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James C. Zachos2

ABSTRACT

Continuous, expanded, and undisturbed Cretaceous/Tertiary boundary sequences were recovered in three holes
drilled at Deep Sea Drilling Project Site 577 (32°26.51'N, 157°43.40'E) on Shatsky Rise. The Cretaceous/Tertiary
boundary lies at a sub-bottom depth of approximately 109.6 m in a white calcareous ooze. It was identified biostrati-
graphically within the magnetic C-29R subchron using nannofossils and is characterized by an iridium anomaly of
61 ng/cm2 and a sharp 1% decrease in 13C. Limited organic geochemical samples suggest that molecular stratigraphy
cannot be applied definitively across the boundary.

INTRODUCTION
Deep Sea Drilling Project (DSDP) Site 577 is located

at 32°26.51'N and 157°43.40'E in 2678 m of water on
the flank of the Shatsky Rise, close to DSDP Site 47
(Fig. 1). Primary drilling objectives at Site 577 were to
obtain a detailed paleoceanographic record for the west-
ern edge of the subtropical gyre during the late Neogene
Period, to establish a high-resolution stratigraphy for
the Neogene and Quaternary periods using paleomag-
netics, stable isotopes, and biostratigraphy, and to re-
cover the Cretaceous/Tertiary boundary for midlatitude
calcareous biostratigraphic, paleomagnetic, and geochem-
ical studies. Three holes were hydraulically piston cored
at Site 577; two of them penetrated Quaternary to Up-
per Cretaceous sediments (Holes 577 and 577A) includ-
ing Cretaceous/Tertiary boundary sequences. The third
hole was washed to basal Paleocene sediments and a
third Cretaceous/Tertiary boundary sequence was recov-
ered, providing enough material for all the scientific
studies of the boundary that were planned.

This summary chapter briefly details the primary re-
sults of shipboard and shore-based studies of the Site
577 Cretaceous/Tertiary boundary sequences. Other Site
577 results from shipboard investigations are given in
the Site 577, chapter (this volume). Site 577 shore-based
studies not focused on the Cretaceous/Tertiary bound-
ary sequence include radiolarian biostratigraphy (Mor-
ley, this volume), diatom biostratigraphy (Koizumi and
Tanimura, this volume), heat flow and thermal conduc-
tivity (Horai and Von Herzen, this volume), physical
and geotechnical properties (Schultheiss, this volume),
and interstitial water chemistry (McDuff, this volume).

Heath, G. R., Burckle, L. H., et al., Init. Repts. DSDP, 86: Washington (U.S. Govt.
Printing Office).
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Site 577 Lithostratigraphy
All of the sediments recovered at Site 577 are lightly

mottled nannofossil oozes (Fig. 1), divided into three
lithologic units on the basis of color variations.

Lithologic Unit I (0-53.5 m sub-bottom) is a white to
light gray nannofossil ooze. It is divided into two sub-
units on the basis of a downcore decrease in the percent-
age of foraminifers, radiolarians, and diatoms. The up-
per subunit contains 60-95% nannofossils, with com-
mon foraminifers (0-20%) and rare radiolarians (0-7%)
and diatoms (0-3%). The lower subunit contains 90-97%
nannofossils, only a few percent foraminifers, and traces
of radiolarians and diatoms.

Lithologic Unit II (53.5-111.9 m sub-bottom) is a
white to pale brown nannofossil ooze. It is divided in-
to two subunits, the upper one being pale brown in col-
or and containing 80-90% nannofossils and only trace
amounts of foraminifers. The lower subunit is charac-
terized by alternating white and pale brown colors, 65-
95% nannofossils, and 0-35% foraminifers.

Lithologic Unit III (111.9-123.4 m sub-bottom) is a
white calcareous nannofossil ooze containing 80-90%
nannofossils.

An undisturbed Cretaceous/Tertiary boundary has
been located at a sub-bottom depth of 109.10 m in Hole
577 and 109.62 m in Holes 577A and 577B, in all cases
within the lower subunit of Lithologic Unit II. Except
for a minor color change from a Maestrichtian white to
a Tertiary light brown calcareous ooze, the Cretaceous/
Tertiary boundary sediments are essentially featureless
with no signs of sedimentation disruption (see frontis-
piece, this volume).

BIOSTRATIGRAPHY OF THE
CRETACEOUS/TERTIARY BOUNDARY

Sediments recovered throughout Site 577 are rich in
calcareous microfossils that provide a high-resolution late
Cenozoic, Paleogene, and Upper Cretaceous biostratig-
raphy. Site 577 nannofossil stratigraphy is detailed in Mo-
nechi (this volume); results from the Cretaceous and low-
er Paleogene section close to the Cretaceous/Tertiary
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Figure 1. Location of Site 577 on the Shatsky Rise and generalized age, core recovery, and lithology of the
sediments recovered in Holes 577 and 577A (from Monechi et al., this volume).

boundary are summarized below. All sediments recov-
ered below Cores 577-6 and 577A-6 are barren of radio-
larians and diatoms (Morley, this volume; Koizumi and
Tanimura, this volume).

Nannofossils

The Upper Cretaceous (Maestrichtian) section at Site
577 is characterized by a rich nannofossil assemblage.
The Micula prinsii, M. mums, and Lithraphidites quad-
ratus zones were recognized, the latter penetrated only
at Hole 577A (Fig. 2). Preservation of Cretaceous nan-
nofossils is moderate and becomes poor in the very early
Paleogene; calcareous nannofossils are considerably over-
grown near the Cretaceous/Tertiary boundary. No sig-
nificant changes in relative abundances of the Creta-
ceous taxa were observed from the L. quadratus Zone
up to the boundary.

The Cretaceous/Tertiary boundary is located at Sam-
ple 577-12-5, 130 cm, Sample 577A-12-4, 72 cm, and
Sample 577B-1-4, 72 cm (Fig. 2). The boundary is de-
fined in terms of calcareous nannofossils by the first oc-
currence of Thoracosphaera, a calcareous dinoflagellate,
which occurs just at the bottom of the lithologic color
change that marks the boundary. The rapid increase in
frequency of Thoracosphaera occurs simultaneously with
the first occurrence of small Biscutum such as B. romei-
nii and the extinction of most Mesozoic nannofossils.
At Site 577, rare species of Thoracosphaera appear spo-
radically in the topmost Upper Cretaceous samples, about
5 cm below the Cretaceous/Tertiary boundary. Almost
complete substitution (90-95%) of the Mesozoic forms

by Tertiary ones occurs about 10 cm above the Creta-
ceous/Tertiary boundary. In this interval, the assemblage
is characterized by Thoracosphaera, small Biscutum, and
foraminiferal debris.

The Paleogene Cruciplacolithus primus (CPla) and
the C. tenuis (CPlb) subzones are recognized at all three
holes drilled at Site 577 (Fig. 2). Reworked Cretaceous
nannofossils are rare in the upper part of the C. primus
Subzone, but become more abundant downward and
dominate the Tertiary species in the samples just above
the Cretaceous/Tertiary boundary.

Planktonic Foraminifers

Only very preliminary results from shipboard study
of foraminifers contained in core-catcher samples were
available at the time of this writing (Site 577 chapter,
this volume), and those results are not adequate to care-
fully characterize the Cretaceous/Tertiary boundary. The
first occurrence of Globigerina eugubina is located at
the Cretaceous/Tertiary boundary (Monechi et al., this
volume). Common to abundant foraminifer fragments
occur immediately below the appearance of Thoraco-
sphaera, which is a characteristic feature of Cretaceous/
Tertiary boundary sequences (Monechi, this volume).
These fragments decrease and almost disappear about
40 cm above the boundary.

MAGNETOSTRATIGRAPHY OF THE
CRETACEOUS/TERTIARY BOUNDARY

Paleomagnetic results obtained from Holes 577 and
577A are detailed in Bleil (this volume). Because mag-
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netic intensities of the Paleogene and Cretaceous section
were near the noise level of the shipboard spinner mag-
netometer, the results summarized here are based entire-
ly on shore-based study with a cryogenic magnetometer.
These results are synthesized with Site 577 calcareous
nannofossil stratigraphic results and compared with re-
sults from other marine sections and DSDP data sets
from recent South Atlantic legs in Monechi et al. (this
volume).

Biostratigraphic and stable-isotope stratigraphic con-
trol facilitated correlation of the downhole magnetic re-
versal patterns with the recently revised geomagnetic po-
larity time scale of Berggren et al. (in press). Virtually
complete reversal sequences were identified ending in
the latest Cretaceous C-30N subchron and C-31N sub-
chron at Holes 577 and 577A, respectively. In the vicini-
ty of the Cretaceous/Tertiary boundary, the C-27N nor-
mal polarity subchron could not be recognized in Hole
577 (Fig. 2), presumably because of loss of material be-
tween Cores 577-11 and -12 or drilling disturbance in
Core 577-11.

The Cretaceous/Tertiary boundary in both Holes 577
and 577A is located within the C-29R subchron, the in-
terval of reversed polarity that separates marine mag-
netic Anomalies 29 and 30 (Fig. 2), and is expanded rel-
ative to the preceding C-30N and the following C-29N
normal polarity subchrons. These results are in agree-
ment with those obtained at various other marine sec-
tions (Alvarez et al., 1977; Alvarez and Lowrie, 1978;
Hsü et al., 1982; Shackleton et al., in press; Thierstein,
1982). A numerical age determined for the Cretaceous/
Tertiary boundary by interpolation from the magnetic
C-29R boundaries and by extrapolating downward using
the C29-N and upward using the C-30N boundaries var-
ies between about 66.3 and 66.5 m.y., in agreement with
other recent estimates using the same time scale (Berg-
gren et al., in press; Shackleton et al., in press).

Based on paleomagnetic results, average sedimenta-
tion rates during the Late Cretaceous were 4.8 m/m.y.
The sedimentation rate increased to about 7.6 m/m.y. in
the Hole 577 and 577A C-29R subchrons that contain
the Cretaceous/Tertiary boundary. Paleocene sedimen-
tation rates averaged about 3 m/m.y.

IRIDIUM ANOMALY AT THE
CRETACEOUS/TERTIARY BOUNDARY

Samples from Hole 577B were collected to measure
iridium levels across the Cretaceous/Tertiary boundary
by neutron-activation analysis. The sampling, analysis
methods, and detailed results are given in Michel et al.
(this volume). A major Ir anomaly of 61 ng/cm2 occurs
at the same level as the Cretaceous/Tertiary boundary de-
fined biostratigraphically by nannofossils (Fig. 2), com-
parable to the average anomaly (50 ng/cm2) observed at
other Cretaceous/Tertiary boundaries (Alvarez et al.,
1982).

Five smaller anomalies occur at Sample 577B-1-5,
120-121 cm, Sample 577B-1-4, 110-111 cm, Sample
577B-1-4, 81-83 cm, Sample 577B-1-4, 77-78 cm, and
Samples 577B-1-1, 10 cm to 577B-1-2, 121 cm (Fig. 2;
see also fig. 1 of Michel et al., this volume). The two
smaller anomaly peaks observed in Section 5 and Sec-

tions 1 through 2 are probably related to changes in
the CaCO3 deposition rate; the two peaks closest to the
main peak may be perturbations of that peak possibly
caused by bioturbation; the final small peak in Section
4 remains unexplained, although it may have resulted
from contamination of the samples or another extrater-
restrial impact (Davis et al., 1984; Whitmire and Jack-
son, 1984). Resampling of the Cretaceous/Tertiary bound-
ary interval is necessary to differentiate between these
possibilities.

OXYGEN- AND CARBON-ISOTOPE RESULTS

Oxygen- and carbon-isotope data from Site 577 are
available from two sources: (1) bulk fraction oxygen-
and carbon-isotope data from the Paleocene section above
the Cretaceous/Tertiary boundary in both Holes 577
and 577A in Shackleton et al. (this volume) and (2)
Hole 577 fine fraction and benthic foraminifer oxygen-
and carbon-isotope data across the Cretaceous/Tertiary
boundary in Zachos et al. (this volume).

Although the Shackleton et al. study was originally
undertaken to examine the anomalously positive Paleo-
cene 13C event, the detailed carbon-isotope stratigraphy
obtained proved useful in making accurate stratigraphic
correlations between Holes 577 and 577A. Comparison
of carbon-isotope, nannofossil, and paleomagnetic stra-
tigraphies at Holes 577 and 577A allowed adjustment of
the sub-bottom depths of the top and bottom of the
cored intervals, so that the adjusted depths of these data
agree between both holes. Depths plotted in Figure 2 are
drilled (unadjusted) depths; control points for adjusting
core depths are given in Shackleton et al. (this volume)
and may be useful in plotting results from future Site
577 studies.

The Shackleton et al. study suggests that the 13C Pa-
leocene event may represent compensation for the glo-
bal extinctions and drop in productivity observed at the
Cretaceous/Tertiary boundary, because these led to an
increased nutrient level in the oceans and burial rate of
organic matter. In addition, close similarity between the
carbon-isotope records at Sites 577 and 527 (South At-
lantic Ocean) suggests that it may be possible to develop
a standard 13C record for the Cenozoic that would have
worldwide stratigraphic value, perhaps with a resolution
better than that available from biostratigraphic methods.

The high-resolution stable-isotope and geochemical
study completed by Zachos et al. (this volume) across
the Cretaceous/Tertiary boundary at Holes 577 and 47.2
was aimed at evaluating changes in carbonate preserva-
tion affecting the stable-isotope signals from calcareous
plankton and paleoceanographic changes that may have
occurred at the boundary. Oxygen-isotope values of Hole
577 carbonate fine-fraction (< 63 µm) samples show on-
ly minor fluctuations in the Cretaceous Micula murus
Zone averaging - 1.0 ± 0.5%, increase slightly near the
Cretaceous/Tertiary boundary, and fluctuate between
-1.45% and -0.16% in the early Paleocene Epoch
(Fig. 2). This relatively minor enrichment of 18O at the
Cretaceous/Tertiary boundary may be a result of im-
proved microfaunal preservation rather than a decrease
in surface water temperature; even if the enrichment is a
result of a temperature decrease in the North Pacific
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Figure 2. Summary diagram of Hole 577, 577A, and 577B age, cores, recovery, nannofossil stratigraphy, magnetostratigra-
phy, iridium, bulk fraction and fine fraction 18O and 13C stable isotopes, calcium-carbonate percentages, and lipid geo-
chemistry data versus sub-bottom depth near the Cretaceous/Tertiary boundary (95-115 m sub-bottom). All data are
plotted versus unadjusted depths (see Shackleton et al., this volume for adjusted depth explanation and control points).
Dotted areas in magnetic record refer to gaps in the sample record (Monechi et al., this volume). Nannofossil stratigra-
phy is from Monechi (this volume). Magnetostratigraphy is given in Bleil (this volume) and Monechi et al. (this volume).
Iridium data are from Michel et al. (this volume). Bulk-fraction stable-isotope data are from Shackleton et al. (this vol-
ume); fine-fraction stable-isotope data are from Zachos et al. (this volume). Calcium-carbonate contents are from ship-
board carbonate-bomb results (see Site 577 chapter, this volume) and from Zachos et al. (this volume). Hole 577 lipid
geochemical results are from Simoneit and Beller (this volume). Arrows in the core columns indicate locations of the
Cretaceous/Tertiary boundary (Sample 577-12-5, 130 cm, Sample 577A-12-4, 72 cm, and Sample 577B-1-4, 72 cm).
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Figure 2. (Continued).

from Cretaceous to Tertiary time, the data suggest a 2°C
temperature decrease at most.

Carbonate fine-fraction 13C results indicate relative-
ly constant values for the M. mums Zone, averaging
2.65 ± 0.2%. There is an abrupt decrease of 1.0% over
a 10-cm interval at the Cretaceous/Tertiary boundary, co-
inciding with an interval of slightly lower carbonate con-
tent (Fig. 2). 13C values remain relatively low throughout
the measured Paleocene samples, between 1.7 and 2.3%.

The negative 13C shift observed at the Hole 577 Creta-
ceous/Tertiary boundary has been found in varying mag-
nitudes at nearly every Cretaceous/Tertiary boundary se-
quence studied, suggesting that, barring significant hia-
tuses, this shift is an excellent stratigraphic marker for
the boundary. The 13C shift is interpreted to represent an
abrupt decrease in oceanic surface water productivity as-
sociated with the Cretaceous/Tertiary extinction event.
This interpretation is supported by the observed reduc-
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tion of total carbonate accumulation rates from an av-
erage 1.10 g/cm2/1000 yr. during the Maestrichtian to
0.3 g/cm2/1000 yr. immediately above the Cretaceous/
Tertiary boundary with no apparent changes in carbon-
ate preservation (see table 4 and fig. 8 in Zachos et al.,
this volume). 13C-isotopic gradients derived by compar-
ing planktonic fine-fraction data and benthic data sug-
gest that primary productivity recovered to pre-Creta-
ceous/Tertiary boundary levels by 2 m.y. following the
extinction event.

LIPID GEOCHEMISTRY ACROSS THE
CRETACEOUS/TERTIARY BOUNDARY

Six samples from above and just below the Creta-
ceous/Tertiary boundary at Hole 577 were analyzed by
gas chromatography and gas chromatography-mass spec-
trometry to look for geochemical evidence of the mass
extinctions and faunal successions characteristic of this
period (Simoneit and Beller, this volume). Lipid com-
positions of all these samples are very similar, but the
yields may indicate a trend at the Cretaceous/Tertiary
boundary (Fig. 2). Trace molecular markers indicate an
algal and, above the Cretaceous/Tertiary boundary, pos-
sibly a terrestrial resinous plant component. Definitive
assignment of the original lipid sources of these samples
is not possible since these residues are derived predomi-
nantly from bacteria, which efficiently metabolized the
other lipids in an oxic depositional environment or at
least oxidizing diagenetic conditions. Therefore, molec-
ular stratigraphy cannot be applied definitely across the
Cretaceous/Tertiary boundary at Site 577 with these lim-
ited samples.

CONCLUSIONS

Three continuous, expanded, and undisturbed Creta-
ceous/Tertiary boundary sequences were recovered at the
three holes hydraulically piston cored at Site 577 on the

Shatsky Rise. Based on nannofossil biostratigraphy, the
boundary is located at Sample 577-12-5, 130 cm, Sam-
ple 577A-12-4, 72 cm, and Sample 577B-1-4, 72 cm,
within the magnetic C-29R subchron. At this same level,
an iridium anomaly of 61 ng/cm2 and a sharp decrease
of 1.0% 13C were observed. These results are character-
istic of other marine Cretaceous/Tertiary boundary sec-
tions and add support to the extraterrestrial-impact the-
ory offered as explanation for the micro faunal and mi-
cro floral extinctions observed at the boundary.
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