
orites (7). A calculation can be made of 
the minimum size of the impacting body 
from the following data: (i) the area of 
fallout for the North American microtek- 
tites is at least 36 million km2; (ii) the 
excess Ir per square centimeter from 260 
to 290 cm in depth is about 63 x lo-' g; 
and (iii) the chondritic Ir content is 
514 x lo-' gig (8). This calculation indi- 
cates that the impacting object weighed 
at least 50 billion tons and was 3 km in 
diameter. The estimate is a minimum 
because the size of the fallout field could 
be greater than has been assumed. 

Although meteoritic Ir and impact- 
produced microtektites are near each 
other in this deep-sea core, their concen- 
tration profiles are not identical. The 
distribution peaks correspond to a sepa- 
ration of about 30 cm of sediment. How- 
ever, in the Ir-rich region there are abun- 
dant dark, opaque microtektite spherules 
that have crystalline material in the 
glass. It has been suggested that these 
dark spherules are related to the other 
microtektites in the core (5). In this case, 
the fallout of microtektites, meteoritic 
debris, and dark spherules could have 
been contemporaneous, and the 30-cm 
displacement may have resulted from 
local factors such as bioturbation, tur- 
bidity currents, o r  density differences 
rather than a real time difference. 

East Asian and Australian tektites, 
resulting from meteorite impact(s) on the 
earth about 0.70 to 0.83 million years 
ago, both contain a meteoritic compo- 
nent (9). The Ivory Coast tektites (1.3 
million years) and the Czechoslovakian 
tektites (15 million years) are both asso- 
ciated with craters of the same ages. The 
origin of the North American tektites has 
long been disputed because of lack of 
direct evidence in the form of either a 
meteoritic component o r  a crater (10). 
Deep-sea sediments have now provided 
evidence for an impact origin for the 
North American tektites. Urey (11) had 
suggested earlier that the Eocene extinc- 
tions may have resulted from the impact 
that produced the North American tek- 
tites. 

O'Keefe (6) has recently suggested 
that the Eocene extinctions might have 
been triggered by the formation of Sat- 
urn-like rings consisting of extraterrestri- 
al tektites coming to the earth. Such an 
origin for North American tektites must 
now be regarded as  remote, since their 
close association with a meteoritic com- 
ponent implies that they, like other tek- 
tites, were produced on the earth by a 
massive meteorite impact. 

High concentrations of noble metals in 
terrestrial sediments have now been 
found at  or near two major divisions in 

the stratigraphic record: the Cretaceous- 
Tertiary boundary (3) and the Eocene- 
Oligocene boundary. In both cases, 
there is evidence of extinctions among 
diverse fauna and flora. It is difficult to 
avoid the implication that major meteor- 
ite impacts have played a role in the 
evolution of life on the earth (12). 
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Iridium Anomaly Approximately 

Synchronous with Terminal Eocene Extinctions 

Abstract. An iridium anomaly has been found in coincidence with the known 
microtektite level in cores from Deep Sea Drilling Project site 149 in the Caribbean 
Sea. The iridium was probably not in the microtektites but deposited simultaneously 
with them; this could occur if the iridium was depositedfiom a dust cloud resulting 
fiom a bolide impact, as suggested for the anomaly associated with the Cretaceo~rs- 
Tertiary boundary. Other workers have deduced that the microtektites are part of the 
North American strewn tekt i te jeld,  which is dated at about 34 million years before 
present, and that the microtektite horizon in deep-sea cores is synchronous with the 
extinction of jive radiolarian species. Mass extinctions also occur in terrestrial 
mammals within 4 million years of this time. The iridium anomaly and the tektites 
and microtektites are supportive of a major bolide impact about 34 million years ago. 

Iridium and other siderophile elements 
depleted in the earth's crust occur in 
anomalously high concentrations at the 
same stratigraphic level as the marine 
micropaleontological extinctions that de- 
fine the Cretaceous-Tertiary boundary at 
about 66.7 million years ago. This anom- 
aly has been documented at 12 sites in 
marine sediments (1-6) and one site in 
terrestrial sediments from New Mexico 
(3, and several other occurrences have 
been discussed (8). Stratigraphic infor- 
mation from southern Spain shows that 
the iridium-bearing level was deposited 
in an interval probably no longer than 
about 50 years (9). The anomaly has 

been interpreted as a result of the impact 
on the earth of an extraterrestrial object 
(2, 8, 10, 11), and it has been estimated 
that an impact of this magnitude should 
occur roughly every 100 million years 
(12, 13). Several mechanisms have been 
suggested for extinctions following a bo- 
lide impact (2, 14-16). The impact expla- 
nation for the terminal Cretaceous ex- 
tinctions suggests that evidence for im- 
pact of an extraterrestrial object might 
be found at the stratigraphic horizons of 
other mass extinctions. In fact, there is 
already one case where there is evidence 
for an impact at or close to  evidence for 
such an extinction. 
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Tektites are generally considered to 
have been formed by meteoritic or come- 
tary impact on the earth, although a 
lunar origin (17) has also been suggested. 
Earlier references have been given by 
Glass et al. (18). The North American 
tektites on land and the associated mi- 
crotektites studied in sea-bottom cores 
principally by Glass and co-workers (18- 
20) very likely provide direct evidence 
for a major impact. The strewn field 
extends halfway around the earth and 
contains at least 10" metric tons of im- 
pact melt in the form of far-traveled 
glassy spherules (18). The best value for 
the fission track and KiAr ages of North 
American tektites is 34.2 i 0.6 million 
years (21), and the fission track age of 
microtektites is 34.6 * 4.2 million years 
(22). Five radiolarian species die out at 
the microtektite level (l9), but the event 
occurred about 2 million years before the 
Eocene-Oligocene boundary (age, 32.5 
+ 0.9 million years) (21) as defined in the 
Deep Sea Drilling Project (DSDP) re- 
ports (23). The major turnover of mam- 
malian taxa that defines the Eocene- 
Oligocene boundary in terrestrial se- 
quences in North America, Europe, and 
Asia (24) has been assigned an age of 
38.0 million years (25). The errors on the 
latter date were not given, and it is not 
known whether it differs significantly 
from that of the microtektite horizon. 

The possible relation between the Eo- 
cene-Oligocene extinctions and a major 
impact has been considered by other 
workers (18, 26). In order to determine 
whether the impact that produced the 
North American strewn field also gave 
rise to an iridium anomaly, we measured 
30 elements by high-precision techniques 
of neutron activation analysis in nine 
samples from DSDP site 149 in the east- 
ern Caribbean. A preliminary report on 
this work has been presented (27). 

Drilling at DSDP site 149 yielded a 
"Radiolaria-rich nannoplankton chalk" 
in the middle Oligocene of core 30 and a 
"semi-indurated calcareous-rich radio- 
larian ooze" in the upper Eocene of core 
31 (23). The basal Oligocene may be 
missing between cores 30 and 3 1 (23,28), 
a gap possibly amounting to 7 m (19). 
This was the discovery site for the North 
American microtektites (29), but the 
peak of microtektite abundance was ap- 
parently lost in the unrecovered interval 
between cores 30 and 31. The microtek- 
tite abundance rises rapidly at the top of 
core 3 1, but is back to nearly zero at the 
base of core 30 (Fig. 1). Despite the 
missing section, this DSDP site offered 
an opportunity to look for an extraterres- 
trial component. 

Table 1 shows the stratigraphic levels 

and abundances of selected elements for Cretaceous-Tertiary boundary, is strength- 
the nine samples from cores 30 and 31 of ened by recognition of an iridium anoma- 
DSDP site 149. Anomalously high iridi- ly at a microtektite horizon; (ii) although 
um levels were found, coinciding with not all impacts that produce detectable 
the highest abundance of microtektites, iridium enrichments are necessarily re- 
at the top of core 31. The two highest lated to extinctions (30), the association 
samples in core 31 have Ir concentra- of iridium anomalies with extinctions is 
tions of 0.41 i 0.16 and 0.34 ? 0.10 strengthened by the disappearance of 
parts per billion (ppb) as a fraction of the five species of radiolaria at the same 
whole rock. The next sample below has a level as the iridium and microtektite 
value for Ir that appears to follow the anomalies near the Eocene-Oligocene 
trend of the microtektite abundance but boundary; and (iii) detailed studies of the 
is also indistinguishable from zero. The latest Eocene are needed to determine 
other six samples, at levels where micro- whether the terminal Eocene mass ex- 
tektites are very rare or absent, have a tinction of land mammals is synchronous 
best value for the iridium abundance of with the tektite-iridium horizon. 
0.00 i 0.05 ppb. We conclude that (i) Discovery of the late Eocene iridium 
the association of iridium anomalies with anomaly raises a number of questions for 
major impact events, inferred for the further study. As seen in Fig, 1, ,the 

Table 1. Selected DSDP 149 chemical data. The indicated precisions of measuremen't are 
standard deviations (S.D.) in gamma-ray counting. Calcium was calibrated against a CaC03 
primary standard; Cr and Ni were calibrated against a secondary standard, "standard pottery" 
(38), with abundances of 102 t 4 and 278 t 7 ppm, respectively (39); and Ir was calibrated 
against a secondary standard, DINO-1 (prepared from the Danish Cretaceous-Tertiary bound- 
ary layer), with abundance 31.5 t 0.6 ppb. The accuracies of the measurements are comparable 
to the precisians. When backgrounds comparable to gamma-ray peak intensities are subtracted, 
negative differences are sometimes obtained. If the difference is negative or if it is positive but 
smaller than 2 S.D., 2 S.D. plus any positive difference is given as the upper limit. The 
differences and standard deviations, in parts per billion, are also shown in parentheses. 

Fig. 1. Iridium and 
calcium whole-rock 
abundances in cores 
from DSDP site 149. 
Error bars in the Ir 
data are 1 S.D. In the 
Ca measurements 1 
S.D. is smaller than 
the points. 
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