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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 define the 

Cretaceous-Tertiary boundary at about 66.7 m.y.B.P. This anomaly has 

been found worldwide and in both marine and terrestrial sediments. Geo-

chemical details indicate the anomaly was caused by impact on the earth 

of an extraterrestrial object, probably having the composition of a car-

bonaceous chondrite and a diameter of about 10 km. A summary of the 

evidence supporting the impact theory is presented in another paper in 

these proceedings. (W. Alvarez and others, 1982) 

The impact hypothesis for the terminal Cretaceous extinctions sug-

gests that evidence for impact of an extraterrestrial object might be 

found at the stratigraphic horizons of other mass extinctions. In fact, 

there is already one case where evidence for an impact is known at, or 

at least close to, such a horizon. The North American tektites on land 

and the associated 'microtektites studied in sea-bottom cares provide 

direct evidence for a major impact (B.P. Glass and others, 1973, 1979a, 

1979b; F. Maurrasse and B.P. Glass, 1976). The strewnfield extends 

halfway around the earth and contains at least 1010 metric tons of 

impact melt in the form of far-traveled glassy spherules (B.P. Glass and 

others, 1979b). Five radiolarian species die out at the microtektite 

level (B.P.Glass and others 1979a), but the event occured about 2 m.y. 

(B.P. Glass and J.R. Crosbie, 1981) before the Eocene-Oligocene boundary 

as defined in the Deep-Sea Drilling Project (DSDP) reports (N.T. Edgar 

and others, 1973). The boundary defined in this way may or may not be 

synchronous with the major turnover of mammal taxa that defines the 

Eocene-Oligocene boundary in terrestrial sequences in North America, 
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Europe, and Asia (M. Brunet, 1977; D.E. Savage, 1981), a question beyond 

the scope of this paper. Data from Brunet are shown in Fig. 1. Dates 

suggested for the boundary are 32.5 ±0.9 m.y. (B.P. Glass and J.R. Cros-

bie, 1981) and 38.0 m.y. (C. Ness and others, 1980). The best value for 

the fission track and K/Ar ages of North American tektites is 34.2 ± .6 

m.y. (B.P. Glass and J.R. Crosbie, 1981), and the microtektites give 

fission track ages of 34.6 ± 4.2 m.y. (B.P. Glass and others, 1973). 

The possible relation between the Eocene-Oligocene extinctions and 

a major impact has been considered by others (H.C. Urey, 1973; B.P. 

Glass and others, 1979b, J.A. O'Keefe, 1980). In order to determine 

whether the impact that produced the North American strewnfield also 

gave rise to an iridium anomaly, we measured the abundances of many ele-

ments by high-precision techniques (I. Penman and F. Asaro, 1969, 1971; 

F. Asaro and others, 1981a; F.H. Stross and others, 1981) of neutron 

activation analysis (NAA) in 9 samples from cores 30 and 31 of DSDP site 

149 in the eastern Caribbean. The preliminary report on this work, 

including the recognition of a distinct iridium anomaly, appeared as an 

abstract in the program for this meeting (F. Asaro and others, 1981b). 

DSDP site 149 cored a "radiolaria-rich nannoplankton chalk" in the 

Middle Oligocene of core 30, and "semi-indurated calcareous-rich 

radiolarian ooze" in the Upper Eocene of core 31 (N.T. Edgar and others, 

1973). The basal Oligocene is missing between cores 30 and 31 (N.T. 

Edgar and others, 1973; F. Maurrasse, 1976) a gap possibly amounting to 

7 m (B.P. Glass and others, 1979a). This was the discovery site for the 

North American microtektites (T.W. Donnelly and others), but unfor-

tunately the peak of microtektite abundance was apparently lost in the 
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unrecovered interval between cores 30 and 31. 	The microtektite abun- 

dance rises rapidly at the top of core 31, but is back to near zero at 

the base of core 30 (Fig. 2). Despite the missing section, this core 

offered an opportunity to look for an extraterrestrial component. 

Data for 33 elements are shown in Tables I-IV. Nearly all elements 

were calibrated vs. a secondary standard, STANDARD POTTERY (I. Penman 

and F. Asaro, 1971). Calcium and Cl were calibrated vs. primary, stan-

dards of CaCO3  and KC1, respectively, and Ir was calibrated vs. a secon-

dary standard, DINO-1 (prepared from the Danish Cretaceous-Tertiary 

boundary layer) with an Ir abundance of 31.5 ± .6 ppb. Recalibration of 

STANDARD POTTERY for Cr, Ni and Lu gave new values of 102 ± 4, 278 ± 

(H.V. Michel and F. Asaro, 1980), and .425 ± .016 ppm (F. Asaro and oth-

ers, ND), respectively. The precisions of measurement indicated in the 

tables are estimates of standard deviations. As the abundances of the 

elements in the secondary standards are accurately known, the accuracies 

of the data are comparable to the listed precisions. In neutron activa-

tion analyses the subtraction of gamma-ray backgrounds comparable to 

peak intensities sometimes results in negative differences. If a 

difference is small or negative only the upper limit is usually given. 

For Ir, however, negative or small differences are also given in 

parentheses. 

Nearly all of the measured elements appear to correlate with (or be 

consistent with) Ca (probably reflecting CaCO 3  deposition), or Al (prob-

ably reflecting clay or other aluminum silicate deposition), or Sm (pos-

sibly reflecting phosphate deposition) or combinations of these. Exam-

ples of whole-rock and carbonate-free abundances are shown in Fig. 3 and 
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4, respectively. Fig. 5 shows rare earth patterns for some of the Oh-

gocene and Late Eocene samples. The Ce depletion, which probably 

reflects the known Ce depletion in sea water (E.D. Goldberg and M. 

Koide, 1963), is more severe in the Late Eocene than in the Oligocene 

samples. This suggests a larger ratio of biogenic (e.g., phosphate) to 

detrital (e.g., clay) components in the former. If one element corre-

lates with another, then their ratio of abundances should remain fairly 

constant for all or nearly all of the 9 samples. If one element, a, 

correlates with two others, b and c, then the abundance ratio a/b should 

be fairly linear with the ratio c/b for all or nearly all of the 9 sam-

ples. Ba correlates very poorly with the other elements possibly 

because it is the only element listed with a very insoluble sulphate. Ta 

and U correlate roughly with Al, but have one or two samples In poor 

agreement. Ta and Zn patterns are shown in Fig. 6. Zn and Ir do not 

correlate with any other element or with each other. The Zn cannot be 

due to the microtektites since they contain only 150 ppm Zn (R.D. 

Giauque, 1981) as measured by x-ray fluorescence. As Zn is a common 

terrestrial element, Zn geochemical anomalies can have a variety of ter-

restrial sources. This is not, however, true of hr. 

Anomalously high iridium levels were found, coinciding with the 

highest abundance of microtektites, at the top of core 31. The two 

highest samples in core 31 have Ir concentrations of .41 ± .16 and .34 ± 

.10 ppb, as a fraction of the whole rock. The next lower sample has an 

Ir concentration which may follow the trend of the microtektite abun-

dance but is also indistinguishable from zero (see Fig. 2). The other 

six samples, at levels where microtektites are very rare or absent, have 

hr concentrations which are indistinguishable from zero and have a best 
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value of 0.00 ± 0.05 ppb. Fig. 7 demonstrates how an anomaly of about 

0.4 ppb Ir can be determined by neutron activation analysis without 

chemical separations. 

Discovery of the Late Eocene iridium anomaly raises a number of 

questions for further study, but a few preliminary considerations can be 

given here. Of the six Late Eocene samples, the two which definitely 

contain Ir average 34.5 ppm Cr and 92 ppm Ni, and the other 4 average 

slightly less. The maximum abundances of these elements whichshould be 

due to a separate component in the Ir-rich samples are 8.5 and 29 ppm, 

respectively, after statistical treatment of the data to provide about a 

95% confidence level. Ultramafic rocks contain Ir in even higher abun-

dances than the observed anomaly but estimates of their contribution can 

be made because of their high Cr and Ni contents. From 126 measurements 

in ultramaf ic rocks of Ni and Ir abundances (A.J. Naldrett and others, 

1979; J.R. Ross and R.R. Keays, 1979; D.I. Groves and R.R. Keays, 1979) 

and 24 of Cr and Ir (D.I. Groves and R.R. Keays, 1979) the expected Ni 

and Cr abundances in the Ir-rich samples due to such an intrusion would 

average 48 and 126 ppm respectively, much higher than the observed lim-

its (if no marine fractionation is assumed). If, on the other hand, the 

intrusive component were due to a chondritic extraterrestrial source, 

the added Cr and Ni abundances would be 2 and 7 ppm (B. Mason, 1971a) 

respectively, consistent with the observed limits. 

Meteorite ablation debris is continually accumulating in deep-sea 

sediments. From the 1.6 nim/1000 yr sedimentation rate for the Late 

Eocene in DSDP site 149 (F. Maurrasse, 1976) and the relationship 

between Ir abundance and sedimentation rate (J.L. Barker, Jr. and E. 
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Anders, 1968), corrected for appropriate densities, the maximum expected 

Ir concentration would be 0.02 ppb. The 'observed value is 20 times 

higher, which agrees with the interpretation of the microtektites as 

evidence for a single large impact. 

Measurements of Ir in the microtektites are in progress, but in the 

meantime, estimates as useful. If the Os abundance of < 1 ppb in the 

correlative Bediasite tektite from Texas (J.H. Crocket, 1969), and the 

typical Ir/Os ratio of about 1 in chondritic material (B. Mason, 1971b) 

are combined with the maximum abundance of microtektite mass in core 31, 

0.2% (B.P. Glass and M.J. Zwart, 1979a), the Ir abundance at the top of 

core 31 would be <0.002 ppb. The much higher values observed indicate 

that the iridium was not carried primarily by the •microtektites. This 

agrees with the interpretation that tektites are formed from shock-

melted target rock, with only a minor contamination by extraterrestrial 

material. 

The principal conclusions are first, that the association of iri-

dium anomalies with major impact events, inferred for the Cretaceous-

Tertiary boundary, is strengthened by recognition of an iridium anomaly 

at a microtektite horizon; second, although not all impacts which pro-

duce detectable iridium enrichments are necessarily related to extinc-

tions (F.T. Kyte and others, 1981), the association of iridium anomalies 

with extinctions is strengthened by' the synchronous disappearance of 5 

species of radiolaria with the appearance of the iridium and microtek-

tite anomalies near the Eocene-Oligocene boundary; and third, that 

detailed studies of the latest Eocene are needed to determine whether or 

not the terminal Eocene mass extinction of land mammals is synchronous 
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with the tektite-irjdjum horizon. 

About 230 million years ago at the boundary between the Permian and 

Triassic periods, there were mass extinctionswhich have been considered 

at least comparable to those at the end of the Cretaceous Period. In 

order to assist in a search for geochemical anomalies which might be 

associated with the Permian-Triassic (P-T) boundary, John Utting (of the 

department of Geological Research and Services of Petro Canada in Cal-

gary) kindly provided samples and site descriptions from two sections 

about 1300 km apart in the Peoples Republic of China. These were the 

Tien Bao section near Pao Ching village near Nanjing and the Wachapo 

Mountain section near Wanching Luco village about 10 km northwest of 

Kweiyang in Kweichow Province. Through the kind assistance of Fang Yi, 

who was Minister in Charge, The State Scientific and Technological Com-

mission of the Peoples Republic of China, and Frank Press, Scientific 

Advisor to President Carter, a suite of samples was recently obtained 

from the Tangshan section about 20-25 km east of Nanjing. These samples 

were collected by Lung S. Chan (U.C. Berkeley) with the guidance of Lin 

Rui, research geologist in the Nanjing Institute of Geology and Paleon-

tology, Academia Sinica. As data are still being taken on this latter 

suite of-samples, only fragmentary information can be given. 

Eleven samples were measured from the Tien Bao section. 	Six of 

these came from a mudstone unit of the Chinglung Formation (basal Trias-

sic) which had a thin clay layer at the bottom, and five came from the 

Changhsing Formation (latest Permian) which is a well-bedded limestone 

with thin shale beds. Two samples were measured from Wachapo Mountain. 

One was clay from 6 inches above the P-T boundary in the Teiyeh Forma- 
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tion (basal Triassic), and the other was shale from 2 feet below the 

boundary in the Changhsing Formation. The abundances of 25 elements 

were measured by techniques of neutron activation analysis previously 

described, and the data are shown in Tables V and VI. In Fig. 8 are 

shown selected carbonate-free mean abundances for groups of Triassic, 

boundary (lowest Triassic) and Permian samples from the Tien Bao sec-

tion. The large difference in chemical abundances between the boundary 

samples and those above and below is obvious. Comparably high abun-

dances of Th, Ta and Hf and the very low values for Cr were also found 

in the P-T boundary in the Tangshan section near Nanjing not shown in 

the Tables) and at Wachapo Mountain, 1300 km away. The similarities of 

these rather unusual abundances in clay at these three location strongly 

suggest a common origin. 

It was previously known that the Tien Bao and Wachapo Mountain 

boundary layers contained smectite. (J. Utting, 1980) Miriam Kastner 

(1982) from the University of California at San Diego has made an x-ray 

diffraction study of two P-T boundary clays from the Tangshan section as 

well as two Triassic samples (from 0-2 and 8-10 cm above the boundary) 

and three Permian samples(from 0-4, 8-10 and 30 cm below the boundary). 

The boundary samples were different from all of the others in that they 

were predominantly (85-95%) a mixed-layer smectite/illite clay. All of 

the other samples contained principally quartz, feldspar and illite. 

They also contained some of the mixed-layer clay although it was not a 

major phase. Kastner stated the mixed-layer clay is most likely the 

alteration product of a pure smectite which itself was the alteration 

product of a glass. The proportion of illite layers in the mixed-layer 

smectite/illite clay is 50-60%. Aging increases the relative amount of 
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illite layers, and Kastner found the measured value to be quite con-

sistent with the known age of the sediments. 

Thus both the recent chemical and x-ray diffraction evidence sup-

port the conclusion that the P-T boundary layer has a different origin 

than the sediments above and below. If this layer was originally glass, 

it could have originated from volcanism or the result of the impact of 

an extraterrestrial object. In the latter explanation Ir should be 

associated with the boundary layer. Measurements of the Tien Bao and 

Wachapo Mountain sections showed no detectable iridium with an upper 

limit of 0.5 ppb. A measurement of the Tangshan section also showed no 

detectable Ir with an upper limit of .055 ppb. From the available data, 

a volcanic origin for the measured boundary clay appears the most 

likely, although an extraterrestrial impact cannot be ruled out. A 

comet, with an impact velocity possibly 5 times higher than that of 

earth-crossing asteroids and a head consisting roughly of half ice and 

half chondritic matérial, could produce an explosion comparable to that 

envisioned as the cause of the Cretaceous-Tertiary extinctions, if its 

mass was less thanthe canonical 10 km diameter asteroid by a factor of 

52 x 2 = 50. Therefore, it would be expected to contribute about 2% as 

much Ir to the P-T boundary as an asteroid would have contributed to the 

C-T boundary. In order to check this latter possibility further 

improvements in chemical technique are being made to obtain better sen-

sitivity for iridium. 

We are very grateful to Frank Press and Fang Yl, Vice Consul of 

China, for their help in arranging for the procurement of P-T rock sam-

ples. We appreciate the efforts of Lung S. Chan of U.C. Berkeley, Lin 
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samples. We are very much indebted to Miriam Kastner for the x-ray dif-

fraction study and to Robert Giauque for the x-ray fluorescence measure-

ments. We are very thankful to B.P. Glass and D.E. Savage for helpful 

discussions. Neutron irradiations were kindly provided by Tek Lim, 

supervisor of the small U.C. Berkeley research reactor, and his staff. 
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Figure Captions 

Fig.1 Mammalian distribution at Eocene-Oligocene boundary in the 

Paris Basin. 

Fig.2 Eocene-Oligocene geochemical anomalies in DSDP Site 149. 

Fig.3 Selected whole-rock element abundances near the Eocene-

Oligocene boundary in DSDP Site 149. 

Fig.4 Selected element abundances near Eocene-Oligocene boundary in 

DSDP Site 149. Sea water contaminations have been removed, and 

the abundances have been recalculated on a calcium-carbonate-

free basis. 

Fig.5 Rare earth abundance patterns in Late Eocene and Oligocene sed-

iments of DSDP Site 149. Eocene samples are from Intervals 1-

2, 3-4, 14-15 and 84-85 cm below the top of Core 31 Section 1. 

Oligocene samples are from Intervals 20-21 and 140-141 cm below 

the top of Core 30 Section 2. The abundance of each element 

was normalized by dividing it by the abundance of that element 

in the chondritic Leedy meteorite (A. Masuda and others, 1973), 

and the resulting ratios were each divided by the equivalent Sm 

ratio. The error bars are root-mean-square deviations. The Ce 

depletion is estimated as the deviation from a straight-line 

dependence between La and Sm. Work on shales from Kansas and 

Oklahoma indicate this is a reasonable approximation (Cullers 

and others, 1979). 
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Fig.6 Unusual element abundance patterns near the Eocene-Oligocene 

boundary in DSDP Site 149. The abundances have been recalcu-

lated on a calcium-carbonate-free (and sea water-residue-free) 

basis. The Ta pattern is the same as that of Al except for a 

very high value at the top of Core 31. 

Fig.7 Demonstration of the iridium anomaly near the Eocene-Oligocene 

boundary in DSDP Site 149. These are gamma-ray spectra in the 

region of the 468 Key gamma ray of 1921r which were taken dur-

ing a period of 1-2.5 months after neutron irradiation of the 

samples. In order to minimize odd-even effects in the channels 

of the pulse-height analyzer, the channels are summed in pairs. 

The errors are standard deviations in the counting of gamma 

rays. The spectral interference due to 131 Ba was calculated 

L from the abundance of other 13  isa gamma rays and is shown as a 

bump in each of the solid curves. The spectral interference of 

.. 	140 Sb was calculated in a similar way, and those of 15kru and 	Ba 

(from 
235

U fission in the reactor) were determined from the 

measured Eu and .0 contents of the samples. The latter three 

interferences are shown by bumps in the solid curves of the two 

left spectra and in the dashed curves of the two right spectra. 

The steep rise at the highest energy of each spetrum is due to 

a -minor gamma ray of 134 Cs. Upper left spectrum: sum of 858 

min count on sample 2038-E and counts totaling 4874 min on 

2038-F. Lower left spectrum: sum of counts totaling 3881 mm 

on sample 2038-J and 3291 min on sample 2038-K. Upper right 

spectrum: sum of counts totaling 3018 min on sample 2038-G. 

Lower right spectrum: sum of counts totaling 8423 min on 
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2038-H. 

Fig.8 Element abundances of P-T rocks from the Tien Bao section near 

Nanjing in the Peoples Republic of China. The abundances have 

been recalculated on a calcium-carbonate-free basis. 
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