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ABSTRACT 

Stable isotopic records across the Cretaceous/Paleogene (K/P) boundary in Maud Rise Holes 689B and 690C indi
cate that significant climatic changes occurred during the latest Cretaceous, beginning approximately 500 k.y. prior to 
the mass extinction event and the enrichment of iridium at the K/P boundary (66.4 Ma). An oxygen isotopic decrease of 
~ 0.7%o- ~ 1.0%o is recorded in the Late Cretaceous planktonic and benthic foraminifers between 66.9 and 66.6 Ma. The 
negative isotope excursion was followed by a positive excursion of similar magnitude between 66.6 Ma (latest Creta
ceous) and —66.3 Ma (earliest Paleocene). No other isotopic excursions of this magnitude are recorded in the plank
tonic and benthic microfossil records 1.0 m.y prior to, and for 2.0 m.y following the mass extinction event at the K/P 
boundary. The magnitude and duration of these isotopic excursions were similar to those at the Paleocene/Eocene and 
Eocene/Oligocene boundaries. 

A major 513C excursion occurred 200 k.y. prior to the boundary, involving a positive shift in planktonic and benthic 
o13C of ~0.5%o-0.75%o. Similar changes observed in other deep-sea sequences indicate that this reflected a global 
change in 513C of the oceanic total dissolved carbon (TDC) reservoir. The magnitude of this inferred carbon reservoir 
change and its association with high latitude surface-water temperature changes recorded in the 6180 records implies 
that it was linked to global climate change through feedback loops in the carbon cycle. 

At the K/P boundary, the surface-to-deep water 613C gradient is reduced by approximately 0.6%o-~0.2%o. However, 
unlike sequences elsewhere, the planktonic-benthic 613C gradient (A513C) was not eliminated in the Antarctic. The sur
face-to-deep water gradient was re-established gradually during the 400 k.y. following the mass extinction. Full recovery 
of the A613C occurred by —60.0 Ma. In addition to the reduced vertical 513C gradient across the K/P boundary, there 
was a negative excursion in both planktonic and benthic 613C beginning approximately 100 k.y. after the boundary (66.3 
Ma). This excursion resulted in benthic 513C values in the early Paleogene that were similar to those in the pre-K/P 
boundary intervals. This negative shift appears to reflect a change in the 513C of the oceanic TDC reservoir shift that 
may have resulted from reduced carbon burial and/or increased carbon flux to the oceans. 

Any model that attempts to explain the demise of the oceanic plankton at the end of the Cretaceous should consider 
the oceanic environmental changes that were occurring prior to the massive extinction event. 

INTRODUCTION 

Prior to the drilling of Leg 113, continuous and well pre
served carbonate sequences had never been recovered from the 
Antarctic. Thus, the Antarctic component was missing in pa-
leoreconstructions of circulation, climate, and nutrient cycling 
in the global ocean during the Late Cretaceous to early Paleo
gene. Upper Cretaceous to early Paleogene sequences were re
covered in Holes 689B and 690C, drilled in 2080 and 2914 m of 
water respectively. Together, these two sequences provide a nearly 
continuous stratigraphic/paleoceanographic record across the 
Cretaceous/Paleogene (K/P) boundary in the Antarctic. 

The data presented here represent the first results of continu
ous stable isotopic analyses carried out on monospecific and 
monogeneric foraminiferal samples from both Maud Rise se
quences. Concentrated calcareous nannofossil samples were also 
analyzed from Hole 690C. Oxygen isotope results provide infor
mation about surface and deep water temperatures during the 
latest Cretaceous to early Paleocene. Carbon isotope results are 
interpreted in terms of organic carbon/nutrient distributions in 
the surface and deep waters of the Antarctic and the global 
ocean, as well as terrestrial reservoirs. The Antarctic isotopic re-
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suits presented here are also compared with those elsewhere to 
better understand global paleoceanographic/paleoclimatic con
ditions during the K/P transition. 

METHODS 
Sediment samples from Holes 689B and 690C were dried at 

50°C and weighed before being disaggregated in a solution of 
distilled water and sodium hexametaphosphate. All samples from 
Hole 690C disaggregated readily. A number of samples from 
chalky intervals, in Hole 689B, required longer soaking times 
(up to 48 hr), to fully disaggregate the sediment. Disaggregated 
sediment was washed in distilled water over a 63 jum screen and 
dried in an oven at 50°C. The sediment fraction finer than 63 
[im was caught on filter paper and dried at 50°C. The larger size 
fraction was then reweighed. Planktonic and benthic foramini
fers were picked from the > 63 fxm size fraction for stable iso
tope analysis following biostratigraphic evaluation (Stott and 
Kennett, this volume, chapter 34). Monogeneric benthic forami
niferal samples were obtained of Cibicidoides, Gavelinella, Nut
tallides, and Osangularia. The Cretaceous planktonic foramini
fers Globigerinelloides multispinatus (Lalicker) and Heterohelix 
globulosa (Ehrenberg) were picked from the 150-250 /xm size 
fraction. These species occur in samples above the K/P bound
ary and were picked from several of these Paleocene samples in 
order to evaluate whether they were reworked across the bound
ary or may have survived into the Cenozoic, based on their iso
topic compositions. The Paleogene planktonic foraminifers Eoglo-
bigerina fringa (Hofker) and Subbotina pseudobulloides (Plum
mer) were picked from the >63 pm fraction. All foraminiferal 
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samples were ultrasonically cleaned in methanol for 5 s to re
move adhering calcareous nannofossils. Fine-fraction samples, 
consisting primarily of calcareous nannofossils were prepared 
for isotopic analysis by taking aliquots of the < 63 /xm fraction 
and washing in distilled water. Following the procedure of Margo-
lis et al. (1975), these samples were then centrifuged for 2 min at 
~ 2000 rpm to separate the calcareous nannofossils from small 
planktonic and benthic foraminifers. This procedure results in 
concentrates of calcareous nannofossils (Margolis et al., 1975). 
Between 100 and 300 fig of the fine-fraction material was sam
pled from the top of the centrifuged sediment below a clay layer. 
These were placed in sample boats and dried at 50°C. 

Isotopic analyses were carried out at the University of Cali
fornia, Santa Barbara (UCSB) using a Finnigan MAT 251 mass 
spectrometer linked to a Carousel-48 automatic carbonate prep
aration device. Benthic and planktonic samples were analyzed 
separately using ortho-phosphoric acid (H3P04), which was re
newed after every 20-25 samples. Benthic foraminifers were re
acted at 90°C for 12 min; planktonic samples were reacted at 
the same temperature for 7 min. All isotopic data are reported 
in %o notation relative to the PDB standard. The UCSB labora
tory gas standard is calibrated to PDB by cross-calibration using 
NBS-20. Analytical precision of consecutive runs of our labora
tory standards (NBS 20 and Ultis) average 0.07%0 for 5180 and 
0.05%o for 513C. Practical precision, based on the reproducibil-
ity of laboratory standards analyzed during the automated runs 
of the autopreparation device, were 0.1%o for 5lsO and 0.07%o 
for 513C. Replicate analyses were also carried out for a number 
of planktonic and benthic samples. To minimize potential sys
tematic error, samples were run in a random order with no re
gard to stratigraphic position. The reproducibility of the results 
are illustrated and discussed in the following sections. Isotopic 
results are presented in Table 1. 

Trace metal (Sr, Mn, Ca) composition for benthic foraminif
eral samples were determined by Dr. Margaret Delaney at the 
University of California, Santa Cruz, using flame and flameless 
atomic absorption spectrophotometry. Benthic foraminifers were 
reductively cleaned following the methods of Boyle (1981) and 
Boyle and Keigwin (1986). Analytical precision based on repli
cate analyses of benthic foraminifers from the same horizons 
was 5% or better. Results are reported as ratios of Sr to Ca and 
Mn to Ca. 

PRESERVATION 
The ooze/chalk transition is gradational in both sites. Chalk 

first occurs as thin 2-3 cm thick horizons at —190 mbsf (meters 
below seafloor) in Hole 689B, and at - 2 0 4 mbsf in Hole 690C. 
The chalk increases in abundance downward as thin horizons 
within a dominantly calcareous ooze. Chalk occurs exclusively 
below 236 mbsf in Hole 689B and 233 mbsf in Hole 690C 
(Barker, Kennett, et al., 1988). We examined each stable isotope 
sample for evidence of recrystallization using standard light mi
croscopy. Several benthic and planktonic specimens from vari
ous horizons were also examined using scanning electron mi
croscopy. Preservation of calcareous nannofossils is discussed 
by Pospichal and Wise (this volume, chapter 32). 

There are no visible signs of calcium carbonate recrystalliza
tion in the benthic and planktonic foraminifer specimens exam
ined from Hole 690C. Preservation is generally good. Several 
benthic specimens did, however, exhibit small overgrowths on 
the inner chamber walls (Pl. 1) that may represent manganese 
carbonate overgrowths. Boyle (1983) has pointed out that, in 
cases of extensive crystallization, these overgrowths represent 
only 0.1% of the total foraminiferal carbonate and, therefore, 
have little effect on oxygen isotopic values. Manganese and other 
trace metal concentrations were monitored during stepwise dis
solutions of reductively cleaned benthic foraminiferal samples 

(Table 2; Delaney and Stott, in prep.). These analyses showed no 
significant variation with increasing dissolution. This further 
indicates that these overgrowths form only a small veneer on the 
inner chamber walls and do not contribute significantly to the 
isotope chemistry of the biogenic samples. Sr/Ca ratios are sim
ilar to well preserved samples from shallower, well-preserved 
Quaternary horizons (Table 2). Dissolution has affected some of 
the less calcified planktonic foraminifers within the lowermost 
Paleogene, as shown by increases in test fragmentation and pore 
size. We attribute this to a shallow lysocline during the early Pa
leogene interval and not to post-depositional diagenesis. We con
sider all the benthic and planktonic foraminifer samples ana
lyzed from Hole 690C to be well preserved. Some specimens ex
amined with the SEM had nannofossils coating the inner walls 
of chambers. This contributes only a small percentage of the to
tal carbonate in a benthic isotope sample and does not signifi
cantly effect the isotope values. An example of the preserva
tional quality of the benthic and planktonic foraminifers ana
lyzed from the K/P boundary intervals of Hole 690C are shown 
in Plates 1 and 2. 

The benthic foraminifers examined from Hole 689B do not 
appear to be recrystallized, although some samples were chalky 
and did not disaggregate readily. There is also evidence of test-
wall dissolution in some specimens, although it is not clear if 
this represents pre- or post-depositional dissolution. Visual ex
aminations indicate that benthic foraminifers from Hole 689B 
show similar preservation to those of Hole 690C. 

CARBONATE ACCUMULATION RATES 
Carbonate percentages were determined by weighing a small 

(0.1-0.2 g) dried sample that was dissolved in 10% acetic acid, 
the residue centrifuged, and the supernatant decanted off. The 
remaining insoluble residue was washed in distilled water, cen
trifuged, and then washed again in methanol. The residue was 
then transferred to plastic weighing trays, dried, and reweighed. 
Carbonate percentage was calculated on a wt% basis by calcu
lating the difference between the first and second weighing. Per
cent carbonate determined in this way agrees closely with values 
determined by automated titration (O'Connell, this volume, 
chapter 6). Carbonate accumulation rates (CAR) were calculated 
using the equation: 

CAR = S (W - (P/100)(1.01 g/cm3)) (wt%CaC03) 

where S = sedimentation rate (cm/yr), W = wet bulk density 
(g/cm3), and P = porosity. P and W were based on shipboard 
values as described in Barker, Kennett, et al. (1988). In order to 
preserve sediment material, porosity measurements were not 
made within the K/P boundary intervals. However, this parame
ter does not differ significantly above or below the K/P bound
ary interval. We used values from the closest interval where 
measurements had been made. Sedimentation rates were calcu
lated using the age model described below. A summary of the 
values is given in Table 3. 

AGE MODEL 
The age models developed for Holes 689B and 690C are 

based on linear interpolation between magnetobiostratigraphic 
datum levels. Sedimentation rates were considered to be con
stant between datum levels. The magnetostratigraphy of Hole 
690C is delineated from the Upper Campanian through the low
ermost Paleocene (Hamilton, this volume). The character of the 
polarity record from Hole 690C is similar to other published re
cords. However, precise delineation of basal C30N and the top 
of C31N is not clear due to poor core recovery and weak mag
netic inclinations (Hamilton, this volume). To estimate the age 
of samples below the K/P boundary a linear rate of sedimenta-
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Table 1. Isotopic results (uncorrected values). 

Hole 
Core, section, 
interval (cm) 

Depth 
(mbsf) 

Age 
(Ma) 

G. multispinatus H. globulosa E. fringa S. pseudobulloides A. mayaroensis 

(6180) (513C) (518Q) (513C) (fi180) (513C) (5180) (613C) (6180) (513C) (5180) (513C) 

Fine-fraction 
18™ , t 13. 

25-1 
25-2 
25-2 
25-2 
25-2 
25-2 
25-2 
25-2 
25-3 
25-3 
25-3 
25-3 
25-3 
25-4 
25-4 
25-4 
25-4 
25-5 
25-5 
25-5 
25-5 
25-5 
25-5 
K/P 
25-5 
25-5 
25-5 
25-5 
25-5 
25-6 
25-6 
25-6 
26-1 
26-1 
26-1 
26-1 
13-1 
13-1 
13-2 
13-2 
13-2 
13-2 
13-3 
13-3 
13-3 
13-4 
13-4 
13-5 
13-5 
13-5 
13-6 
13-6 
13-6 
13-6 
13-6 
13, ( 
14-1 
14-1 
14-1 
14-1 
14-2 
14-2 
14-2 
14-2 
14-3 
14-3 
14-3 
14-3 

90-92 
25-28 
45-49 
45-49 
58-62 
92-94 
129-133 
129-133 
23-27 
43-46 
60-63 
91-93 
135-138 
25-28 
44-47 
62-66 
93-95 
5-7 
48-50 
51-53 
51-53 
79-81 
79-81 
boundary 
91-94 
94-96 
94-96 
111-113 
130-132 
20-23 
42-46 
98-100 
14-16 
17-20 
106-108 
109-111 
110-114 
110-114 
38-42 
38-40 
104-108 
104-108 
36-40 
109-113 
109-113 
40-44 
110-114 
40-44 
110-115 
110-115 
36-40 
36-40 
110-114 
110-114 
110-114 

:c 
36-40 
36-40 
110-114 
110-114 
36-40 
36-40 
110-114 
110-114 
36-40 
36-40 
110-114 
110-114 

14, CC 
14, CC 
14, CC 
15-1 3-5 

227.51 
228.35 
228.55 
228.55 
228.68 
229.03 
229.39 
229.39 
229.83 
230.03 
230.20 
230.52 
230.95 
231.35 
231.54 
231.74 
232.04 
233.66 
233.09 
233.12 
233.12 
233.40 
233.40 

233.51 
233.54 
233.54 
233.71 
233.90 
234.32 
234.54 
235.08 
236.44 
236.47 
237.37 
237.40 
224.74 
224.74 
225.49 
225.49 
226.16 
226.16 
226.98 
227.72 
227.72 
228.47 
229.22 
230.02 
230.72 
230.72 
231.48 
231.48 
232.22 
232.22 
232.22 
233.20 
233.58 
233.58 
234.32 
234.32 
235.08 
235.08 
235.82 
235.82 
236.58 
236.58 
237.32 
237.32 
242.90 
242.90 
242.90 
242.94 

64.43 
64.67 
64.73 
64.73 
64.77 
64.87 
64.98 
64.98 
65.11 
65.17 
65.22 
65.31 
65.44 
65.56 
65.61 
65.66 
65.76 
65.94 
66.07 
66.08 
66.08 
66.15 
66.15 

66.53 -0 .09 2.19 
66.53 0.33 2.27 
66.53 
66.56 0.10 2.26 
66.58 0.27 2.35 
66.63 0.29 2.38 
66.67 
66.73 
66.95 0.58 2.28 
66.95 
67.08 0.64 2.25 
67.09 
63.17 
63.17 
63.27 
63.27 
63.36 
63.36 
63.44 
63.51 
63.56 
63.66 
63.76 
63.86 
63.95 
63.95 
64.05 
64.05 
64.14 
64.14 
64.14 
64.21 
64.32 
64.32 
64.42 
64.42 
64.52 
64.52 
64.61 
64.61 
64.71 
64.71 
64.81 
64.81 
65.53 
65.53 
65.53 
65.54 

0.35 
0.64 

0.39 
0.50 
0.81 

0.90 

0.83 

1.85 
1.89 

1.82 
2.07 
1.86 

1.73 

1.78 

0.96 

0.39 

0.89 

0.67 

0.78 

0.52 

0.66 

0.31 

0.66 

0.53 

0.50 

1.85 

1.80 

1.84 

1.97 

0.65 
0.62 
0.21 
0.83 
0.83 
0.11 
1.01 

1.82 
1.77 
1.73 
1.48 
1.24 
1.43 
1.25 

1.55 

1.67 

1.72 

1.36 

1.77 

1.86 

0.52 

0.57 

0.57 

1.74 

1.83 

2.05 

1.99 

1.01 2.37 

0.14 2.39 

0.52 2.60 

0.05 
0.91 
0.11 
0.67 
0.41 
0.42 

0.19 
0.58 

0.12 
0.37 
0.09 
0.35 
0.48 
0.62 
0.21 
0.00 
0.07 
0.66 
0.60 
0.43 
0.54 

2.83 
2.68 
2.86 
2.65 
2.63 
2.49 

2.36 
2.48 

1.90 
2.63 
2.16 
2.66 
2.64 
2.62 
2.30 
2.39 
2.76 
2.74 
2.67 
2.77 
3.04 
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Table 1 (continued). 

Hole 
Core, section, 
interval (cm) 

Depth 
(mbsf) 

Age 
(Ma) 

G. multispinatus H. globulosa E. fringa S. pseudobulloides A. mayaroensis 

(5 lgO) (513C) (518Q) (513C) (<5180) (S13C) (5180) (S13C) (6180) (613C) 

Fine-fraction 

(5180) (513C) 

689C 
15-1 
15-1 
15-1 
15-2 
15-2 
15-2 
15-2 
15-2 
15-2 
15-2 
15-2 
15-2 
15-3 
15-3 
15-3 
15-3 
15-3 
15-3 
15-3 
15-3 
15-3 
15-3 
15-4 
15-4 
15-4 
15-4 
15-4 
K/P 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-5 
15-5 
15-5 
15-5 
15-5 
15-5 
15-5 
15-5 
15-6 
15-6 
15-6 
15-6 
15-6 
15-6 
15-6 
15-6 
15-7 
15-7 

3-5 
92-94 
92-94 
5-7 
21-25 
46-50 
46-50 
94-96 
132-136 
132-136 
132-136 
132-136 
8-10 
8-10 
25-29 
25-29 
41-46 
41-46 
95-97 
95-97 
132-137 
132-136 
6-8 
28-30 
28-30 
35-37 
35-37 

boundary 
45-47 
45-47 
57-59 
57-59 
57-59 
57-59 
84-86 
84-86 
84-86 
106-108 
106-108 
106-109 
146-148 
146-148 
146-148 
146-148 
4-7 
25-28 
68-70 
76-78 
76-78 
76-78 
104-107 
110-113 
5-7 
5-7 
24-27 
45-49 
96-98 
96-98 
96-98 
96-98 
6-8 
6-8 

15, CC 
15, CC 
15, CC 
16-2, 40-42 
16-2, 114-116 
16-3, 40-42 
16-4, 39-41 
16, CC 
16, ( :c 

242.94 
243.83 
243.83 
244.48 
244.64 
244.88 
244.88 
245.35 
245.74 
245.74 
245.74 
245.74 
245.99 
245.99 
246.17 
246.17 
246.32 
246.32 
246.86 
246.86 
247.24 
247.24 
247.46 
247.69 
247.69 
247.76 
247.76 
247.82 
247.86 
247.86 
247.98 
247.98 
247.98 
247.98 
248.25 
248.25 
248.25 
248.47 
248.47 
248.47 
248.87 
248.87 
248.87 
248.87 
248.96 
249.16 
249.58 
249.67 
249.67 
249.67 
250.27 
250.33 
250.47 
250.47 
250.67 
250.87 
251.37 
251.37 
251.37 
251.37 
251.97 
251.97 
252.50 
252.50 
252.50 
254.41 
255.16 
255.91 
257.40 
261.80 
261.80 

65.54 
65.65 
65.65 
65.74 
65.76 
65.79 
65.79 
65.85 
65.88 
65.88 
65.88 
65.88 
65.93 
65.93 
65.96 
65.96 
65.98 
65.98 
66.05 
66.05 
66.10 
66.10 
66.17 
66.31 
66.31 
66.36 
66.36 
66.40 
66.40 
66.40 
66.42 
66.42 
66.42 
66.42 
66.44 
66.44 
66.44 
66.46 
66.46 
66.46 
66.50 
66.50 
66.50 
66.50 
66.51 
66.52 
66.56 
66.57 
66.57 
66.57 
66.63 
66.63 
66.65 
66.65 
66.66 
66.68 
66.73 
66.73 
66.73 
66.73 
66.80 
66.80 
66.87 
66.87 
66.87 
67.11 
67.20 
67.30 
67.40 
68.04 
68.04 

0.53 
0.35 

0.36 

0.22 

0.28 
0.25 

0.23 

0.31 
0.25 
0.36 

0.25 
0.12 

-0 .08 

-0 .06 

-0 .02 

-0 .09 
-0 .09 
-0 .19 
-0 .01 
-0 .07 

0.36 

0.39 

0.34 
0.39 
0.33 
0.49 
0.26 
0.52 

2.92 
2.67 

2.79 

2.86 

2.84 
2.83 

2.99 

2.89 
2.87 
2.81 

2.88 
2.73 

2.84 

2.75 

2.61 

2.58 
2.47 
2.50 
2.50 
2.56 
2.76 

2.66 

2.76 
2.77 
2.74 
2.67 
2.28 
2.68 

0.71 

0.75 

0.70 

0.60 

0.55 

0.45 

0.83 

0.65 
0.69 
0.85 
0.84 

2.33 

2.42 

2.28 

2.25 

2.22 

2.30 

2.18 

2.14 
2.06 
2.21 
2.12 

0.54 
0.59 

0.49 

0.59 

2.07 
2.01 

2.02 

2.22 

0.68 

0.45 

0.61 

1.98 

1.68 

1.93 

0.82 
1.13 
0.78 
0.65 

2.47 
2.42 
2.31 
2.46 

0.29 2.16 

0.02 2.19 

0.22 2.73 

0.30 2.47 

0.59 2.82 

0.18 2.66 

0.15 
0.07 
0.28 
0.31 

0.39 
0.52 
0.15 
0.17 

0.25 
0.31 

0.25 

0.44 

0.14 

0.21 
0.07 
0.12 
0.23 

2.02 
2.25 
1.31 
1.29 

2.10 
2.02 
2.41 
2.40 

2.75 
2.84 

2.80 

2.84 

2.83 

2.68 
2.81 
2.59 
2.55 

0.28 
0.29 
0.44 

2.73 
2.35 
2.38 

■0.88 3.12 
0.64 2.40 

■1.10 2.64 

■0.44 2.80 

■0.80 2.00 

0.35 2.90 
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Table 2. Trace metal results. 

Core, section, 
interval (cm) 

14, CC 
15-3, 95-97 
15-4, 28-30 
15-4, 45-47 
15-4, 84-87 
15-4, 106-108 
15, CC 
16, CC 

Sr/Ca 
(10~3) 

1.21 
1.04 
1.25 
1.41 
1.36 
1.44 
1.32 
1.27 

Mn/Ca 
(10~6) 

128 
269 
262 
210 
154 
135 
108 
143 

Partial dissolution steps 

Cumulative 
dissolution 

(%) 

16, CC 35 1.33 134 
73 1.29 136 

100 1.43 139 
weighted average 1.33 136 

tion was assumed for intervals between the top of C30N and the 
base of C31N. The K / P boundary, recognized on the basis of 
extinctions of Cretaceous planktonic foraminifers (Stott and Ken
nett, this volume, chapter 34) and calcareous nannofossil spe
cies (Pospichal and Wise, this volume, chapter 32) occurs near 
the top of a reversed polarity zone correlated to Chron 29R. The 
K/P boundary occurs near the Chron 29R/29N boundary. The 
thickness of the reversed interval above the K/P boundary at 
this site appears to be thinner than that observed in other sec
tions (see discussion by Hamilton, this volume). This is either 
due to the condensed nature of this interval or because some of 
the earliest Paleocene is missing in a biostratigraphically unrec
ognizable hiatus. The boundary is marked by a distinct color 
change within Section 113-690C-15X-4, between 247.75 and 
247.80 mbsf (Stott and Kennett, this volume, chapter 34; Pospi
chal and Wise, this volume, chapter 32). The boundary itself is 
marked by an iridium anomaly, centered at 247.82 mbsf (Michel 
et al., this volume). Berggren et al. (1985) have assigned the Cre
taceous/Paleogene boundary, in marine sections, a magneto
stratigraphic age of 66.4 Ma., the age followed here. The base 
of Chron 29N occurs between Samples 113-690C-15X-4, 21-23 
cm, and -5X-3, 147-149 cm, at 247.49 mbsf, or 0.33 m above 
the iridium anomaly. The magnetostratigraphy between the base 
of Chron 29N and the top of Core 113-690C-11X is not clear. 
This portion of the core exhibits normal polarity with only slight 
variations in inclination (Hamilton, this volume). Although the 
standard magnetostratigraphic record for this interval (Berggren 
et al., 1985) contains several distinct reversals, these could not 
be identified in Hole 690C and hence, we have used biochronol
ogy in this part of the sequence. 

The planktonic foraminiferal biostratigraphy of Holes 689B 
and 690C is described by Stott and Kennett (this volume, chap
ter 34). Several planktonic foraminiferal datum levels observed 
in Holes 689B and 690C have previously been integrated with 
magnetochronostratigraphy in South Atlantic deep-sea sites 
(Poore et al., 1983; Berggren et al., 1985). These include the 
first appearance of Subbotina pseudobulloides (66.1 Ma) and 
the last appearance of Globoconusa daubjergensis (66.4 Ma). 
The stratigraphic occurrence of these datum levels in the Maud 
Rise sequences is discussed by Stott and Kennett (this volume, 
chapter 34). 

Hole 689B lacks good magnetostratigraphy in the K/P bound
ary interval. At this site, the age model is based on biochronol

ogy and stable isotope stratigraphy correlated directly to Hole 
690C. In the uppermost Cretaceous of both Maud Rise sites, 
planktonic and benthic foraminifers exhibit a marked negative 
excursion in 5 lsO. In Hole 690C the excursion occurs near the 
base of Chron 29R. At this site, oxygen isotope values are 

0.1 %o (uncorrected value), about 3 m below the iridium 
anomaly (Fig. 1), in an interval with an assigned age of 66.5-
66.6 Ma (Table 1). A similar negative excursion occurs in Hole 
689B at 233.5 mbsf (Fig. 2) and is assigned an age of 66.53 Ma. 
The Abathomphalus mayaroensis Zone occurs at 256.4 mbsf 
(Huber, this volume), where it is assigned a biochronologic age 
of 69.39 Ma. Between this datum level and the isotopic level de
scribed above, ages were calculated by extrapolating a linear 
sedimentation rate of 8.0 m/m.y. 

Biostratigraphic evidence and the absence of any iridium 
anomaly (Michel et al., this volume; Stott and Kennett, this vol
ume, chapter 34; Pospichal and Wise, this volume, chapter 32) 
indicate that the K/P boundary interval in Hole 689B is not 
continuous. Pospichal and Wise (this volume, chapter 32) did 
not recognize any of the lowest Paleocene calcareous nannofos
sil CPla Zone in Hole 689B, whereas Stott and Kennett (this 
volume, chapter 34) did recognize some of Zone APa, the low
ermost Paleocene planktonic foraminifer zone. The top of the 
CPla Zone has an age of 66.0 Ma; the top of the APa Zone an 
age of 66.1 Ma. This suggests that one or both of the biostrati
graphic zonations needs to be adjusted for the Hole 689B se
quence. For the purposes of this paper we have estimated the 
duration of the Hole 689B hiatus by correlating the isotopic re
cord of this site directly to that of Hole 690C, inferring that the 
latter sequence is complete. In Hole 690C the isotope record of 
both benthic and planktonic foraminifers exhibit a marked posi
tive <5180 shift immediately preceding the boundary (Fig. 1). This 
positive shift begins 1.5 m below the iridium anomaly and con
tinues to the boundary. This positive excursion does not occur 
in the uppermost Cretaceous of Hole 689B. In fact, the contact 
between the Cretaceous and Paleogene, based on the extinction 
of Cretaceous planktonic foraminifers and calcareous nanno
fossil species coincides with the negative 5180 excursion dis
cussed earlier (Fig. 2). Based on the chronology of Hole 690C 
we estimate that 0.17 m.y. is missing from the uppermost Creta
ceous of Hole 689B. 

To estimate the age of the lowermost Paleocene sample in 
Hole 689B we correlated benthic 513C values to those of Hole 
690C. Above the Cretaceous/Paleogene contact in Hole 689B, 
planktonic foraminiferal assemblages are assigned to Zone APa 
as discussed above. In Hole 690C, Gavelinella 513C values de
creased from 2.2%o at the K/P boundary to 1.6%o, - 4 0 cm 
above the boundary (Fig. 3). In Hole 689B, the lowermost Pa
leocene (233.40 mbsf) Gavelinella 513C values are ~ 1.6%o, simi
lar to those observed at 40 cm above the boundary in Hole 690C 
at an estimated age of 66.17 Ma. A similar age of 66.15 Ma is 
therefore assigned to the lowermost Paleocene sample in Hole 
689B. 

Stott and Kennett (this volume, chapter 34) recorded the first 
common occurrence of S. pseudobulloides in Hole 689B be
tween Samples 113-689B-25X-4, 93-95 cm, and -25X-4, 62-66 
cm (Stott and Kennett, this volume, chapter 34). However, be
cause the utility of this horizon in Hole 689B (datum level for 
the top of the APa Zone) is uncertain, as discussed earlier, we 
have chosen to calculate ages by extrapolating a linear rate of 
sedimentation between the Subbotina inconstans FAD (top of 
API a Zone; 65.1 Ma) at 229.8 mbsf and the isotopic datum 
level discussed above at 233.4 mbsf. This implies a sedimenta
tion rate of 3.4 m/m.y. between these two datum levels. Above 
the base of the API a Zone the remainder of the lower Paleo
cene is abbreviated in Hole 689B due to poor core recovery and 
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Table 3. Carbonate and insoluble accumulation rates for Holes 689B and 690C. 

Core, section, 
Hole interval (cm) 

689B 25-4, 25-28 
25-4 
25-4 
25-4 
25-5 
25-5 
25-5 
25-5 
25-5 
25-5 
25-5 
25-6 
25-6 
25-6 
25-6 
25, ( 

690C 14-1 
14-1 
14-2 
14-2 
14-2 
14-3 
14-3 
14-3 
14-4 
15-1 
15-1 
15-2 
15-2 
15-2 
15-2 
15-2 
15-2 
15-3 
15-3 
15-3 
15-3 
15-3 
15-3 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-4 
15-5 
15-5 
15-5 
15-5 
15-5 
15-6 
15-6 
15-7 

44-47 
62-66 
93-95 
48-50 
51-53 
79-81 
91-94 
94-96 
111-113 
130-132 
20-23 
42-46 
60-64 
98-100 

:c 
81 
135 
20 
81 
135 
20 
81 
135 
115 
23 
132 
21-25 
31 
46-50 
94-96 
132-136 
135 
25-29 
27 
41-46 
95-97 
132-136 
136 
14 
28-30 
45-47 
84-86 
104 
106-108 
146-148 
17 
25-28 
76-78 
106 
110-113 
26 
124 
14 

Insolubles 
(wt<7o) 

6.13 
4.88 
4.94 
5.20 
9.73 
8.37 
9.52 
6.79 
6.43 
5.70 
4.56 
2.44 
5.18 

20.57 
2.06 
4.82 

12.44 

14.23 
13.98 
11.74 

12.03 

14.91 
27.82 
40.96 

56.04 
39.19 
18.06 

10.22 
18.32 

14.09 
11.48 

10.46 

Carbonate 
(wt%) 

93.87 
95.12 
95.06 
94.80 
90.27 
91.63 
90.48 
93.21 
93.57 
94.30 
95.44 
97.56 
94.82 
79.43 
97.94 
95.18 

87.56 

85.77 
86.02 
88.26 

87.97 

85.09 
72.18 
59.04 

43.96 
60.81 
81.94 

89.78 
81.68 

85.91 
88.52 

89.54 

% Carbonate 
titration 

86.97 
55.39 
88.21 
77.22 

100.00 
83.05 
85.88 
84.63 
88.17 
89.13 
87.55 

87.05 

86.80 

85.22 

62.56 
48.40 

89.30 

80.97 

90.63 

77.97 
83.80 
85.47 

Carbonate 
accumulation rate 

(g/cm /k.y.) 

0.291 
0.295 
0.295 
0.294 
0.280 
0.284 
0.281 
0.596 
0.599 
0.603 
0.611 
0.624 
0.606 
0.508 
0.627 
0.609 
1.220 
0.780 
1.240 
1.090 
1.410 
1.170 
1.210 
1.190 
1.240 
1.250 
1.230 
1.230 
1.230 
1.210 
1.210 
1.240 
1.220 
1.240 
1.200 
1.200 
1.020 
0.830 
0.880 
0.130 
0.120 
1.220 
1.650 
1.800 
1.810 
1.640 
1.630 
1.730 
1.780 
1.820 
1.800 
1.570 
1.210 
1.230 

Insoluble 
accumulation rate 

(g/cm /k.y.) 

0.019 
0.015 
0.015 
0.016 
0.030 
0.026 
0.029 
0.050 
0.047 
0.042 
0.033 
0.018 
0.038 
0.150 
0.015 
0.035 
0.180 
0.630 
0.170 
0.320 
0.240 
0.200 
0.220 
0.170 
0.150 
0.180 
0.180 
0.180 
0.200 
0.200 
0.200 
0.170 
0.190 
0.170 
0.210 
0.210 
0.390 
0.580 
0.530 
0.140 
0.150 
0.790 
0.360 
0.220 
0.210 
0.370 
0.380 
0.280 
0.230 
0.190 
0.210 
0.440 
0.240 
0.210 

a hiatus at the top of Core 113-689B-25X. To estimate ages in 
this interval we assumed a sedimentation rate of 3.4 m/m.y., 
similar to that of the preceding interval. 

ISOTOPIC DISEQUILIBRIUM A N D <5180 
CORRECTION FACTORS 

Benthic Foraminifers 
Benthic foraminiferal assemblages in Holes 689B and 690C 

underwent various changes during the Late Cretaceous to the 
early Paleocene, indicating environmental variation at interme
diate water depths (Thomas, this volume). Nonetheless, it was 
possible to pick and measure the same benthic foraminifer taxa 
over the K/P boundary interval. The isotopic values for each 
taxa, including replicate analyses, are provided in Table 1. 

Nuttallides and Gavelinella provide the most continuous ben
thic foraminifer record (Figs. 1 and 2). Osangularia is present in 
the interval spanning the K/P boundary but occurs discontinu-
ously above the lower part of Zone APla. Cibicidoides is present 
in several horizons below the K/P boundary in Holes 689B and 
690C, does not occur within the boundary interval itself, and is 
present rarely in the lower Paleocene of both sites. 

Distinct 180 isotopic offsets exist between taxa in the sites 
(Figs. 1 and 2). In Hole 689B, Osangularia exhibits consistently 
higher values (~0.5%o) than Nuttallides (Fig. 2). Osangularia, 
although not present continuously in the sequence, is on aver
age 0.28%o higher than Gavelinella. The discontinuous record 
of Cibicidoides makes it difficult to ascertain 180 offsets from 
other taxa. The few measurements on Cibicidoides indicate no 
discernable offset from Gavelinella (-0.04%o) and Nuttallides 
(0.01%0). 
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Figure 1. Benthic and planktonic foraminiferal SlsO plotted vs. depth in Hole 690C. The isotopic values are actual measured values relative to PDB 
and have not been adjusted to account for potential disequilibrium offsets. Planktonic genera abbreviated in the figure are Abathomphalus (A.); Glo-
bigerinellinoides (G.): Heterohelix (H.); Eoglobigerina (E.); Subbotina (S.). Fine-fraction is primarily calcareous nannofossils. 
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Figure 2. Benthic and planktonic foraminiferal 5180 plotted vs. depth in Hole 689B. The isotopic values are actual relative to PDB and have not been 
adjusted to account for potential disequilibrium offsets. 
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In Hole 690C, Nuttallides and Gavelinella have essentially 
the same 5180 isotopic signature (within analytical precision). 
Consequently, the offset between these and other taxa is also 
similar (Table 1). The average offset between Cibicidoides and 
Nuttallides in Hole 690C is 0.17%0. This offset is similar to that 
observed in younger Paleogene horizons (Kennett and Stott, this 
volume) and is also consistent with reported offsets in other 
deep-sea sequences (Miller et al., 1987b). Osangularia consis
tently exhibits the highest 5180 values of any taxa analyzed. The 
offset between Osangularia and Nuttallides is 0.66%o and is 
0.59%o between Osangularia and Gavelinella. 

The S180 offsets between taxa indicate that one or more of 
the taxa did not secrete their tests in isotopic equilibrium with 
respect to ambient seawater. Different isotopic offsets are gener
ally attributed to metabolic factors termed "vital effects." The 
constancy of the offset between taxa within each site seems to 
support the idea that metabolic processes controlled disequilib
rium in these benthic foraminifers. However, there are large dif
ferences in the inter-taxa offsets between Holes 689B and 690C. 
It has been suggested that different offsets in different locations 
may have resulted from varying environmental factors such as 
productivity in the overlying surface waters (Vincent et al., 1981). 
Sites 689 and 690 are too close to each another (~ 60 km), how
ever, to expect that there was any significant difference in sur
face-water productivity. It is possible that the difference in inter-
taxa offsets between the sites reflects diagenetic alteration of the 
benthic isotope record which we have not observed. Diagenetic 
alteration tends to reduce inter-taxa differences (Killingley, 1983). 
This may explain why the inter-taxa offsets are lower in Hole 
689B than in Hole 690C. Paleotemperatures have not been de
termined from the Hole 689B benthic isotope data because of 
potential diagenetic problems. Further trace element work is 
needed in order to better evaluate the preservational quality of 
these samples. 

We have applied a 5180 correction to Cibicidoides values from 
Hole 690C of 0.64%o, consistent with that used in other inter
vals of the Cenozoic by Kennett and Stott (this volume). Other 
taxa in turn have been corrected to Cibicidoides based on the 
offsets discussed above. No correction was applied to 513C val
ues because all the taxa analyzed display essentially the same 
isotopic signature. Modern Cibicidoides has been shown to se
crete its test close to isotopic equilibrium (Woodruff et al., 1981). 
We have assumed that this was the case for Late Cretaceous and 
early Paleogene forms. 

Planktonic Foraminifers and Calcareous Nannofossils 

Oxygen Isotopes 
Although none of the planktonic foraminiferal taxa studied 

are extant, the bulk of evidence from studies of modern plank
tonic foraminifers suggests that most species secrete their tests 
close to oxygen isotopic equilibrium (for review, see Mix, 1987). 
However, planktonic foraminifers migrate within the water col
umn and their isotopic composition can thus vary. In order to 
minimize this potential variability, we analyzed only specimens 
of similar size. Further, the final chamber of some G. multis
pinatus specimens are bulla-like coverings extending over the 
apertural regions and may represent a gametogenic stage. Such 
specimens were not included in the isotope samples. We have as
sumed that oxygen isotopic differences between planktonic fo
raminiferal taxa reflect differences in the water temperature in 
which they lived. This can result from depth or seasonal prefer
ences. On the other hand, modern calcareous nannoplankton 
grown in culture have been shown to secrete calcite as much as 
l°/oo enriched to 2.5%o depleted in 180 relative to calcium carbon
ate precipitated under equilibrium conditions (Dudley et al., 
1986). This disequilibrium fractionation appears to be species-

specific. The calcareous nannofossil samples analyzed from Holes 
689B and 690C contain varying proportions of different taxa, 
each with potentially very different isotopic values. This is a re
flection of bioturbation and the species original relative abun
dance. The potential exists therefore, for considerable isotopic 
variability over the K/P boundary in response to the significant 
changes in species composition that occurred at that time and 
any associated disequilibrium effects that may have been caused 
by environmental factors (see Stott et al., this volume). 

Isotopic paleotemperatures were calculated using the rela
tionship between oxygen isotopic fractionation and temperature 
as described by O'Neil et al. (1969) and following the consider
ations discussed by Shackleton (1974). For the reasons cited 
above, greater emphasis is given to the isotopic results from 
planktonic foraminifer samples in the interpretation of isotopic 
temperatures. 

Carbon Isotopes 
The carbon isotopic record across the K/P boundary has not 

previously been studied using continuous samples of single ben
thic and planktonic foraminifer species. Previous studies have 
relied on either bulk carbonate (representing a mixture of ben
thic and planktonic foraminifers and calcareous nannofossils), 
fine fraction carbonate (primarily calcareous nannofossils and 
juvenile planktonic foraminifers), mixed benthic assemblages or 
mixed planktonic foraminifer assemblages or discontinuous mea
surements of single species within their stratigraphic ranges. 
Planktonic foraminifers, calcareous nannofossils, and benthic 
foraminifers all exhibit different isotopic compositions reflect
ing different habitats within the water column and possibly vary
ing degrees of isotopic disequilibrium (Figs. 3 and 4). Modern 
trochospiral benthic foraminifers seem to be the least suscepti
ble to 513C disequilibrium (Graham et al., 1981; Vincent et al., 
1981; Woodruff et al., 1981). Planktonic taxa on the other hand 
vary considerably in disequilibrium effects (Shackleton et al., 
1973; Williams et al., 1977; Shackleton and Vincent, 1978; Curry 
and Matthews, 1981; Erez and Honjo, 1981; Kahn and Wil
liams, 1981; Fairbanks et al., 1982; Dunbar, 1983; Dudley et al., 
1986). In general, 513C disequilibrium effects are poorly under
stood and are usually attributed to metabolic processes. A few 
studies have shown that photosymbiont-bearing benthic and plank
tonic foraminifers can display marked departures from carbon 
isotopic equilibrium (Williams et al., 1981; Zimmerman et al., 
1983; Spero and DeNiro, 1987). Varying light intensity seems to 
cause a considerable S13C fractionation effect in the shells of 
photosymbiont-bearing planktonic foraminifers (Spero and Wil
liams, 1988). It is not possible to demonstrate that E. fringa and 
S. pseudobulloides did not contain photosymbionts. However, 
these planktonic species do not display evidence of spines or 
spine bases that are usually associated with symbiotic behavior 
in modern forms (Be, 1982). 

ISOTOPIC RESULTS 
Isotopic results from the Late Cretaceous to early Paleocene 

are described based upon several time intervals during which 
there appear to exist distinct patterns in the isotopic records. 

Planktonic and Benthic 51 80 and Vertical Temperature 
Gradients 

68.0-66.7 Ma. 
Changes in the water column vertical oxygen isotopic tem

perature gradient before the K/P transition have been evaluated 
by comparison of the 5180 records for several planktonic fora
minifer species, the calcareous nannofossil samples, and ben
thic foraminifers (Figs. 5 and 6). During the latter part of the 
A. mayaroensis Zone between 68 and 66.7 Ma, distinct 5180 
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and have not been adjusted to account for potential disequilibrium offsets. 

13 
Depth 

Age (mbsf) 
8"C 13 

1.0 1.5 2.0 

CD 
C 
CD 

o o CD 
CO 
CL 

CO 
=3 
O 
CD 
O 
co 
CD 

o 

— I 

CD 
^ 

i — 

££ 
=5 

227 j 

228 : 
--229 
-■ 

230 -

231 J 

232 1 

233 i 

234 i 

235 -

236 i 

237 i 

. i i i 

Hole 689B Benthics 

\ ^<S 
\ 7 i J \ " \ \ ^ 

JL 

Nuttallides / 

» | 4 i ► 

i a 

^ 

i i < i i i i i 

Gave line Ha 
„ ■ — 

Osangularia 

~+ + \ 
Cibicidoides 

5ndC 
1.0 1.5 2.0 2.5 

i i i i i i i — i i i — i — i — i -

3.0 

Hole 689B Planktonics 

S. pseudobulloides 
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6I50 

Figure 5. Planktonic and benthic foraminiferal 6180 relative to PDB vs. 
age in Hole 689B. Benthic 5180 values reflect adjustments to account 
for disequilibrium effects. Planktonic foraminiferal values encircled are 
almost certainly incorrect and were analyzed using very small samples. 
Planktonic foraminifer zonation is after Stott and Kennett (this volume, 
chapter 34). Hatched zone represents disconformity. Ages are derived by 
magnetobiostratigraphic correlations to the standard time scale of Berg
gren et al. (1985). 
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Figure 6. Planktonic and benthic foraminiferal and calcareous nanno
fossil <5180 relative to PDB vs. age in Hole 690C. Benthic <5180 values re
flect adjustments to account for disequilibrium effects. Paleotempera-
ture scale is after O'Neil et al. (1969). Magnetostratigraphy is that of 
Hamilton (this volume). Planktonic foraminifer zonation is after Stott 
and Kennett (this volume, chapter 34). Ages are derived by magnetobio
stratigraphic correlations to the standard time scale of Berggren et al. 
(1985). 

contrasts existed between planktonic foraminifer species and cal
careous nannofossil carbonate (Figs. 5 and 6). A. mayaroensis 
and G. multispinatus exhibit 6180 values that average 0.3%o-0.5%o 
(~10°C assuming isotopic equilibrium). H. globulosa values 
are the highest of any planktonic taxa analyzed from this inter
val (~0.8%o-0.7%o) reflecting temperatures of ~8°C. Benthic 
foraminiferal 5180 values are ~1.7%o-1.5%o (inferred deep-wa
ter temperatures of ~4°-5°C). 

66.7-66.6 Ma. 
The relative stability of the isotopic values that characterized 

the interval between 68.0 and 66.7 Ma were replaced during the 
subsequent 100 k.y. by a sharp decrease in planktonic and ben
thic 6180 values. Planktonic values decreased during this inter
val by 0.5%o-0.7%o (Figs. 5 and 6). Isotopic temperatures of sur
face waters, based on the values of G. multispinatus, increased 
from 10°C at 66.7 Ma to ~ 12°C by 66.6 Ma (Figs. 5 and 6). We 
lack isotopic values from the fine-fraction below 66.8 Ma, hence, 
it is difficult to evaluate the magnitude of the negative isotopic 
excursion recorded by this fossil group. However, there was a de
crease from -0.7%o (~14°C) to ~ - 1 . 0 % 0 (15°C) between 
-66.72 and -66.72 Ma (Fig. 7). The subsequent sample above 
this is dated at -66 .5 Ma. 

Benthic values also decreased within this interval by an amount 
similar to that observed in the planktonic foraminifer records. 
Between 66.7 and 66.6 Ma Nuttallides values decreased in Hole 
690C from - 1.3%o to 0.7%0. This implies a warming of inter
mediate waters from ~7°C at 66.7 Ma to ~9°C at 66.6 Ma. 
Taken together, the planktonic and benthic results indicate that 
this warming event occurred uniformly throughout the water col
umn. Nuttallides values reflect a slight warming prior to 66.7 Ma 
(Fig. 7) but our sample resolution is low. Additional samples 
through this interval are needed in order to determine if the ben
thic values began to warm slightly before the planktonic values. 

66.6-66.4 Ma. 
The maximum temperatures recorded at 66.6 Ma lasted only 

briefly and were replaced by a trend toward higher isotopic val
ues beginning at -66 .6 Ma (Figs. 6. 7). Calcareous nannofos
sils, G. multispinatus and A. mayaroensis increased from be
tween 0.5%o and 0%0 to 0.5%o during the 200 k.y. preceding 
the K/P boundary. The increase in 5180 of - l%o reflects a cool
ing of surface waters from - 14°C to about 10°C. H. globulosa 
and benthic foraminifers exhibit parallel shifts but the magni
tude of change is smaller, particularly in the benthic record 
(~0.3%o). The isotopic offsets between planktonic taxa appear 
to converge between 66.7 and 66.4 Ma (Fig. 7). This conver
gence is a result of smaller changes in H. globulosa 5180 values, 
reflecting an isotopic temperature change of only 1°-2°C com
pared to the 3°-5°C change in the other two planktonic taxa. 
The shift in benthic 5180 values is even smaller than that of H. 
globulosa and indicates an isotopic temperature decrease of no 
more than 1.5°C. 

66.4-63.0 Ma. 
The positive 5180 shift that began at 66.6 Ma continued briefly 

(for - 0 . 1 Ma) into the earliest Paleogene (66.3 Ma), based on 
relatively high 5180 values for E. fringa and calcareous nanno
fossil carbonate (Fig. 7). Following this, between 66.3 and 66.1 
Ma, planktonic foraminiferal 5180 values reflect a slight warm
ing trend of - 2°C (Fig. 7). In the latter part of the APla Zone 
we have fewer isotopic measurements. However, between 66.1 
and 65.0 Ma, the planktonic foraminifer S180 values changed 
little, which suggests that climatic conditions had stabilized dur
ing this interval. There was a small decrease in benthic foramini
fer and fine-fraction isotopic values between 65.0 and 64.5 Ma. 
In benthic values this is most evident in Gavelinella, Nuttalli-
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Figure 7. Detailed view of planktonic and benthic 5180 values relative to 
PDB in Hole 690C (Fig. 6) over the K/P boundary showing a reduction 
in the differences in 5180 values between various planktonic species and 
an inferred reduction in surface-to-deep water isotopic temperature gra
dient. 

natively, there may be a diagenetic imprint which we did not 
identify visually. 

Planktonic and Benthic 513C Values and the Vertical 
AS13C Gradient 

68.0-66.7 Ma. 
Distinct differences exist between the carbon isotopic values 

of the various planktonic groups (Figs. 8 and 9). Carbon iso
topic values of the planktonic foraminifer G. multispinatus were 
on average 2.7%o within this interval. Values for H. globulosa 
during this interval average ~2.1%o. The benthic forms, Nuttal
lides, Gavelinella, Osangularia, and Cibicidoides all exhibit simi
lar 513C values of between ~ l.l%o and 1.5%o in Hole 690C, al
though the number of isotopic measurements is relatively small 
compared to the planktonic record. In Hole 689B, Nuttallides 
exhibits lower values than that of Gavelinella, but again, the 
number of measurements is relatively small within this interval. 
The vertical A513C gradient during this interval, based on the 
offset between G. multispinatus and Gavelinella averages ~ 1.2%o 
(Fig. 8). 

Because there may have been as much as 1000 m water depth 
separating the two Maud Rise sites during the Late Cretaceous, 
it is possible that a 513C gradient existed between them. How
ever, this probable gradient should have been minor compared 
to the much larger gradient between surface (planktonic 513C) 
and deep waters (benthic <513C). Based upon the limited data we 
have for this interval, we are unable to discern any 513C gradient 
between the two Maud Rise sites. It is apparent however, that 
the surface-to-deep water 513C gradient was well developed dur
ing this interval at both locations. 

66.7-66.4 Ma. 
Beginning at -66.7 Ma, and in conjunction with the posi

tive 6180 shift described earlier (Fig. 7), benthic and planktonic 

des, and a few Cibicidoides samples from ~ 1.2%o to 0.8%o. In 
the planktonic foraminifer record there appears to have been 
less change than that recorded by the benthic foraminifers. The 
reproducibility of the fine-fraction samples is poor in this inter
val, making it difficult to infer accurate trends in that data set. 
The latter part of the APla Zone is marked by a trend toward 
higher benthic 5180 values. Planktonic foraminifer values did 
not record this increase in <5180. 

The record outlined above indicates that although there was 
a slight warming (~1.5°C) shortly after 66.3 Ma, the cooling 
trend that began 200 k.y. before the K/P boundary appears to 
have produced a permanent reduction of Paleocene surface-wa
ter temperatures of ~ 1°-2°C. Benthic 5180 values did not change 
significantly across the K/P boundary, nor during the early Pa
leogene. Deep waters had already warmed to their post K/P 
boundary values before the surface-water cooling event occurred 
(Fig. 6). Consequently, the surface (based upon G. multispina
tus values) to deep water (based upon benthic values) tempera
ture gradient was reduced slightly across the K/P boundary 
(Figs. 6 and 7). 

The isotopic results from Hole 689B (Fig. 5) generally agree 
with the patterns of change observed in Hole 690C. The benthic 
isotope values reflect relatively little change in the interval dur
ing and following the K/P boundary. Nuttallides values are con
siderably lower than those of Gavelinella and exhibit values sim
ilar to those of the planktonic foraminifers. Because E. fringa 
and S. pseudobulloides values from Hole 689B are similar to 
those observed in Hole 690C, the isotopic values of Nuttallides, 
or the correction factors applied to them, may be in error. Alter-

813C 

Figure 8. Planktonic and benthic 613C relative to PDB vs. age in Hole 
689B. A brief hiatus spans the K/P boundary. A notable decrease in 
planktonic «513C occurs across the hiatus and the K/P boundary. Plank
tonic foraminifer zonation is after Stott and Kennett (this volume, chap
ter 34). Ages are after Berggren et al. (1985). 
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Age Zone Ma 
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I> A. mayaroensis 
0 E. fringa 
D G. multispinatus 
> H. globulosa 

° S. pseudobulloides 
» Cibicidoides 
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■f Osangularia 
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513C 

2.0 2.5 3.0 3.5 

Figure 9. Planktonic and benthic S13C relative to PDB vs. age in Hole 
690C. Note the marked <513C increase prior to the K/P boundary, a posi
tive peak in close association with the boundary, followed by a distinct 
decrease in the earliest Paleogene. Lines connecting isotopic values were 
eliminated in some intervals to make visualization of the data easier. 
The surface-to-deep water 513C gradient was significantly reduced in the 
earliest Paleogene, although a gradient (AS13C = ~0.4%o) remained. 
The gradient between planktonic and benthic 513C was rapidly re-estab
lished soon after 66.1 Ma. Planktonic foraminifer zonation is after Stott 
and Kennett (this volume, chapter 34). Ages are after Berggren et al. 
(1985). 

foraminifer 513C values in Hole 690C began to increase rapidly 
(Fig. 10). 513C values in G. multispinatus and calcareous nanno
fossils increased from 2.56%o at 66.7 Ma to between 2.8%o and 
3.0%o at -66 .4 Ma, at the K/P boundary (Fig. 10). The benthic 
foraminifers Gavelinella and Nuttallides increased from ~ 1.6%o 
to ~2.0%o during this interval. H. globulosa values are interme
diate between those of G. multispinatus and benthic foramini
fers but exhibit the same 513C shift. In Hole 689B the benthic 
foraminifer 513C began to exhibit the same trend, but the record 
is truncated by a hiatus (Fig. 8). 

66.4-63.0 Ma. 
At the K/P boundary and for the succeeding 100 k.y., ben

thic 613C values remained high, averaging 2.1%o-2.2%0 (Fig. 10). 
During the 100 k.y. following the K/P boundary, E. fringa «513C 
values were ~2.5%o. These values are lower than the latest Cre
taceous values of G. multispinatus. However, they are similar to 
those of H. globulosa during the Late Cretaceous. The few 
H. globulosa and G. multispinatus samples we analyzed from 
above the K/P boundary (Table 1) had isotopic values similar to 
those of the Late Cretaceous and did not show any distinct re
duction in isotopic composition. If these two species were Cre
taceous survivors this would imply a relatively high A513C gradi
ent in the earliest Paleocene, not a reduced gradient as shown by 
differences between E. fringa and benthic foraminifers. If, on 
the other hand, most of the specimens of G. multispinatus and 
H. globulosa analyzed in these early Paleocene samples were re
worked from the Cretaceous, then nothing can be inferred from 
these measurements about the Paleocene A513C gradient. Based 
upon the measured offset between E. fringa and the benthic 
forms Gavelinella and Nuttallides (0.3%o-0.4%o) the surface-to-
deep water 513C gradient in the early Paleocene, was more simi
lar to differences observed for the latest Cretaceous between 
benthic foraminifers and H. globulosa (0.5%o-0.7%o). 
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Figure 10. Details of planktonic and benthic 513C relative to PDB vs. 
age in Hole 690C from Figure 9. There was no apparent reduction in the 
vertical <513C gradient before the K/P boundary. Benthic <513C values re
mained high following the K/P boundary for ~ 100 k.y. before decreas
ing in a negative excursion to 66 Ma. Calcareous nannofossil 513C values 
decreased anomalously across the K/P boundary to values more nega
tive than benthic foraminifers. Planktonic foraminiferal 513C also show 
a marked decrease over the boundary but remained more positive than 
benthic foraminifers. 

From 66.3 to 66.0 Ma the isotopic record exhibits several dis
tinct features. In addition to the reduced A513C noted above, 
benthic and planktonic 513C values became increasingly more 
negative between 66.3 and 66.0 Ma (Fig. 10). Within this nega
tive 513C excursion, calcareous nannofossil values are lower than 
any other taxa, including benthic foraminifers. The 513C values 
of calcareous nannofossils decreased from 2.4%o at 66.36 Ma to 
1.3%o at 66.1 Ma (Fig. 10). Benthic foraminifers reflect a similar 
negative excursion but are 0.2%o-0.4%o higher than the fine-
fraction carbonate. The 513C values of E- fringa also declined 
during this interval but there is a gradual increase in the gradient 
between this planktonic foraminifer and the benthic taxa (Fig. 
10). Planktonic foraminifer 513C values were higher for the first 
100 k.y. of the Paleocene than at any time during the subse
quent 2.0 m.y. (Fig. 10). 

Coincident with the base of the S. pseudobulloides Subzone 
(APIa), in Hole 690C and the first appearance of several plank
tonic taxa (Stott and Kennett, this volume, chapter 34), there is 
a sharp increase in the 613C of both planktonic foraminifers and 
calcareous nannofossils. The 513C of calcareous nannofossils in
creased from 1.3%o at 66.1 to 2.0%o at 66.05 Ma (Figs. 9 and 
10). Planktonic foraminifer 513C also began to increase rapidly 
at 66.1 Ma. By 65.7 Ma, the 513C gradient between benthic fora
minifers and the planktonic foraminifer S. pseudobulloides was 
~ 0.7%o. The A513C between benthic foraminifers and calcareous 
nannofossils was even greater (Fig. 10). It appears, therefore, 
that the surface-to-deep water 513C gradient was reestablished to 
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pre-K/P boundary levels by 66.05 Ma. Between -66 .0 and 63.0 
Ma benthic values decreased slightly, although values fluctuated 
considerably (Fig. 9). The planktonic foraminifer record reflects 
a similar trend toward slightly lower values. 

CALCIUM CARBONATE ACCUMULATION RATES 
Calcium carbonate (wt%) and calcium carbonate accumula

tion rates (in g/cm2/k.y.) are plotted in Figures 11 and 12. Both 
sites contain high carbonate content in the Late Cretaceous, av
eraging between 80% and 90% (Fig. 11). The sample preceding 
the K/P boundary (-66.41 Ma) in Hole 690C shows the begin
ning of a trend toward lower carbonate percentages in the earli
est Paleocene (Fig. 11). The lowest values are recorded within 
the earliest Paleocene at —66.3 Ma ( — 40%) and increased again 
to pre-K/P values by 66 Ma (Fig. 11). We cannot determine 
whether the relatively low carbonate values just below the bound
ary in Hole 690C resulted from bioturbation, downward mixing 
of early Paleocene material, or whether carbonate percentages 
decreased prior to the boundary. In Hole 689B, the hiatus asso
ciated with the K/P boundary precludes any inference about 
changes that may have occurred in the boundary interval; there 
is little difference in values above and below the hiatus. 

Calcium carbonate accumulation rates in Hole 690C (Fig. 
12) exhibit a trend toward higher values during the last few hun
dred thousand years of the Late Cretaceous, between —66.7 
and -66.45 Ma. During this interval values increased from 
— 1.1 g/cm2/k.y. to between 1.5 and 1.8 g/cm2/k.y. Immedi
ately below the K/P boundary, beginning at —66.45 Ma, values 
decreased again to — 1.2 g/cm2/k.y. and continued to decrease 
across the boundary to —0.1 g/cm2/k.y. Values remained low 
( — 0.2 g/cm2/k.y.) within the APa Zone. At the base of the suc
ceeding API a Zone the values began to increase again to - 0 . 8 

% Carbonate 

Accumulation Rate 
g/cm2/k.y 

Age Ma 

Figure 11. Weight percent calcium carbonate in Holes 689B and 690C 
vs. age. There is a marked reduction in %calcium carbonate across the 
K/P boundary in Hole 690C. Carbonate percentages increase to pre-K/ 
P levels by 66 Ma and remain high (85%-90%) through the early Paleo
cene. A hiatus in Hole 689B precludes any inference about changes 
across the boundary in that sequence. 

Figure 12. Carbonate and insoluble accumulation rates for Holes 689B 
and 690C. Carbonate accumulation rates increased relative to insoluble 
accumulation rates in the latest Cretaceous before declining across the 
K/P boundary. The lowest values occur in the interval between 66.4 and 
66.2 Ma. After that, the values increase to a stable level of -1.25 g/ 
cm2/k.y. for the remainder of the early Paleocene. 

g/cm2/k.y, reaching values of 1.2 g/cm2/k.y. by -66 .0 Ma 
(Fig. 12). The record from Hole 689B shows a similar record to 
that of Hole 690C although a hiatus eliminates the record across 
the boundary interval. No measurements above ~ 66.0 Ma were 
made for this site (Fig. 12). The record from Hole 690C indi
cates that two events exist in the carbonate accumulation re
cord. The first is a distinct increase in values during the latest 
Cretaceous which lasted for - 2 0 0 k.y. between 66.65 and 66.45 
Ma. The second distinct event is the sharp decrease in accumu
lation rates during the earliest Paleocene. Since the carbonate 
percentages were determined on a relative weight basis, it is pos
sible that the changes in carbonate accumulation rates were 
caused by changes in the flux of insoluble material to the site. 
For this reason, insoluble material accumulation rates are also 
plotted in Figure 12. The changes in insoluble accumulation rate 
follow that of carbonate accumulation rates. However, it is ap
parent that the difference between carbonate and total accumu
lation rates did not remain constant. Specifically, following the 
sharp increase in carbonate accumulation rates at 66.7 Ma, rates 
began to decrease relative to insoluble accumulation rates dur
ing the remainder of the Late Cretaceous (Fig. 12). This pattern 
is not apparent in the Hole 689B record because of the hiatus 
which spans the interval. Carbonate and insoluble accumula
tion rates remained low in the earliest Paleocene with the differ
ence between carbonate and total accumulation rate remaining 
essentially constant. In the latter part of the APa and the early 
part of the API a Zone carbonate accumulation rates began to 
increase relative to insoluble accumulation rates. It is also nota
ble that in Hole 689B the percent insolubles is much smaller 
than that of Hole 690C, particularly in the early Paleocene. 
This suggests that the two Maud Rise sites had different sources 
for the insoluble-fraction, or that this fraction was winnowed 
from Site 689. 
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DISCUSSION 
Thermocline Structure, Seasonality, and Global Climate 

across the K/P Boundary 
The oxygen isotopic results presented above indicate that a 

significant climatic change occurred in the Antarctic Ocean be
ginning ~ 500 k.y. prior to the mass extinction event at the K/P 
boundary. Planktonic and benthic foraminiferal 5180 values de
creased by nearly 1.0%o over a relatively short interval, repre
senting an apparent warming of surface and intermediate waters 
of ~4°C. The event was short-lived, and was immediately fol
lowed by an increase in 6180 values during the latest Cretaceous 
and earliest Paleocene. Benthic values did not increase to earlier 
Late Cretaceous levels, whereas early Paleocene planktonic val
ues did apparently increase over Late Cretaceous levels. The 
magnitude and short duration of the initial negative 5180 excur
sion is similar to events recorded at the Paleocene/Eocene bound
ary (Kennett and Stott, this volume; Stott et al., this volume) 
and warming preceding the well known isotopic shift at the 
Eocene/Oligocene boundary. Each of these isotopic changes 
marked major paleoceanographic events during the Cenozoic. 
Each occurred over a relatively short period of time and was as
sociated with changes in the marine biota. The Paleocene/Eo
cene boundary isotopic excursion was associated with the larg
est benthic foraminiferal extinction of the entire late Phanero
zoic (see Thomas, this volume) and was almost certainly coupled 
to the environmental changes associated with the isotopic excur
sions (Kennett and Stott, this volume; Stott et al., this volume). 
The Eocene/Oligocene isotopic shift, although opposite in 
direction, also marked a major environmental change in the 
oceans, including a distinct increase in biosiliceous sedimenta
tion in the Antarctic. It is important to note, within this con
text, that the isotopic excursion that preceded the K/P bound
ary was not associated with distinct changes in the fossil assem
blages (see Thomas this volume; Pospichal and Wise, this 
volume, chapter 32). 

Previous investigators of the K/P boundary extinction event 
have suggested that oceanic (Keller, 1989) and terrestrial (Askin, 
pers, comm.) climatic changes occurred during the latest Creta
ceous, although these have not been well documented. The pos
sibility exists that environmental changes imposed stress on the 
marine and terrestrial biota, predisposing them to extinction. 
What potential effects would the temperature changes recorded 
at Maud Rise have had on the marine biota? 

To address the environmental implications of the isotopic ex
cursions observed in the Antarctic record, several factors may 
have been important: the thickness and seasonal duration of the 
thermocline prior to, during, and following the isotopic excur
sions; the extent of temperature change in other parts of the 
oceans; and additionally, from the perspective of the benthic bi
ota, the nature of deep-water production in the Antarctic during 
the Late Cretaceous and early Paleocene. At present, we know 
of no other published latest Cretaceous isotopic record suffi
ciently detailed to recognize the isotopic excursions commenc
ing near 66.7 Ma. Nonetheless, it is possible to make several 
general observations concerning these factors. 

Barrera et al. (1987) suggested that during the Late Creta
ceous the shallow continental shelves of the Antarctic were proba
bly a source of cold deep waters, as in the present day. If deep 
waters did form in the Antarctic, it follows that temperatures as 
cold as those inferred from benthic isotope values at intermedi
ate water depths at Maud Rise must have formed at the surface 
at times when temperatures were colder than those recorded by 
the isotopic values of planktonic foraminifers. It also follows 
that planktonic foraminifer isotopic temperatures must reflect 
summer and perhaps spring sea-surface conditions; benthic iso
topic temperatures reflect winter sea-surface temperatures. Be

cause the isotopic record indicates a warming of surface and 
deep waters prior to the K/P boundary, year-round tempera
tures must have warmed in the Maud Rise area. If the plank
tonic species lived in surface waters during different times of the 
year and were not governed by a seasonal thermocline, the ap
parent constancy of isotopic offsets between species during the 
isotopic excursion might further reflect a uniform, year-round 
warming, each season warming about equally. If, on the other 
hand, the isotopic offsets between planktonic species reflect dif
ferent depth habitats within the seasonal thermocline, the 
warming event apparently did not cause any change in the verti
cal thickness of a seasonal thermocline. It might be concluded 
therefore, that the warming event had little effect on the plank
tonic or benthic environment beyond a warming of surface and 
intermediate waters by several degrees. 

The well-developed offsets displayed by each planktonic group 
earlier in the Late Cretaceous were progressively reduced during 
a short interval of time between 66.6 and 66.4 Ma (Fig. 7). The 
apparent convergence of isotopic values prior to the K/P bound
ary could indicate a reduction in the thickness of the seasonal 
thermocline. Such an effect could have been caused by increased 
upwelling. However, increased upwelling should have produced 
lower 513C values in the planktonic foraminifers as nutrient-en
riched deeper waters reached to the surface, particularly if, as in 
the modern Antarctic Ocean, nutrients were not taken up com
pletely in the surface waters. There appears to be no reduction 
in the surface-to-deep water S13C gradients during this time ex
cept between benthic values and H. globulosa. Planktonic and 
benthic foraminifers both exhibit increasing 513C values during 
this interval. There is also no indication that the <513C gradient 
between planktonic foraminifer taxa themselves changed during 
this interval (Fig. 10). For these reasons, it is unlikely that in
creased upwelling would have produced the observed changes in 
the isotopic values of planktonic foraminifers and calcareous 
nannofossils prior to the K/P boundary biotic crisis. It is more 
likely that the structure of the thermocline was reduced in re
sponse to lower sea-surface temperatures or that there were dif
ferential changes in the seasonal temperature contrasts. 

Seasonal Thermocline 
In the open ocean today, the thermocline provides the struc

tural framework necessary to maintain the well developed trophic 
strategies found in these environments (Lipps, 1979). The open 
ocean, although comprising about 90% by area, is the poorest 
region in terms of nutrient availability. These regions are where 
trophic specialization is greatest and the trophic system is, by 
necessity, the most highly structured (Valentine, 1973). Even a 
small change in the structure of the thermocline could produce 
a change in trophic resources that would lead to a large disrup
tion of the trophic framework (Hallock, 1987). Sediment trap 
studies in the modern ocean have illustrated the relationship be
tween foraminiferal flux rates, nutrient availability, and the de
velopment of a seasonal thermocline. In the subarctic latitudes 
of the north Pacific, for example, foraminifer production today 
is highest in the spring when food availability is increasing and 
the thermal structure of the upper water column is developing 
(Thunell and Honjo, 1987). Interestingly, planktonic foraminif
eral mass flux is lower during the summer even though food is 
still available. This may result from surface-water temperatures 
which exceed the temperature tolerances of the foraminiferal as
semblage, hence restricting production. Although such changes 
occur on a seasonal basis, it is clear that carbonate production 
could be permanently affected if the thermocline was reduced in 
thickness for an extended period or if the seasonal duration of 
the thermocline was greatly shortened by the reduction of sum
mer sea-surface temperatures. The extent to which the lower 
summer flux values are controlled by grazing is not known. 
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If the changes observed in the Antarctic isotopic data signify 
even a small change in the structure of the seasonal thermo-
cline, it may have had a significant effect on the vitality of the 
Antarctic trophic system as a whole. 

Seasonal Sea-Surface Temperatures 
The Late Cretaceous calcareous nannofossils and planktonic 

foraminifers, such as G. multispinatus, exhibiting the lowest 
5180 values may have lived primarily during the austral summer 
months. H. globulosa, exhibiting slightly higher S180 values, 
may have inhabited cooler surface waters during spring or fall 
months. Primary productivity almost certainly would have var
ied seasonally and could also explain the observed 513C differ
ences between species. The largest 5180 increase and therefore, 
the greatest cooling are recorded in calcareous nannofossils and 
G. multispinatus. On the other hand, H. globulosa records a 
less severe cooling. The isotopic results could, therefore, be in
terpreted as an indication of cooler summer months. The effect 
such changes may have had on the Late Cretaceous planktonic 
foraminifers might be inferred from studies of modern species. 
Most modern planktonic foraminiferal species are adapted to a 
narrow temperature range. The subarctic assemblages of the 
north Pacific mentioned above, for example, appear to have an 
optimal temperature range of 5°-10°C (Thunell and Honjo, 
1987). Changes in sea-surface temperatures at the North Pacific 
site cause a systematic seasonal succession of planktonic fora
minifer species. Therefore, in addition to the thickness of the 
thermocline, the range of temperatures appears to have a strong 
influence on planktonic foraminiferal assemblages. A cooling 
of several °C during the latest Cretaceous, particularly if it ef
fected spring and summer months, may have disrupted the nor
mal succession of planktonic groups and thus greatly disturbed 
the trophic network. 

Since it is almost certain that the latest Cretaceous foramin-
fers, like the others since, were adapted to some temperature 
variability, it is unlikely that the temperature changes themselves 
were the cause of the mass extinction at the K/P boundary. 
For instance, the sharp warming at 66.7 ma had no apparent 
detrimental affect on the assemblages. On the other hand, it is 
possible that the Late Cretaceous plankton became predisposed 
to extinction by a destabilization of their habitat and trophic 
structure. 

Planktonic and Benthic Carbon Isotope Gradients: 
Carbon Burial and Paleoproductivity 

The Cenozoic was marked by a number of significant 613C 
excursions (Shackleton 1986; Miller et al., 1987a); amongst the 
most notable are those associated with the K/P boundary tran
sition. The negative excursion following the K/P boundary is 
well known (Thierstein and Berger, 1978; Boersma and Shackle
ton, 1979; Arthur et al., 1979; Scholle and Arthur, 1980; Bo
ersma and Shackleton, 1981; Hsu et al., 1982; Williams et al., 
1983; Shackleton and Hall, 1984; Zachos and Arthur, 1986; 
Zachos et al., 1989). Less well documented however, is the posi
tive 513C excursion that immediately preceded the K/P bound
ary (Shackleton et al., 1984; Zachos et al., 1989). In Figure 13 
we have plotted the <513C record of benthic foraminifers from 
Sites 577 (equatorial Pacific; Zachos et al., 1989), Site 527 (South 
Atlantic; Shackleton et al., 1984), and Holes 689B and 690C 
from the Antarctic. These sites all contain well-preserved car
bonate records across the K/P boundary, were at approximately 
the same paleodepth (2000-2400 m) during the K/P boundary 
interval and, except for Hole 689B, have good magnetostrati
graphic age models. The distinct positive excursion in 513C re
corded in the Antarctic sites is also well delineated in benthic 
isotope records from the other ocean basins. 
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Figure 13. Benthic foraminiferal 513C from Pacific Site 577 (Zachos et 
al., 1989), South Atlantic Site 527 (Shackleton and Hall, 1984), and 
Holes 689B and 690C (this study). Isotopic values below the K/P bound
ary reflect a l%o basin-basin gradient as in the modern ocean (Kroop-
nick, 1985). Isotopic values in all basins exhibit a marked increase in the 
interval immediately preceding the K/P boundary. At the K/P bound
ary values converge to ~2.0%o, although a gradient still exists between 
the Atlantic and Pacific. The reduced basin-basin gradient in the so-
called Strangelove ocean reflects the reduced biological carbon pump 
that produces the strong vertical gradients in the oceans today. After 
about 66.0 Ma, when the normal surface-to-deep water 513C gradients 
were re-established (see Fig. 10) a normal basin-basin gradient is evi
dent. 

Zachos et al. (1989) suggested that the positive 513C excur
sion at Site 577 in the equatorial Pacific prior to the K/P bound
ary may have been caused by a change in circulation. They also 
suggested that if the shift was global in scale it may reflect a 
shift in whole-ocean 513C caused by increased carbon burial in 
continental margin deposits during a Late Cretaceous eustatic 
rise. The results from the Pacific, the Atlantic, and the Antarc
tic (Fig. 13) demonstrate that the positive 513C excursion oc
curred throughout the oceans. The shift clearly reflects a redis
tribution of carbon between different reservoirs (i.e., carbon
ate, organic carbon, atmospheric C02). A major question is 
whether or not the shift in the oceanic carbon reservoir was 
linked to the climate change seen in the 5180 records through 
feedback loops in the carbon cycle. If so, which came first, the 
climate change or the shift in the carbon reservoir? The possi
bilities include: 

1. Increased accumulation of organic carbon in deep sea or 
continental shelf environments could account for a decrease in 
atmospheric pC02 . The possibility exists that this caused a re
verse greenhouse effect and the global climate cooled. The Ant
arctic data does not indicate whether the beginning of the posi
tive 513C excursion preceded the positive 5180 excursion. The 
sample spacing does not provide sufficient resolution to resolve 
this. There was an apparent increase in carbonate accumulation 
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rates at Maud Rise, a possible consequence of higher carbonate 
productivity. However, there is no apparent cause for the sharp 
warming that began earlier at 66.7 Ma. 

2. Changes in organic carbon burial relative to carbonate 
burial was caused by eustatic rise and fall and was independent 
of any productivity changes. This could explain the 513C excur
sions in the oceanic TDC reservoir recorded in the benthic fora
minifer values. Atmospheric pC02 fluctuations caused by changes 
in organic carbon burial could have contributed to global tem
perature change. However, because there is no physical evidence 
of ice-sheets during the Late Cretaceous and early Paleocene, a 
mechanism to produce relatively rapid eustatic changes is lacking. 

Mass Extinction, the Strangelove Ocean, and Carbon 
Cycling 

The coincidence between the mass extinction and the well 
known negative <513C excursion at the K/P boundary supports 
predictions that primary productivity was diminished at the end 
of the Mesozoic, the so-called "Strangelove Ocean" (Broecker 
and Peng, 1982; Hsu and McKenzie, 1985). The data from Hole 
690C, however, suggests that, at this locality, productivity was 
not diminished to the extent suggested by previous studies (Zachos 
and Arthur, 1986; Zachos et al., 1989). Carbonate accumula
tion rates do decrease considerably across the K/P boundary 
and there is a marked reduction in the surface-to-deep water 
513C gradient. At no point however, was the A513C gradient to
tally eliminated in the Antarctic as in other areas. Other iso
topic sequences across the K/P boundary indicate that the verti
cal <513C gradient was totally eliminated and in some cases even 
reversed (negative A513C; Zachos and Arthur, 1986). The Ant
arctic data further suggest that the vertical 513C gradient gradu
ally increased in the interval following the extinction. In other 
areas there is no indication that a vertical gradient began to re
develop until nearly 400 k.y. after the productivity collapse (Zachos 
and Arthur, 1986). 

There are two probable reasons why the Antarctic record 
provides a somewhat different picture of the Strangelove Ocean. 
The first results from the fact that the other K/P boundary se
quences have been analyzed using either bulk carbonate, mixed 
assemblages of planktonic and benthic foraminifer samples, or 
discontinuous measurements of single species. As stated earlier, 
each biogenic component carries a very different isotopic signa
ture depending on its habitat within the water column or the de
gree to which it secretes its test in isotopic equilibrium. The mix
ture of more than one of these components in an isotopic sam
ple will bias the result. During the Strangelove interval, the 
calcareous nannofossil isotopic data from Hole 690C exhibit 
lower 513C values than even benthic foraminifers. It is difficult 
to explain these low 513C values when planktonic foraminifers, 
also surface-water dwellers, show values that are more positive. 
Possibly all of the species display some degree of positive or 
negative disequilibrium. Future investigations might include the 
analysis of several different planktonic species to identify the 
range of values displayed by planktonic microfossils that lived 
in the Strangelove Ocean. 

Shackleton et al. (1984) previously pointed out that 513C val
ues became increasingly lower following the K/P boundary ex
tinction event, a trend we observe in the Maud Rise data. Shack
leton et al. (1984) suggested that this resulted from a build-up of 
carbon in the oceanic reservoir due to lower carbon accumula
tion rates, a consequence of the lower productivity and sedi
ment accumulation rates in the early Paleogene. Because of the 
long residence time of carbon in the ocean ( -200 k.y.), and the 
fact that accumulation rates were notably reduced in the post 
K/P interval (Zachos and Arthur, 1986), increased carbon in the 
oceanic TDC reservoir is a possible explanation for the observed 
613C excursion. However, in the modern ocean organic carbon 

accumulation in deep-sea sediments is only ~ 4% of the total 
particle flux from the euphotic zone (Emerson and Hedges, 
1988). Most of the organic carbon accumulation takes place on 
the margins where productivity and sedimentation rates are 
higher. Little data exist about changes in sediment or carbon ac
cumulation rates on the continental margins following the K/P 
boundary. If the negative excursion was, as suggested by Shack
leton et al. (1984), a consequence of reduced carbon burial in 
deep-sea sediments because of lower accumulation rates, a posi
tive excursion would be expected after normal productivity (A513C) 
and presumably normal accumulation rates resumed at 66.1 Ma. 
There is no apparent increase in oceanic 513C until late in the 
Paleocene and this may not have been linked to increased pro
ductivity (Miller et al., 1987b). Maximum benthic foraminifer 
513C values are similar to those in the pre-K/P boundary inter
val (~ 2.0%o). It is the positive excursion prior to, and at the K/ 
P boundary, that is notable. If carbon was tied up in continental 
margin deposits during a high stand of sea level at the end of 
the Cretaceous, as suggested by Zachos et al (1989), it is also 
possible that this carbon reentered the oceanic reservoir during 
a sea-level regression during the early Paleogene (Haq et al., 
1987). The way to address these possibilities includes analyses of 
barium, Cd/Ca, and other indicators of nutrient distributions 
together with the carbon isotopic record and additional infor
mation about sediment accumulation rates across the K/P 
boundary (e.g., Stott and Delaney, 1988). 

CONCLUSIONS 
The stable isotopic stratigraphies across the K/P boundary 

transition in Maud Rise Holes 689B and 690C provide the first 
detailed paleoclimatic record for this interval from such high 
latitudes. The good preservation of the carbonate sediments in 
Hole 690C has allowed a detailed, monospecific account of dif
ferent oceanic habitats within the Antarctic water column. Plank
tonic foraminifer and calcareous nannofossil isotopic 5180 val
ues indicate a significant climatic change beginning —500 k.y. 
before the mass extinction event and before the enrichment of 
iridium at the K/P boundary. This climatic change began with a 
sharp warming throughout the Antarctic water column. The 
warming apparently did not effect the structure or thickness of 
the thermocline if planktonic and benthic values are interpreted 
in terms of depth habitats. If the isotopic values reflect different 
seasonal life cycles, the uniform warming of each planktonic 
and benthic species during this interval could be interpreted as a 
uniform, year-round, warming in the Antarctic. The warming 
event did not appear to have been a severe change in the marine 
biotic environment. 

Approximately 200 k.y. prior to the K/P boundary, plank
tonic and benthic oxygen isotopic values began to increase, a 
trend that continued to the K/P boundary and into the earliest 
Paleocene. Surface-water cooling also occurred at low latitudes 
during the latest Cretaceous and this seems to underscore the 
global extent of this climatic event. In the Antarctic the climatic 
cooling appears to have been associated with a change in the 
structure of the thermocline and/or with changes in seasonality 
as summer temperatures cooled (increased planktonic 5180) and 
winter temperatures remained essentially unchanged (smaller ben
thic 5180 change). 

A positive shift in both planktonic and benthic 513C occurs 
in the latest Cretaceous in conjunction with the positive 5180 
shift. The positive carbon isotope excursion is larger than nearly 
any other shift recorded during the Cenozoic. Comparisons be
tween isotopic records in the Pacific, the Atlantic, and the Ant
arctic also indicate that the 513C shift was global in extent and 
hence, represented a change in the 513C of the ocean TDC reser
voir. The association between the carbon reservoir change and 
the climatic variations recorded in the stable isotopic records 
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suggests that the two phenomena might have been related through 
feedback loops in the carbon cycle. 

These events indicate that significant changes took place in 
the marine environment during the final stages of the Creta
ceous. They preceded, by several hundred thousand years, the 
sudden extinction event at the K/P boundary. Any model to ex
plain the demise of the oceanic plankton at the end of the Cre
taceous should consider the oceanic environmental changes that 
were occurring prior to the massive extinction horizon. 

The reduction of planktonic-benthic A513C across the K/P 
boundary supports previous suggestions that there was a global 
reduction in primary productivity in the oceans. However, the 
Antarctic record differs from those of other regions. At Maud 
Rise the vertical A513C was not reduced to the extent suggested 
by other stable isotopic records. The A513C gradient between 
planktonic and benthic foraminifers in the Maud Rise sequences 
began to increase once again shortly after the boundary. This 
too is different from other records that reflect longer-term re
ductions of the vertical A513C gradient. These data may point to 
geographic differences in the so-called Strangelove Ocean. The 
true isotopic gradient may be complicated however, by signifi
cant disequilibrium effects during the Strangelove interval, par
ticularly in the photoautotrophic or photosymbiont-bearing mi
crofossil groups. 

The Maud Rise carbon isotope record across the K/P bound
ary indicates that a negative excursion similar to that described 
from other South Atlantic sites occurred approximately 200 k.y. 
after the K/P boundary. This excursion resulted in planktonic 
and benthic 613C values that were lower than those immediately 
above the K/P boundary. This implies that there was a change 
in 613C of the oceanic TDC reservoir. 
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Plate 1. Scanning electron photomicrographs of benthic foraminifers in the K/P boundary interval of the Maud Rise sequences. 1. Gavelinella, 
Sample 113-689B-25X-5, 51-53 cm, x 150. 2. Gavelinella, Sample 113-690C-15X-4, 28-30 cm, x200. 3. Osangularia, Sample 113-689B-25X-5, 
53-57 cm, x 100. 4. Nuttallides, Sample 113-689B-25X-4, 62-66 cm, X230. 5. Nuttalides, Sample 113-690C-15X-3, 8-10 cm, x 150. 6. Osan
gularia, Sample 113-690C-15X-3, 41-46 cm, x40. 7. Gavelinella, Sample 113-690C-15X-3, 132-136 cm, x250; interior of chamber wall showing 
good preservation. 8. Gavelinella, Sample 113-689B-25X-5, 51-53 cm, x 150; specimen shows minor dissolution of the interior chamber wall but 
there is no recrystallization evident. 9. Nuttallides, Sample 113-689B-25X-5, 51-53 cm, X300; showing good preservation of interior of cham
bers. 10. Osangularia, Sample 113-690C-15X-4, 28-30 cm, x250; showing interior of chambers which are covered by small crystal overgrowths. 
The wall structure does not appear to be recrystallized. Specimens exhibiting this feature are rare in the sequences. 
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Plate 2. Scanning electron photomicrographs of planktonic foraminifers common in the K/P boundary interval of Maud Rise sequences. 1. Eoglo-
bigerina fringa, Sample 113-690C-15X-4, 28-30 cm, x200. 2. Eoglobigerina trivialis, Sample 113-690C-15X-4, 28-30 cm, x250. 3. Subbotina 
pseudobulloides, Sample 113-690C-14X-3, 36-40 cm, x 300. 4. Abathomphalus mayaroensis, Sample 113-689B-22X-5, 79-81 cm, x200. 5. Het-
erohelix globulosa, Sample 113-689B-22X-5, 79-81 cm, x200. 6. Globigerinelloides multispinatus, Sample 113-690C-15X-4, 45-47 cm, x200. 
7. G. multispinatus, Sample 113-690C-15X-4, 45-47 cm, showing the well preserved calcite of the chamber walls and also the clay infilling, x775. 
8. same specimen as 7, x 155. The clay infilling is readily identified under normal light microscopy. These specimens are not included in the isotopic 
samples. 
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