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ABSTRACT

Fourteen samples spanning a 2.5 m interval that includes the Cretaceous-Tertiary (K/T) boundary from Hole 752B near the crest
of Broken Ridge in the eastern Indian Ocean, were studied in order to search for anomalous enrichments of iridium (Ir) and
shock-metamorphosed quartz grains. No allogenic quartz grains >IO µm were observed, hence the presence of quartz containing
diagnostic evidence of shock-metamorphism could not be confirmed. Two Ir anomalies of 2.2±0.6 and 2.0±0.4 parts per billion
(ppb) were measured in samples of dark green ash-bearing chalk at depths of 357.93 and 358.80 mbelow seafloor (mbsf), respectively,
(Samples 121-752B-11R-3, 13-14 cm, and 121-752B-11R-3, 100-101 cm) using conventional Instrumental Neutron Activation
Analysis (INAA). These samples containing anomalous enrichments of Ir were taken from approximately 82 cm above and 5 cm
below the extinction level of Globotruncanids. Our results are consistent with those of Michel et al. (this volume), who observe
elevated concentrations of Ir at these depths in addition to a larger Ir anomaly associated with the extinction level of Globotruncanids.

INTRODUCTION

Following the discovery of excess iridium (Ir) at the Creta-
ceous/Tertiary (K/T) boundary in European sections and its inter-
pretation as geochemical evidence that a major impact event
caused the massive and abrupt extinction event marking the end
of the Mesozoic Era (Alvarez et al., 1980; Ganapathy, 1980),
considerable attention has been devoted to understanding the
nature of the K/T boundary. In accordance with the "impact
hypothesis," it soon was recognized that the K/T boundary layer
also contained other siderophile elements in proportions that were
distinctly unlike the differentiated components of Earth's crust
but were strikingly similar to undifferentiated extraterrestrial ma-
terial such as Cl chondrite (Ganapathy, 1980; Alvarez et al.,
1982). This geochemical signature appears to be global in extent
(Alvarez et al., 1982; 1984), and, at least in some well-preserved
sites, is singular, discrete, and distinctly unlike any other stratig-
raphic layer deposited in the last 70 m.y. (Kyte and Wasson, 1986;
Kyte, 1988). Independent evidence of impact, in the form of
shock-deformed mineral grains, also has been detected at many
sites world-wide (Bohor et al., 1984; 1987). Natural occurrences
of such deformation have been demonstrated through laboratory
and field studies to be unique to meteorite impact (see Sharpton
and Schuraytz, 1989, and references therein).

While such unequivocal evidence of a major impact event at
the K/T boundary suggests the mass extinctions were induced by
the impact, several observations have been advanced in challenge
to this hypothesis. These include reports of multiple Ir anomalies
(Crockett et al., 1988; Rocchia et al., 1988; Graup et al., 1989)
and paleontological evidence of extended or precursory extinc-
tions at some sites (Keller, 1989). Several investigators (Officer
and Drake, 1985; Hallam, 1987; Officer et al., 1987) have argued
that these and other characteristics of the K/T boundary are in
closer accordance with a more extended period of intense volcanic

1 Weissel, J., Peirce, J., Taylor, E., Alt, J., et al., 1991.. Proc. ODP, Sci. Results,
121: College Station, TX (Ocean Drilling Program).

2 Lunar and Planetary Institute, 3303 NASA Rd. 1, Houston, TX 77058, U.S.A.
3 Department of Earth and Environmental Sciences, Wesleyan University, Mid-

dletown, CT 06457, U.S.A.

eruptions than with an instantaneous event such as meteorite
impact (cf. Alvarez et al., 1984). Assessment of available age
determinations led Courtillot et al. (1990) to propose that the
Deccan Traps erupted in several distinct phases beginning in the
late Maestrichtian and that such intense episodes of basaltic
activity could generate these global biological and geochemical
effects. Other explanations for multiple anomalies, however, in-
clude a barrage of comets spanning 1-3 m.y. (Hut et al., 1987),
post-depositional processes (Graup et al., 1989), and/or sample
bias effects (Signor and Lipps, 1982). More detailed documenta-
tion of existing K/T sections and identification and assessment of
new sites is required before the relative significance of impact
(single or multiple), volcanic activity, and preservation effects
can be adequately resolved.

Our ongoing study focuses on detailed characterizations of 34
samples at and around the K/T boundary at five ODP sites in the
Indian Ocean. In this short note we present geochemical data for
the 14 samples spanning a 2.5 m interval containing the K/T
boundary from Hole 752B near the crest of Broken Ridge in the
eastern Indian Ocean.

REGIONAL SETTING
Site 752 is located in the eastern Indian Ocean, near the crest

of Broken Ridge in 1,086 m of water (Fig. 1). A continuous K/T
boundary was recovered within a 60-cm-long ash-chert-chalk
sequence (Fig. 2) in Core 121-752B-11R, 358.2-358.8 mbsf
(Pierce, Weissel, et al., 1989). Recovery in Core 11R was 56%
and consisted of 4- to 10-cm-long cylinders or "drilling biscuits."

Below the boundary interval, the Maestrichtian sediments con-
sist primarily of mottled chalk of varying shades of gray. The
actual boundary interval, based on the extinction of Globotrun-
canids is most likely to be between 73 and 95 cm in Section
121-752B-11R-3, 358.5-358.7 mbsf (Pierce, Weissel, et al.,
1989). The boundary interval is contained within and is immedi-
ately overlain by a compound ash layer which is greater than 5.5
m thick.

SAMPLING AND ANALYTICAL PROCEDURES
A total of 14 samples, approximately 2-3 cm3 in size, were

selected in order to obtain a representative sampling of visible
lithological variations and distinct breaks within the 2.5 m inter-
val of core that contains the K/T boundary as identified by the
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Figure 1. A. Bathymetric map showing location of Site 752. Contours at 100-m intervals, except along the south-facing escarpment where contours
are omitted for clarity. B. Single channel seismic-reflection profile (RC2708 line 20) across Broken Ridge showing the location of Site 752 (Pierce,
Weissel, et al., 1989).
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Figure 2. Photograph of core containing the K/T boundary. The boundary

interval lies between 72 and 95 cm in Section 121-752B-11R-3. Locations of

samples analyzed in this study are shown by circles; open circle = Ir below

detection; solid circle = anomalous enrichment of Ir; cross projecting from

circle = dark and light sediment analyzed separately. The location of Sample

121-752B-11R-2, 76-77 cm, is not shown. Additional information about

sample locations is given in Table 1 and Ir values are presented in Table 2. Star

denotes location of maximum Ir peak meassured by Michel et al. (this volume).

Shipboard Party (Fig. 2, Table 1). Sample size and spacing were
constrained by the amount of material available and by JOIDES
(Joint Oceanographic Institutions for Deep Earth Sampling) sam-
pling guidelines. Samples were numbered randomly and split.
One split was gently crushed and examined in immersion oil using
a petrographic microscope. The other split was powdered by hand
with an agate mortar and pestle for chemical analysis by conven-
tional INAA. Where a distinct color difference existed within a
sample and where the different colored material could be sepa-
rated, the sample was further subdivided to preserve the color
integrity, and two separate samples (denoted A and B, respec-
tively) were analyzed. In addition, one sample (121-752B-11R-3,
13-14 cm) was analyzed twice (T19-1 and T19-2) to provide a
check on the reproducibility of results.

Homogenized rock powder from each sample was sealed in a
silica tube and irradiated at the University of Missouri Research
reactor with a flux of 4.90 × I01 3 n cm"2 s~1 for 14 hr. Counting
and data reduction was done at the NASA Johnson Space Center
using recently upgraded equipment and data reduction techniques
(Lindstrom and Korotev, 1982; D. Lindstrom and D. Mittlefehldt,
unpubl. program, 1988). U.S. Geological Survey (USGS) AN-G
was used as the standard for sodium and calcium; USGS DTS-1
for iron, chromium, cobalt, and nickel; South African Bureau of
Standards SARM-7 for iridium and gold; and U.S. National Bu-
reau of Standards NBS-1633A for all other elements.

RESULTS
Abundances of 30 elements within each of the analyzed sam-

ples are presented in Table 2. The analytical uncertainties pre-
sented (±lσ) take into account the propagation of errors due to
counting statistics, uncertainties of elemental abundances in the
standards, and sample/detector geometry. Limits of detection are
governed by counting time and the composition of the sample,
and thus will vary among samples. In cases where an element was
below the limit of detection (i.e., the number of counts in the
region of interest was not sufficiently above the background to
distinguish a statistically significant peak), a value indicating the
2σ upper limit for the abundance of that element is shown en-
closed in parentheses (Table 2).

Ir was detected in 2 of the 14 samples analyzed, at abundances
of 2.2±0.6 and 2.0±0.4 ppb. Upper limits (2σ) for the 12 samples
in which no Ir was detected range from <0.3 to <l . l ppb. Michel
et al. (this volume) determined an average background level of
0.022 ppb Ir below the K/T boundary using an Iridium Coinci-
dence Spectrometer (ICS), which is more sensitive than the single
detector used in our conventional INAA procedure. Hence, Ir
abundances at the 2 ppb level are substantially above background
and indicate anomalous enrichments of Ir in these samples.

An Ir abundance of 2.0±0.4 ppb was measured in dark green
sediment from 121-752B-11R-3, 100-101 cm (Table 2, sample
T21B). This sample occurs 5 cm below the extinction level of
Globotruncanids and approximately 8 cm below the maximum Ir
peak of 3.8 ppb identified by Michel et al. (this volume). Ir values
of their closest samples, obtained at approximately 1 cm above
and 4 cm below our sample, (0.098 and 0.862 ppb, respectively)
indicate our sample represents a distinct "spike" in Ir abundance
rather than the tail of the main K/T anomaly.

A second Ir anomaly was detected in a sample from 121-752B-
11R-3, 13-14 cm. This sample was analyzed in two splits (Table
2, samples T19-1 and T19-2), with Ir abundances of 2.7±1.0 ppb
and 1.9±0.8 ppb, respectively. These values agree within analyti-
cal uncertainty, and yield a weighted mean abundance of 2.2±0.6
ppb. This sample, which also consists of dark green sediment,
occurs approximately 82 cm above the extinction level of Glo-
botruncanids. Michel et al. (this volume) detected an Ir anomaly
of 1.5 ppb at the same location in the core.
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Table 1. Descriptions of core samples from Hole 752B. The darker samples contain
more clay minerals and the lighter samples contain more chalk.

ID
number

TT28
T19
TT29
TT27
TT32
T24
TT31
T26A
T26B
T21A
T21B
T23
T22
T20

Core, section,
interval (cm)

11R-2, 76-77
11R-3, 13-14
11R-3, 24-25
11R-3, 27-28
11R-3, 34-35
11R-3, 42-43
11R-3, 67-68
11R-3, 73-74
11R-3, 73-74
11R-3, 100-101
11R-3, 100-101
11R-3, 120-121
11R-3, 140-141
11R-4, 13-14

Depth
(mbsf)

357.06
357.93
358.04
358.07
358.14
358.22
358.47
358.53
358.53
358.80
358.80
359.00
359.20
359.43

Color and comments'

dark green
dark green (two splits analyzed)
fine layering
green
layered green
very hard sediment
dark and light sediment, mostly light sampled
dark green
light green
light green
dark green
very hard sediment
abundant dark speckles
light green

No allogenic quartz grains >IO mm were observed in the petro-
graphic analysis of the samples. Therefore, the presence of quartz
containing diagnostic evidence of shock-metamorphism (Sharp-
ton and Grieve, 1990) could not be confirmed. However, our
investigations were severely hindered by the limited amount of
material available for this search.

SUMMARY
We were successful in detecting anomalous enrichments of Ir

in the vicinity of the K/T boundary at Site 752; therefore, the data
in Table 2 provide useful information regarding geochemical
distinctions between the Ir-enriched horizons and the adjacent
regional sediments. We note that the Ir distribution obtained in
our analysis is consistent with that of Michel et al. (this volume)
based on a different sampling strategy and a different analytical
technique. Because we could not obtain a sample of material at
the extinction level of Globotruncanids as defined by the Ship-
board Party, we cannot comment on the distribution of Ir and
shock-deformed minerals precisely at the K/T boundary. How-
ever, the occurrence of two additional Ir anomalies in close
proximity to the K/T boundary suggests that either a single Ir-rich
horizon has been redistributed or that the Ir was deposited in more
than one episode.
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Table 2. Chemical analyses of core samples from Hole 752B obtained by INAA. Analytical uncertainties are ± lµ. Upper limits. (2µ) for abundances
below detection are enclosed in parentheses.

Sample ID
Depth (mbsf)
Mass (mg)

Weight percent

Na2O
K2O
CaO
FeO

Parts per million

Se
Cr
Co
Ni
Rb
Cs
Sr
Ba
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Zr
Hf
Ta
U
Th
As
Se
Sb

Parts per billion

Ir
Au

TT28
357.06
118.8

2.72 ± 0.04
1.45 ± 0.25
5.8 ± 0.9

10.19 ± 0.11

25.36 ± 0.28
32.9 + 0.6
31.0 + 0.4

43 ± 13
21.2 ± 1.7
0.31 ± 0.03
1040 ± 40
1454 ± 28
9.29 ± 0.12

18.30 ± 0.28
10.3 ± 2.0
3.32 ± 0.05

1.016 ± 0.018
0.663 ± 0.022
2.39 ± 0.04

0.362 ± 0.008
133 ± 22

2.77 + 0.06
0.432 ± 0.016
0.31 ± 0.06
1.05 ± 0.03

(<l O)
0.50 ± 0.21

0.376 ± 0.020

(<l.O)
1.7 ± 0.8

T19-1
357.93
58.70

1.807 ± 0.021
2.41 ± 0.25
16.6 ± 0.4
7.65 ± 0.08

22.57 ± 0.25
63.5 ± 0.9
26.0 ± 0.3

76 ± 14
39.2 ± 1.9
0.77 ± 0.04
820 ± 30
443 ± 13

25.68 ± 0.29
40.8 ± 0.6
22.3 ± 2.4
5.38 ± 0.07

1.288 ± 0.023
1.032 ± 0.028
3.43 ± 0.05

0.494 ± 0.011
103 ± 22

2.68 ± 0.07
0.554 ± 0.020
0.38 ± 0.05
1.37 ± 0.04
1.45 ± 0.18

«0.6)
0.748 + 0.022

2.7 ± 1.0
3.3 ± 1.2

T19-2
357.93
131.6

1.910 ± 0.026
2.41 ± 0.24
16.5 ± 0.9
7.62 ± 0.08

22.80 ± 0.25
63.9 ± 0.9
27.5 ± 0.3

67 ± 11
38.7 ± 1.7
0.75 ± 0.03
830 ± 30
478 ± 12

26.08 ± 0.29
40.4 ± 0.5
25.7 ± 2.1
5.49 + 0.07

1.350 ± 0.22
1.058 ± 0.025
3.45 ± 0.05

0.502 ± 0.009
121 ± 20

2.66 + 0.05
0.577 ± 0.017
0.32 ± 0.05

1.418 + 0.029
1.70 ± 0.25

«0.4)
0.762 + 0.020

1.9 ± 0.8
3.7 ± 1.4

TT29
358.04
109.0

1.761 ± 0.023
1.60 ± 0.15
19.3 ± 0.6
4.72 ± 0.05

15.86 ± 0.17
53.8 ± 0.8

13.22 ± 0.16
40 ± 9

20.8 ± 1.2
0.363 + 0.028
1250 ± 40
4410 ± 80
15.78 ± 0.18
27.4 ± 0.4
14.1 ± 1.5
3.57 ± 0.05

0.779 ± 0.015
0.614 ± 0.019

1.87 ± 0.03
0.281 ± 0.006

87 ± 16
2.19 ± 0.05

0.507 ± 0.015
0.64 ± 0.05
1.61 ± 0.03
0.29 ± 0.12

«0.7)
0.236 ± 0.013

«0.8)
3.4 ± 1.0

TT27
358.07
100.3

1.498
1.52
22.4
3.80

14.82
33.4

10.37
27

23.4
0.404
1220
4440

21.46
35.4
19.8
4.69

0.993
0.777
2.61

0.384
115

2.95
0.740
0.52
2.61

± 0.020
± 0.24
± 0.5
± 0.04

± 0.16
± 0.5
± 0.12
+ 8
± 1.2
± 0.027
± 40
± 80
± 0.24
± 0.5
± 1.8
± 0.07
± 0.016
± 0.019
± 0.04
± 0.008
± 17
± 0.06
+ 0.018
+ 0.07
± 0.04

«0 .6 )
0.34

0.555

(<
3.7

± 0.17
± 0.018

± 1.4

TT32
358.14
110.3

1.845 ± 0.024
1.75 ± 0.18
19.0 + 0.6
5.26 ± 0.06

16.58 ± 0.18
31.4 ± 0.5

12.17 + 0.15
48 ± 13

27.2 ± 1.4
0.40 + 0.03
1140 + 40
3840 + 70

22.26 ± 0.25
41.6 ± 0.6
25.1 ± 2.1
5.86 ± 0.08

1.133 ± 0.020
1.048 + 0.025
3.47 + 0.05

0.510 ± 0.009
203 ± 27

4.82 ± 0.09
1.330 ± 0.030
1.60 ± 0.07
4.47 ± 0.07
0.54 ± 0.18

«0.8)
0.769 ± 0.020

«0.9)
3.5 + 1.2

T24
358.22
119.3

0.410 ± 0.005
0.218 ± 0.017
39.0 ± 0.7

0.488 ± 0.006

1.644 ± 0.018
2.76 ± 0.13
3.44 ± 0.04

(<12)
3.1 ± 0.3

0.057 ± 0.010
411 ± 2 4
885 ± 17

13.67 ± 0.15
20.7 ± 0.3
11.5 ± 1.0

1.914 ± 0.024
0.275 ± 0.006
0.288 ± 0.008
1.148 ± 0.020
0.160 ± 0.003

67 ± 8
1.82 ± 0.04

0.666 ± 0.017
0.086 ± 0.017
2.28 ± 0.03
0.19 ± 0.03

(<0.31)
0.164 ± 0.005

«0.8)
1.0 ± 0.4

TT31
358.47
83.25

2.061 + 0.026
0.85 ± 0.08
19.5 ± 0.7
7.37 ± 0.08

19.95 ± 0.22
65.0 ± 0.9

24.06 ± 0.28
46 ± 12

11.8 ± 1.4
0.19 ± 0.03
730 ± 30

1960 ± 40
12.25 ± 0.14
16.24 ± 0.26

9.2 ± 1.7
2.75 ± 0.04

0.778 ± 0.016
0.580 ± 0.021

1.98 ± 0.03
0.302 ± 0.006

68 ± 19
1.88 ± 0.05

0.332 ± 0.016
0.87 ± 0.05

0.900 ± 0.029
1.58 ± 0.12
1.41 ± 0.24

0.427 ± 0.017

(<l . l )
2.7 + 1.0
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Table 2 (continued).

Sample ID
Depth (mbsf)
Mass (mg)

Weight percent

Na2O
K2O
CaO
FeO

Parts per million

Se
Cr
Co
Ni
Rb
Cs
Sr
Ba
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Zr
Hf
Ta
U
Th
As
Se
Sb

Parts per billion

Ir
Au

T26A
358.53
105.1

1.319 ± 0.017
0.85 ± 0.15
28.3 ± 0.6
3.01 ± 0.03

16.08 ± 0.18
56.8 ± 0.8
32.8 ± 0.4

43 ± 10
11.7 ± 1.0

0.260 ± 0.029
920 ± 30

3450 ± 60
19.23 ± 0.22
20.8 ± 0.3
16.1 ± 1.9
3.62 ± 0.05

0.936 ± 0.016
0.620 ± 0.021
2.36 ± 0.04

0.353 ± 0.008
71 ± 15

1.98 ± 0.05
0.416 ± 0.014

1.49 ± 0.09
1.30 ± 0.03
5.7 ± 0.3

2.11 ± 0.21
1.123 ± 0.025

(<0.8)
6.7 ± 1.4

T26B
358.53
125.0

1.178 ± 0.015
0.80 ± 0.07
32.0 ± 0.9
2.96 ± 0.03

15.22 ± 0.17
53.9 ± 0.7

20.85 ± 0.25
26 ± 7

12.7 ± 0.9
0.249 ± 0.026

746 ± 28
2420 ± 40
17.99 ± 0.20
18.90 ± 0.27
12.8 ± 1.2
3.25 ± 0.04

0.835 ± 0.0!5
0.614 ± 0.016
2.15 ± 0.03

0.324 ± 0.005
68 ± 15

1.82 ± 0.05
0.378 ± 0.013

1.58 ± 0.04
0.861 ± 0.020
2.23 ± 0.09
1.24 ± 0.18

0.624 ± 0.013

«0.7)
6.2 ± 0.7

T21A
358.80
145.5

0.550 ± 0.006
0.68 ± 0.07
43.2 ± 0.8

1.092 ±0.012

4.29 ± 0.05
9.30 ± 0.23
6.71 ± 0.08

23 ± 4
10.4 ± 0.6

0.306 ± 0.014
1060 ± 40
1173 ± 22

14.29 ± 0.16
10.68 ± 0.16
11.7 ± 1.0
2.38 ± 0.03

0.572 ± 0.010
0.394 ± 0.010
1.380 ± 0.021
0.207 ± 0.004

27 ± 6
0.734 ± 0.022
0.135 ± 0.006
0.270 ± 0.018
0.557 ± 0.015
0.56 ± 0.06
0.89 ±0.11

0.286 ± 0.008

(<0.4)
0.80 ± 0.30

T21B
358.80
105.6

0.789 ± 0.011
0.52 ±0.11
39.2 ± 0.7

1.430 ± 0.016

6.27 ± 0.07
38.0 ± 0.6

22.42 ± 0.26
64 ± 6

9.7 ± 0.7
0.349 ± 0.020

990 ± 40
743 ± 15

13.81 ± 0.16
12.30 ± 0.19
12.7 ± 1.3
2.78 ± 0.04

0.643 ± 0.011
0.499 ± 0.013
2.03 ± 0.03

0.274 ± 0.005
50 ± 11

1.60 ± 0.03
0.540 ± 0.015
2.56 ± 0.08
1.95 ± 0.03
11.0 ± 0.3
1.36 ± 0.19

0.700 ± 0.015

2.0 ± 0.4
2.8 ± 0.7

T23
359.00
126.4

0.451 ± 0.006
0.31 ± 0.04
42.5 ± 0.7

0.542 ± 0.006

2.84 ± 0.03
5.96 ± 0.17
2.96 ± 0.04

10 ± 3
6.0 ± 0.4

0.243 ± 0.012
960 ± 50

1066 ± 21
11.69 ± 0.13
7.86 ± 0.13
11.1 ± 1.0

1.958 ± 0.025
0.451 ± 0.008
0.346 ± 0.010
1.345 ± 0.023
0.190 ± 0.004

(<18)
0.489 ± 0.015
0.106 ± 0.005
0.81 ± 0.03

0.489 ± 0.012
1.02 ± 0.08
0.39 ± 0.09

0.208 ± 0.007

(<0.4)
1.23 ± 0.18

T22
359.20
149.9

0.425 ± 0.005
0.28 ± 0.03
41.7 ± 0.7

0.438 ± 0.005

2.276 ± 0.025
5.15 ± 0.13

2.247 ± 0.028
(<12)

5.4 ± 0.4
0.212 ± 0.010

940 ± 50
1128 ± 22

11.10 ± 0.12
7.12 ± 0.12
10.1 ± 0.9

1.807 ± 0.023
0.408 ± 0.007
0.320 ± 0.009
1.150 ± 0.019
0.162 ± 0.003

15 ± 5
0.444 ± 0.014
0.083 ± 0.004
0.499 ± 0.029
0.419 ± 0.010
0.54 ± 0.06
0.13 ± 0.07

0.201 ± 0.006

«0.3)
0.8 ± 0.3

T20
359.43
121.2

0.458 ± 0.006
0.41 ± 0.04
43.3 ± 0.8

0.689 ± 0.008

3.03 ± 0.03
7.25 ± 0.20
5.28 ± 0.06

10 ± 4
7.2 ± 0.4

0.257 ± 0.013
980 ± 60

1398 ± 27
11.54 ± 0.13
8.29 ± 0.14
11.5 ± 1.0

1.938 ± 0.025
0.445 ± 0.008
0.328 ± 0.009
1.161 ± 0.020
0.165 ± 0.003

19 ± 5
0.436 ± 0.015
0.088 ± 0.005
0.431 ± 0.021
0.473 ± 0.013
0.88 ± 0.06
0.68 ± 0.12

0.201 ± 0.006

(<0.4)
11.3 ± 0.6
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