | 3,07 % .10

ca0 S 26x.4 23.1 + .4
Nay0 1806 * .0036 .0888 * .0018
K50 i 2,46+ .20 .38 + .04
Ti0p - .521 + 022 | .324 + 016
N - Not detected | ~1.1
POy o Not detected .92 £ .09
C0, 17.7 % .3 v 18.4 + .3
Traces elements 2 .3
Sum 89.2 + .8 90.3 # 1.0
Difference(€) | 10.8 + .8 9.7+ 1.0

Minerals in the Danish Boundary Layer(b)

Measured ‘Normalized
Calcite ~90 percent ‘ -~ 41.5 percent
. : o (norm)
Quartz | 5-7 percent ~3 bercent,
Iron Pyrités. : ~5 percent | " ~2 percent

Ilite 2-3 percent ~1 percent
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Table III (continued)

(a)

Si, Ca, Mg, S, P and Gubbio Ti were measured by soft XRF (38).

Some S may be lost in this .sample preparation procedure. The
Denmark Ti was measured by hard XRF (39). A1l other '
measurements were by NAA,

Mineral ‘analyses were made by Mark Ghiorso and I.S.E. Carmichael
of the U. C. Berkeley Department of Geology and Geophysics
utilizing X-ray diffraction.

Total Fe expressed as Fe0.

C0p abundance was calculated from the Ca abundance by assuming
all Ca was present as-the carbonate.

The difference is mainly water and organic material.
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CAPTIONS

Stratigréphit'section at Guggio (6,7). (a) Meter levels.

(b) Systems. (c) Stages; (d) Magnetic polarity zones (black
is normé], white is;reversed‘polarity; leters give Gubbio
po1érity éonatioh, numbers are equivalent marine magnetic

anomalies). (e) Lithology. (f) Samples used in first neutron

'activatibn ana1y§is study’(samp1es I, J; L are from equivalent

positions in the Contessa section, 2 km to the northwest).

"(g) Formation names.

Fig. 2

Abundance variations of 28 eléments in 12 samples From two

Gubbio sections.

Fig. 3

Tridium abundances per unit weight of 2N HNO; acid-insoluble
residues from Italian 1iMestones near the T/C boundary. Error

bars on abundances are the standard deviations in counting

" radioactivity. Errors bars on stratigraphic position indicate

Fig. 4

the total uncertainitiés in position with respect to the
boUndary'éenter.vahe dashed line above the boundary is an
"eyeball fit" exponential with a half-height of 4.6 cm. The
dashed line below the bouhdary'is a best fit exponential (two
points) with a half-height of'0.43‘cm. j——e—— is the mean
and sténdard deviation of Ir abundaﬁces in 4 large samples of
boundary clay from different locétions.

Typical gémma—ray speétfum used to determine Ir abundances in

" nitric acid insoluble residues without further chemistry. Note

that the entire spectrum rests on a background of 118,000

counts. Detector volume = 128cc. Length of count = 980
minutes. Count began 39.8 days after the end of the

irradiation.
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F1g 5 Stratigraphic sect1on at HbJerup Church, Stevns K11nt
: Denmark (a) L1tho]ogy (C Cer1th1um 11mestone, F: Fish
clay). (b) Stages. (c) Samples analyzed in this study.
(d) Meter levels. | |
Fig. 6 Major e]emént abundénces in acid—inso}ub]e fractions from
Danish rocks near thé T/C boundéry; The cross—hatchéd areas
fok'thé Cretaceous and Tertiary»valueé each represent
Vroot—mean~square deviations fok:three sahp]es; (Only two
measurements of Mg and Sf.wére included. in the Crefaceous
.values),_ FOr.the boundéfy layer samp]e}the cross—hatcﬁed areas
are the standard deviations associated with counting errors.
Si and Mg measurements were made by‘XRF_(38) and all others
were made by NAA; )
A Fig. 7 Selected tface element AbUndances in ppm.of Danish
| acid—in§o1ub]evre$idues. Fifﬁt bar is the meén value (the
root-mean-square deviation (RMSD) is shown by the cross—hatched .
areas), for the given<é1ement in the three Cretaceous
residués. Second bar is thé abundahce (counting error is shown
by solid areas) fof the given_é]ement in the boundary 1§yek
residue. Third bar is the_mean va1ue;and'RMSD fbr the given
element in ﬁhevthree'Tertiary residués. Measurements are‘by
NAA except'those of Zn which.were measuréd by XRF (39).
Signfficant amounts of Ni, Zn, Co;,If and Th in all samples
dissolved in the 2N HN03; Very Tittle Cs, Ta or Hf in any of

~the samples dissolved in the acid.
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8 Some of the e1ement abundances measured in atid—insolub]e
‘residues of Cfetaceous, T/C boundary layer and Tertiary rocks
near Gubbio, Italy. vaundances are in ppm except for the Ti
value which is in percent. The data include a11'samp1esvfrom
that area meaeured within 19 meters of the boundary. There
were four samp]es from each of.the three Tayers, and the
cross-hatched areas are the,standard_deviations; The abundance
patterns for samples frdm ~27 km north df Gubbio are similar to
_those shown. |
9 Comparison of observed_e]émenﬁa] abundancevpatterns in the
v Gubbio Section samples wﬁth.average patterns expected For
crustal material. ”
10 Comparison of observed elemental abundance patterns in the
" Gubbio Section samples with the patterns expected for
carbonaceous chondrites. o
11 Gamma-ray spectrum of Pu fraction from acid—fnsoTub]e residue
of irradiated T/C boundary 1eyer from Gubbio which hed'been
salted with 244Pu and 238Pu containing relatively small
amounts of 239Pu, 2405, and 242p,,.
12 .Gamma—ray spectrum of Pu fraction‘fromfacid—insolub1e residpe'
of irrediated boundary-layer clay from Gubbio which had'been
spiked with 238Pu and're]atfve]y smaller amounts of

239Pu, 2405, and 242p,,.
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Plate 1.
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Upper graph: Gamma-ray spectrum of irradiated acid-insoluble
résidue from T/C boundary at GUbbio'without pre-irradiation

or post¥1rradiation chemistry. Lower graph:'Same as above

with chemistry before and after irradiation. Counting

periods, decay periods and chemical yields are different for
the two spectra.

Photomicrographs of (a) the basal bed of the Tertiary,

‘showing'g}obigerina'eugubina, and (b) the top bed of the

Cretaceous, in which the largest foraminifer is 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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