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ABSTRACT 

A detailed 8^*0 and 8"C stratigraphy has been generated 
from analysis of well-preserved Albian-early Maastrichtian foram- 
inifera from Deep Sea Drilling Project (DSDP) Sites 511 and 327 
(Falldand Plateau; -58°S-62°S paleolatitude) in the southern 
South Atlantic, and Cenomanian and Coniacian-Santonian foram- 
inifera from DSDP Site 258 (Naturaliste Plateau; «»58°S paleolati- 
tude) in the southern Indian Ocean. These results, when combined 
with previously published Maastrichtian stable isotope data from 
Ocean Drilling Program (ODP) Site 690 (Weddell Sea, '»65°S pa- 
leolatitude), provide new insight into the climatic and oceano- 
graphic history of the southern high latitudes during middle-Late 
Cretaceous time. The planktonic foraminifer S^^O curves reveal a 
gradual warming of surface waters from the Albian through the 
Cenomanian followed by extremely warm surface waters from the 
Turonian through the early Campanian. Long-term cooling of sur- 
face waters began in the late early Campanian and continued 
through the end of the Maastrichtian. The benthic foraminifer 8^*0 
record generally parallels changes in the oxygen isotopic curves 
defined by shallow-dwelling planktonic foraminifera. The vertical 
oxygen and carbon isotopic gradients were relatively low during the 
Albian-Cenomanian, high from the Turonian-early Campanian, 
and then low during the late Campanian and Maastrichtian. 

Foraminiferal oxygen isotopic data from published sources 
and this study are averaged for each site, corrected for latitudinal 
changes in salinity based on modern-day surface-water values, and 
plotted versus paleolatitude for the late Albian, Coniacian-Santo- 
nian, and late Maastrichtian. Differences between low- and high- 
latitude surface-water paleotemperatures are estimated at "^14 °C 
during the late Albian and late Maastrichtian, but the Coniacian- 
Santonian reconstruction reveals only a 0-4 °C latitudinal tem- 
perature gradient. Uncertainty regarding Cretaceous salinity gra- 
dients and possible diagenetic alteration of 8'*0 values introduce 
error into our estimates of paleolatitudinal thermal gradients; how- 
ever, apparent low equator-to-pole temperature differences could 
indicate much higher poleward heat transport than at present. 

"Present address: Department of Geology, University of California at 
Davis, Davis, California 95616. 

INTRODUCTION 

The climate of the Cretaceous Period has been characterized by 
numerous authors as substantially warmer than the present, gener- 
ally ice free, and having markedly reduced vertical and latitudinal 
temperature gradients (Barron, 1983; Crowley and North, 1991; 
Frakes et al, 1992). In fact, the middle Cretaceous (Albian-Ceno- 
manian) has been cited as the culmination of a warming trend that 
began 150 m.y. earlier in the Late Permian (Frakes, 1986). Evidence 
to support a middle Cretaceous thermal maximum is largely qual- 
itative, based on a poleward habitat expansion of thermophilic ma- 
rine organisms such as coral reefs, larger foraminifera, gastropods, 
and rudistid bivalves (Sohl, 1969; Kaufman, 1973; Gordon, 1973; 
Habicht, 1979; Lloyd, 1982); occurrence of dinosaurs of presumed 
warm weather affinity in the Arctic (Colbert, 1973) and Antarctica 
(Olivero et al, 1991); and poleward expansion of floral biogeo- 
graphic provinces (Barnard, 1973; Vakhrameev, 1975). Terrestrial 
floral data, however, do not show a consistent climatic pattern. Pa- 
leotemperature estimates based on leaf physiognomy for the middle 
latitudes of North America (Fig. 1) indicate a gradual increase in 
mean annual temperature from the late Albian through Santonian, 
and a step-wise decrease into the early Maastrichtian followed by a 
temperature increase through the end of the Maastrichtian (Wolfe 
and Upchurch, 1987; Johnson and Hickey, 1990). In contrast, pa- 
leobotanical evidence from the Alaskan North Slope (Spicer and 
Parrish, 1986,1987) suggests maximum warmth occurred during the 
Coniacian. Pollen studies from the same region indicate a significant 
coohng occurred during the late Maastrichtian (Frederiksen, 1989). 

Although Cretaceous sediments have been recovered at >200 
DSDP and ODP sites, oxygen isotope data are surprisingly limited. 
The only tropical sites that have been studied are DSDP Sites 47 and 
305 in the western North Pacific (Douglas and Savin, 1973, 1975) 
and Sites 463 and 465 in the central North Pacific (Boersma and 
Shackleton, 1981). Despite the importance of these data, our knowl- 
edge of tropical paleotemperatures remains incomplete as geo- 
graphic coverage is poor and stratigraphic coverage is discontinu- 
ous, especially for the Albian-Campanian. 

Because the composite paleotemperature curve of Douglas and 
Savin (1973, 1975) spans the Berriasian-Maastrichtian, it has been 
widely cited in discussions of long-term climatic trends during the 
Cretaceous. These isotopic data suggest that surface and deep wa- 
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Figure 1. Previously published estimates of marine and terrestrial paleotemperature changes, trends in the burial rates and 8*^C 
composition of organic carbon, and estimates of relative sea-level change during Albian-Maastrichtian time. (1) Barrera and Huber 
(1990); (2) Douglas and Savin (1975); (3) Saltzman and Barron (1982); (4) Wolfe and Upchurch (1987); (5) Spicer and Parrish (1987); 
(6) Arthur et al. (1985); (7) modified from Haq et al. (1988). Shaded areas labeled OAE represent oceanic anoxic events identified by 
SchoUe and Arthur (1980) and Arthur et al. (1985). 

ters were warmest during the late Albian and coolest in the late 
Maastrichtian (Fig. 1). Most of the samples analyzed by Douglas and 
Savin (1973, 1975) were composed of fine-fraction bulk carbonate 
rather than monospecific foraminifera. Isotopic measurements of 
bulk carbonate are suspect because fine-fraction carbonate (nanno- 
fossils) is more susceptible to diagenetic alteration than is coarse- 
fraction carbonate (foraminifera), owing to the fact that nannofos- 
sils act as both donor and nucleation sites for secondary calcite 
precipitation (Schlanger and Douglas, 1974; Matter et al., 1975; 
Garrison, 1981; Nelson, 1986). Variation in the relative amounts of 
calcareous organisms analyzed in bulk carbonate samples also may 
affect the paleotemperature signal due to their differing vital effects. 

Late Turonian-Maastrichtian paleotemperatures estimated 
from Sites 463 and 465 (Boersma and Shackleton, 1981) also depict 

a long-term cooling, with warmest surface and bottom waters during 
the Coniacian (^24 and ==18 °C, respectively) and coolest surface 
and bottom waters during the Maastrichtian («»20 and ^^ll °C, 
respectively). 

Isotopic paleotemperature estimates from subtropical (Saito 
and von Donk, 1974; Boersma, 1984; Oberhansfi, 1986; D'Hondt 
and Lindinger, 1994) and Antarctic (Barrera et al., 1987; Barrera 
and Huber, 1990) marine sediments indicate cooling from the upper 
Campanian through the Maastrichtian, but provide few constraints 
regarding earher times. Oxygen isotopic analyses of sheU fragments 
of Inoceramus in the Angola Basin (DSDP hole 530A, subtropical 
South Atlantic) indicate remarkably warm deep water temperatures 
of ==22 °C during the Coniacian and ==15 °C during the late San- 
tonian (Saltzman and Barron, 1982; Fig. 1). By late Campanian- 
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HUBER ET AL. 

TABLE 1. CRITERIA USED FOR INDIRECT CORRELATION WITH EUROPEAN STAGE BOUNDARIES AND 
SUBDIVISIONS OF EUROPEAN STAGES AT SOUTHERN HIGH-LATITUDE SITES  

Boundary level Planktonic foramlnifera Calcareous 
nannoplankton 

Magnetic 
anomaly 

Age 
(Ma) 

Maastrlchtian-Paleocene 
Upper-lower Maastrichtlan 
Campanlan-Maastrichtlan 
Upper-lower Campanian^ 
Santonian-Campanian^ 
Coniacian-Santonian* 
Turonian-Coniaclan^ 
Cenomanian-Turonlan* 
Albian-Cenomanlan 
Aptian-Albian 

Eoglobigerina spp* 
Abathomphalus mayamensis' 
Rugotruncana circumnodifer' 
Globlgerinelloides impensus' 
Uncertain 
Uncertain 
AKhaeoglobigerina cretacea* 
Whiteinella archaeocretacea' 
Schackoina and Praeglobotruncana' 
Ticinella bejauoaensis^ 

Biantholithus sparsus' 
Reinhardtites tews^ 
Biscutum coronum^ 
Uncertain 
Eprolithus floralis^ 
Micula decussata* 
Marthasterites furcatus' 
EHelllthus eximius' 
Uncertain 
Hayesites albiensis' 

middle C29R 
middle C31R 
middle C32N 
middle C33N 
bottom C33R 
upper C34N 
middle C34N 
middle C34N 
middle C34N 
lower C34N 

65.0 
69.4 
71.3 
76.2 
83.5 
85.8 
89.0 
93.5 
98.9 

112.2 
Wote.- Biostratigrapliic datums used to approximate boundary levels are based on planktonic foramlnifera (Bralower 

et al., 1994; Huber, 1992, unpublished data; R. M. Leckie, 1995, personal commun.) and calcareous nannofossils 
(Wise and Wind, 1983; Wind and Wise, 1983; Bralower, 1992; D. K. Watkins, 1995, personal commun.; J. J. 
Pospictial, 1995, personal commun.). Entries on same line do not indicate synchroneity of foraminifer and nannofossil 
datums. Geomagnetic polarity and stratigraptilc time scale are from Gradstein et al. (1994). 

*FAD (first appearance datum). 
'LAD (last appearance datum). 
^High-latitude boundary poorly determined.  

early Maastrichtian time, Hole 530A data indicate that bottom wa- 
ters had cooled to 8-10 °C. As these temperatures are considerably 
warmer than estimates determined for bottom waters in surround- 
ing shallower ocean basins, Saltzman and Barron (1982) suggested 
that the Angola Basin was influenced by warm saline bottom water 
produced in epicontinental seas on Africa and that there was in- 
sufficient circulation to homogenize the bottom waters within the 
South Atlantic basins; however, late Maastrichtian paleotempera- 
tures calculated from isotopic measurements of benthic foramlnif- 
era deposited at depths <2000 m in the subtropical South Atlantic 
are within the range of paleotemperatures estimated for Antarctic 
intermediate waters, suggesting that the high latitudes were a sig- 
nificant source of intermediate and, possibly, bottom water by the 
end of the Cretaceous (Barrera and Huber, 1990). 

The purpose of this study was to obtain a more continuous, 
long-term record of middle-Late Cretaceous paleotemperatures us- 
ing foramlnifera that show little or no evidence of diagenetic alter- 
ation. DSDP Site 511, from the eastern Falkland Plateau, was cho- 
sen for sampling because it yielded an expanded, continuously cored 
record of Albian-lower Maastrichtian marine sedimentation and 
because foraminiferal preservation is excellent. During the Creta- 
ceous, Site 511 was up to 10° south of its present latitude of 51°S on 
eastern Falkland Plateau (Fig. 2). Although there are several strat- 
igraphic gaps in the Albian-lower Maastrichtian sequence at Site 
511, results from >200 planktonic and benthic foraminiferal anal- 
yses provide significant new insight into the history of changes in 
surface- and intermediate-water paleotemperatures and vertical 
oxygen and carbon isotopic gradients, as well as the relative depth 
distributions of previously unstudied species of planktonic 
foramlnifera. 

Two other deep-sea sites were studied to test the reproducibil- 
ity of isotopic trends observed at Site 511. We analyzed >40 mono- 
specific samples of planktonic and benthic foramlnifera from the 
discontinuously cored Albian-middle Maastrichtian sequence at 
Site 327 on Falkland Plateau (located -"100 km northeast of Site 
511) and »=20 monospecific samples of planktonic and benthic fo- 
ramlnifera from the Turonian-Santonian of Site 258 on Naturaliste 
Plateau in the Indian Ocean (Fig. 2). In addition, five samples of 
Albian and Campanian planktonic foramlnifera from DSDP Site 
305 were analyzed to compare tropical Pacific paleotemperatures 

with the paleotemperature record from the southern South Atlantic 
and to determine if there are significant differences between the 
fine-fraction values obtained by Douglas and Savin (1973,1975) and 
the separated foramlnifera measured in this study. 

MATERIAL AND METHODS 

Because key marker species used to identify Cretaceous stages 
and their subdivisions are rare or absent in austral sequences, biostrat- 
igraphic resolution tends to be low and uncertainty in age assign- 
ments is relatively high at the austral sites. Cross-latitude correlation 
is achieved by integration of calcareous nannofossil and planktonic 
foraminifer biostratigraphy with magneto- and strontium isotope 
stratigraphy wherever possible. The criteria used for chronostrati- 
graphic subdivision at the southern high-latitude sites are outlined 
in Table 1. Ages reported in this study are based on the revised 
magnetic polarity and stratigraphic time scale of Gradstein et al. 
(1994). 

Oxygen and carbon isotopic data for DSDP Sites 511, 327, 258, 
and 305 are presented in Tables 2-5. At each sample level, one to 
four planktonic foramlnifera and one or more benthic species were 
analyzed. Multispecies planktonic and benthic isotopic values were 
obtained from intervals where foraminiferal abundance is very low. 
For all samples, the largest specimens in each species group were 
selected for analysis to minimize artifacts related to size-dependent 
changes in isotopic values. For smaller species such as Hedbergella 
sp. 4 (150-200 fjum diameter), 70-90 specimens were picked for each 
isotopic analysis, whereas 10 or fewer specimens of larger species, 
such as Globotmncana linneiana (400-600 (xm diameter), were suf- 
ficient. Separation of each species, into narrowly constrained size 
fractions was not tenable in this study because of the low abundance 
of foramlnifera in most samples. 

Samples were soaked in warm tap water, cleaned in an ultra- 
sonic bath, washed in a 63 ixm sieve, and then dried in an oven at 
50 °C. Picked foraminiferal splits were reacted in a common acid 
bath of ortho-phosphoric acid at 90 °C using a VG Isogas autocar- 
bonate preparation system. Isotope ratios of purified CO2 gas were 
measured on-line by a VG Prism Series II mass spectrometer. All 
isotope results are reported in standard 8 notation relative to the 
Pee Dee belemnite standard. Analytical precision, based on routine 
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Figure 2. Paleogeographic reconstructions for the late Albian (100 Ma), late Turonian (90 Ma), and late Campanian (75 Ma) based 
on PGIS"" plots overlain with the land-sea distributions of Barron (1987) for the Albian, Turonian, and early Maastrichtian, respectively. 
Deep Sea Drilling Project and Ocean Drilling Program sites are shown labeled next to the solid circles. 
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TABLE 2. OXYGEN AND CARBON ISOTOPE VALUES 
FOR PLANKTONIC AND BENTHIC FORAMINIFERA 

FROM DEEP SEA DRILLING PROJECT SITE 511 TABLE 2. (Continued) 

Sample Interval Depth Species 8"0 8"C Sample Interval Depth Species —s^ 5^ 
no. (m) (mbsf) no. 

33-3 
(m) 

20-24 
(mbsf) 

274.20 Archaeoglobigerina australis -3.48 23-1 22-25 195.22 Heterohelix globulosa 0.10 0.92 3.73 
23-1 22-25 195.22 Archaeoglobigerina australis -0.66 2.22 33-5 20-24 277.20 Heterohelix spp. -3.01 3.43 
23-1 22-25 195.22 Gavelinella beccariifbrmis 0.40 0.04 33-5 20-24 277.20 Archaeoglobigerina australis -3.12 3.76 
23-1 38-41 195.38 Globigerinelloidesprairiehillensis -0.10 1.41 33-5 20-24 277.20 Hedbergella spp. -2.50 3.58 
24-1 20-23 204.70 Gavelinella beccariiformis -0.17 0.76 33-5 20-24 277.20 Globotruncana linneiana -3.40 2.81 
24-1 20-23 204.70 Hetemhelix globulosa -0.22 1.74 33-6 20-24 278.70 Globlgerinelioldes alvarezi -1.19 1.74 
24-1 20-23 204.70 Archaeoglobigerina australis -1.83 2.90 33-6 20-24 278.70 Archaeoglobigerina australis -2.27 3.08 
24-1 22-25 204.72 Globigerinelloidesprairiehlllensis -1.01 2.97 33-CC 16-19 280.16 Anhaeoglobigerina australis -3.56 3.38 
24-2 22-25 206.22 Heterohelix globulosa -0.65 2.03 34-1 20-24 280.70 Hedbergella sp. 4 -3.24 3.70 
24-2 22-25 206.22 Cibicldes velascoensis 0.06 1.28 34-1 20-24 280.70 Archaeoglobigerina cretacea -2.54 2.36 
24-2 22-25 206.22 Archaeoglobigerina australis -1.51 2.90 34-3 14-19 283.64 Heterohelix globulosa -3.44 3.43 
24-2 22-25 206.22 Gavelinella beccariiformis -0.01 0.83 34-3 14-19 283.64 Archaeoglobigerina cretacea -2.53 2.76 
24-3 20-24 207.70 Archaeoglobigerina australis -1.51 2.79 34-3 20-24 283.70 Globorotaloides nitldus -0.77 0.87 
24-3 20-24 207.70 Heterohelix globulosa -0.13 1.59 34-4 20-24 285.20 Archaeoglobigerina australis -2.22 3.86 
24-3 20-24 207.70 Cibicldes velascoensis 0.02 1.24 34-4 22-26 285.22 Hedbergella sp. 4 -3.31 3.27 
24-3 20-24 207.70 Gavelinella beccariiforwis -0.11 0.60 34-7 20-24 289.70 Archaeoglobigerina cretacea -2.51 2.57 
24-3 20-24 207.70 Globlgerinelioldes pralriehillensis -0.92 2.19 34-7 20-24 289.70 mixed benthics -0.79 0.90 
24-5 20-24 209.00 Gavelinella beccariiformis -0.17 0.61 34-7 20-24 289.70 Hedbergella sp. 4 -2.67 3.30 
24-5 20-24 209.00 Heterohelix globulosa -0.25 1.66 35-1 20-24 290.20 Archaeoglobigerina cretacea -3.03 2.97 
24-5 20-24 209.00 Cibicldes velascoensis 0.03 1.16 35-1 20-24 290.20 Hedbergella sp. 4 -2.78 3.14 
24-5 20-24 209.00 Archaeoglobigerina australis -1.40 2.72 35-2 20-24 291.70 Hedbergella sp. 4 -2.85 3.35 
24-5 20-24 209.00 Globlgerinelioldes pralriehillensis -1.16 2.48 35-2 20-24 291.70 Archaeoglobigerina cretacea -2.64 2.94 
24-7 20-23 209.00 Globlgerinelioldes pralriehillensis -0.84 2.08 35-CC 10-12 293.10 Archeoglobigerina cretacea -2.40 2.98 
24-7 20-23 209.00 Archaeoglobigerina australis -1.61 2.78 36-1 24-28 299.74 Archaeoglobigerina cretacea -1.71 2.14 
24-7 20-23 209.00 Cibicldes velascoensis -0.07 1.06 36-1 24-28 299.74 mixed benthics -0.75 0.26 
24-7 20-23 209.00 Gavelinella beccariiformis -0.16 0.68 36-1 24-28 299.74 Hedbergella sp. 4 -3.56 3.78 
24-7 20-23 209.00 Heterohelix globulosa -0.46 1.87 36-1 24-28 299.74 Heterohelix globulosa -3.95 3.49 
28-2 21-25 225.21 Archaeoglobigerina australis -0.81 1.70 36-2 24-28 301.24 Globotruncana bulloides -2.39 2.41 
28-5 21-25 229.71 Heterohelix globulosa -0.93 1.18 36-2 24-28 301.24 Marginotruncana marginata -2.23 2.05 
28-6 21-25 231.21 Charitonlna sp., Gy. globose -0.51 0.55 36-2 24-28 301.24 Heterohelix globulosa -3.89 3.29 
29-1 10-13 233.10 Heterohelix globulosa -1.31 1.46 36-2 24-28 301.24 mixed benthics -1.10 0.72 
29-CC 42-44 234.92 mixed benthics -0.90 -0.46 36-3 24-28 302.74 Hedbergella sp. 4 -3.19 3.29 
29-CC 42-44 234.92 Archaeoglobigerina australis -1.45 2.45 36-3 24-28 302.74 Archaeoglobigerina cretacea -1.42 1.90 
30-1 23-27 242.73 mixed benthics -0.54 2.12 36-4 23-27 304.23 Hedbergella sp. 4 -3.44 3.72 
30-3 16-20 245.66 Archaeoglobigerina australis -2.63 3.26 36-4 23-27 304.23 Archaeoglobigerina cretacea -3.33 2.23 
30-3 16-20 245.66 Hedbergella spp. -2.29 3.54 36-5 23-27 305.73 Gavelinella sp. -1.02 0.15 
30-3 16-20 245.66 Heterohelix spp. -1.48 2.04 36-5 23-27 305.73 Charitonlna sp. -0.97 0.75 
30-4 16-20 247.16 Globlgerinelioldes alvarezi -1.58 2.08 36-5 23-27 305.73 Gyroidina globose -0.30 1.43 
30-5 12-16 248.62 Osangularia sp. -0.56 1.06 36-5 33-35 305.83 Archaeoglobigerina cretacea -1.98 2.50 
31-2. 12-17 253.62 Archaeoglobigerina australis -3.47 3.55 36-6 23-27 307.23 Archaeoglobigerina cretacea -1.75 2.23 
31-2. 12-17 253.62 Globlgerinelioldes alvarezi -1.75 2.70 36-6 23-27 307.23 Heterohelix spp. -0.97 1.48 
31-2. 12-17 253.62 Gavelinella beccariiformis -1.26 0.89 36-6 23-27 307.23 Heterohelix globulosa -3.71 3.70 
31-4 18-24 256.68 mixed benthics -0.54 0.79 37-1 23-27 309.23 mixed benthics -0.82 0.20 
31-4 18-24 256.68 Globlgerinelioldes alvarezi -1.80 2.37 37-1 23-27 309.23 Archaeoglobigerina cretacea -2.23 2.27 
31-4 18-24 256.68 Archaeoglobigerina australis -2.84 3.25 37-1 23-27 309.23 Hedbergella sp. 4 -2.74 2.81 
31-5 6-11 258.03 Archaeoglobigerina australis -3.40 3.96 37-2 23-27 310.73 Archaeoglobigerina cretacea -2.24 2.14 
31-5 18-21 258.15 mixed benthics -0.88 -0.11 38-1 24-28 318.74 Archaeoglobigerina cretacea -2.62 2.90 
31-CC 6-8 261.06 Heterohelix sp. -3.41 3.87 38-2 24-28 320.24 Archaeoglobigerina cretacea -3.53 3.24 
31-CC 6-8 261.06 Hedbergella spp. -2.02 3.17 38-4 24-28 323.24 Globotruncana bulloides -3.72 3.33 
31-CC 6-8 261.06 Archaeoglobigerina australis -2.95 3.64 38-4 24-28 323.24 mixed benthics -0.99 1.05 
31-CC 6-8 261.06 mixed benthics -0.52 1.51 38-6 13-17 326.13 Gyroidinoides nitldus -0.86 -0.04 
32-1 19-22 261.69 Archaeoglobigerina australis -3.26 2.94 38-6 20-23 326.20 Marginotruncana marginata -2.16 2.37 
32-1 19-22 261.69 mixed benthics -0.91 -0.12 38-6 20-23 326.20 Heterohelix globulosa -3.49 3.30 
32-1 19-22 261.69 Hedbergella sp. 4 -2.65 2.86 39-3 20-24 331.20 Globotruncana bulloides -3.40 3.02 
32-4 22-25 266.22 Archaeoglobigerina australis -3.24 3.40 39-3 20-24 331.20 mixed benthics -0.73 0.28 
32-4 22-25 266.22 Hedbergella sp. 4 -2.36 3.46 39-CC 8-11 334.08 Globotruncana bulloides -3.27 3.27 
32-6 20-24 269.20 Archaeoglobigerina australis -2.75 3.33 39-CC 8-11 334.08 Archaeoglobigerina australis -3.62 3.70 
32-6 20-24 269.20 Hedbergella sp. 4 -3.07 3.68 39-CC 8-11 334.08 Heterohelix globulosa -1.23 1.65 
32-CC 19-20 270.69 Gavelinella beccariiformis -1.15 0.93 40-1 16-20 337.66 mixed benthic -0.77 0.01 
32-CC 19-20 270.69 Archaeoglobigerina australis -2.27 3.18 40-1 21-23 337.71 Globotruncana bulloides -3.36 2.47 
32-CC 19-20 270.69 Heterohelix spp. -1.30 1.93 40-1 21-23 337.71 Globigerinelloides alvarezi -1.53 1.87 
33-1 20-24 271.20 Archaeoglobigerina australis -2.49 3.56 40-1 21-23 337.71 Heterohelix spp. -1.53 1.56 
33-1 20-24 271.20 Globotruncana linneiana -2.80 3.22 40-4 26-29 342.26 Globigerinelloides alvarezi -2.10 1.98 
33-1 20-24 271.20 Heterohelix spp. -1.28 2.07 40-4 26-29 342.26 Hetemhelix globulosa -1.45 1.59 
33-1 20-24 271.20 Gavelinella beccariiformis -1.07 1.23 40-5 16-20 343.66 Globotruncana bulloides -3.37 2.34 
33-1 20-24 271.20 Hedbergella sp. 4 -2.34 3.33 40-5 22-25 343.72 Globorotaloides multisepta -1.09 0.66 
33-3 20-24 274.20 Hedbergella spp. -2.50 3.28 40-6 20-23 345.20 Heterohelix globulosa -1.26 1.90 
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CRETACEOUS CLIMATE OF THE SOUTHERN HIGH LATITUDES 

Sample 
no. 

Interval 
(m) 

Depth 
(mbsQ 

TABLE 2. (Continued) 

Species 8"0    5"C 

TABLE 3. OXYGEN AND CARBON ISOTOPE VALUES 
FOR PLANKTONIC AND BENTHIC FORAMINIFERA 
FROM DEEP SEA DRILLING PROJECT HOLE 327A 

41-3 18-21 350.18 Heterohelix globulosa -1.03 1.78 
41-3 18-21 350.18 Globotnincana bulloides -2.29 1.37 
41-3 18-21 350.18 Globigerinelloides alvarezi -0.62 2.45 
41-3 18-21 350.18 Globorotaloldes spp. -1.07 1.08 
42-4 21-23 361.21 Heterohelix globulosa -1.60 2.52 
42-4 21-23 361.21 Globigerinelloides alvarezi -1.97 2.86 
42-4 21-23 361.21 Archaeoglobigerina australis -2.57 2.67 
43-1 20-23 366.20 Charttonina sp. -1.26 0.87 
43-1 20-23 366.20 Gyoidinoides sp. -0.93 0.60 
43-1 20-23 366.20 Heterohelix globulosa -1.96 2.13 
43-2 23-26 367.73 Heterohelix globulosa -1.56 2.34 
43-2 23-26 367.73 Archaeoglobigerina bosquensis -1.98 3.01 
43-5 19-22 372.19 Archaeogloibgerina cretacea -3.58 3.19 
43-5 19-22 372.19 Heterohelix globulosa -2.34 2.71 
43-5 19-22 372.19 mixed t>enthics -0.94 1.16 
44-1 24-26 375.74 Heterohelix globulosa -1.09 -0.94 
44-1 24-26 375.74 Globigerinelloides alvarezi -0.13 2.60 
44-3 20-23 378.70 Globorotaloides sp. -1.19 1.20 
45-1 90-92 385.90 Heterohelix globulosa -2.03 2.06 
46-1 10-15 394.60 Gyroidinoides nitidus -1.00 -0.46 
46-1 10-15 394.60 mixed l>enthics -1.16 -0.42 
46-1 21-24 394.71 Archaeoglobigerina bosquensis -3.45 2.50 
46-3 13-18 397.63 Gyroidina? sp. -0.94 -0.57 
46-3 13-18 397.63 mixed tjenthlcs -1.12 -0.45 
46-CC       5-7 400.55 Archaeoglobigerina bosquensis -3.02 2.75 
46-CC       5-7 400.55 Gyrodinoides nitidus -1.37 0.19 
47-3 23-25 407.23 Whiteinella baltica -2.52 1.78 
47-3 23-25 407.23 mixed benthic -1.46 0.01 
47-4 23-25 408.73 Whiteinella baltica -2.82 1.16 
47-4 23-25 408.73 Globotruncana bulloides -3.53 1.39 
47-5 18-20 410.18 Archaeoglobigerina bosquensis -3.86 1.94 
47-5 18-20 410.18 Whiteinella baltica -3.19 1.71 
47-6 18-20 411.68 Globotruncana bulloides -4.39 1.43 
47-6 18-20 411.68 Archaeoglobigerina bosquensis -4.35 1.63 
47-6 18-20 411.68 Whiteinella baltica -3.34 1.54 
48-1 14-18 413.64 mixed lienthics -1.53 0.17 
48-1 24-27 413.74 Whiteinella baltica -2.31 0.81 
48-1 24-27 413.74 Praeglobotwncana stephani -2.04 0.31 
49-5 24-26 429.24 Whiteinella brittonensis -1.91 2.15 
49-5 24-26 429.24 Hedbergella spA -1.42 1.89 
49-5, 24-26 429.24 Gavelinella sp. -0.38 0.94 
49-6 24-26 430.74 Gyroidina globosa -0.33 1.38 
49-6 24-26 430.74 Hedbergella spp. -1.09 2.30 
50-3 26-28 435.76 Gyroidina globosa -0.24 1.39 
50-3 26-28 435.76 Hedbergella spp. -0.71 2.37 
51-3 21-23 445.21 Gyroidina globosa -0.42 1.49 
51-3 21-23 445.21 Hedbergella spp. -1.19 2.45 
52-3 25-27 454.75 Hedbergella spp. -1.30 2.49 
52-3 25-27 454.75 Gyroidina globosa -0.12 1.32 
53-1 25-27 461.25 Hedbergella spp. -0.99 2.45 
53-1 25-27 461.25 Gyroidina globosa 0.30 1.52 
54-3 22-24 473.72 Gyroidina globosa 0.17 1.02 
54-3 22-24 473.72 Hedbergella spp. -0.77 2.44 
54-3 22-24 473.72 Osangularia schloenbachi 0.53 1.48 
55-3 24-26 483.24 Gyroidina globosa -1.73 0.04 
55-3 24-26 483.24 Gavelinella sp. 0.44 1.37 
55-3 24-26 483.24 Gyroidina globosa -1.10 0.52 
56-5 22-25 495.63 Gyroidina globosa 0.50 2.15 
56-5 22-25 495.63 Gavelinella sp. 0.30 2.30 

Note: The sample interval in each core section and depth in meters beiow 
sea floor (mbsf) are listed for each sample.  

analysis of an internal carbonate standard (Carrara Marble), was 
better than 0.1% for 8'*^0 and 8"C. 

Strontium isotope values (Table 6) were obtained from labo- 
ratories at the University of Florida and the University of North 
Carolina using foraminifer samples (and bivalve fragments when 
foraminifera were too rare) that ranged from 1 to 11 mg in size. At 
the University of Florida laboratory, the 2-8 mg samples were dis- 

Sample    Interval 
no. (m) 

Depth 
(mbsf) 

Species Po° °VW 

10-2 
10-2 
10-2 
10-3 
10-3 
10-CC 
10-CC 
10-CC 
11-1 
11-1 
11-1 
11-2 
11-2 
11-2 
12-1 
12-1 
12-2 
12-2 
12-2 
12-3 
12-3 
12-3 
12-4 
12-4 
12-4 
13-1 
13-1 
13-2 
13-2 
13-2 
14-1 
14-1 
14-1 
14-6 
14-6 
15-2 
15-2 
15-2 

136-138 
136-138 
136-138 
22-24 
22-24 

14-16 
14-16 
14-16 

108-110 
108-110 
108-110 
64-66 
64-66 
84-86 
84-86 
84-86 
86-88 
86-88 
86-88 
24-26 
24-26 
24-26 

143-145 
143-145 
64-06 
64-66 
64-66 

121-123 
121-123 
121-123 
67-69 
67-69 
13-15 
13-15 
13-15 

Note: The sample 
sea floor (mbsf) are 

92.00 Archaeoglobigerina australis 
92.00 Gavelinella beccariitonmis 
92.00 Heterohelix planata 
92.72 Archaeoglobigerina australis 
92.72 Heterohelix planata 
94.50 Archaeoglobigerina australis 
94.50 Gavelinella beccariiformis 
94.50 Heterohelix planata 
99.14 Archaeoglobigerina australis 
99.14 Gavelinella beccariifonnis 
99.14 Heterohelix planata 

101.58 Archaeoglobigerina australis 
101.58 Gavelinella beccariifonnis 
101.58 Heterohelix planata 
109.14 Atchaeoglibigerina australis 
109.14 Heterohelix planata 
110.84 Archaeoglobigerina australis 
110.84 Gavelinella t>eccariiformis 

Heterohelix planata 
Archaeoglobigerina australis 
Gavelinella beccariiformis 
Heterohelix planata 
Archaeoglobigerina australis 
Gavelinella beccariiformis 

113.24 Heterohelix planata 
138.43 Archaeoglobigerina australis 

Heterohelix planata 
Archaeoglobigerina australis 
Gavelinella beccariiformis 
Heterohelix planata 
Heterohelix globulosa 
Gyroidina globosa 
Aragonia matema 

154.67 Angulogavelinella sp. 
154.67 Gavelinella sp. 
176.63 Gavelinella sp. 
176.63 Cibicides sp. 
176.63 Hedbergella delrioensis 

110.84 
112.36 
112.36 
112.36 
113.24 
113.24 

138.43 
139.14 
139.14 
139.14 
147.71 
147.71 
147.71 

-0.76 2,50 
0.55 -0,45 
0.35 1,06 

-0.54 2,44 
0.42 0,93 

-0.56 2,50 
0.43 -0,16 
0.23 1,11 

-0.41 2,13 
0.35 -0,38 
0.52 0.95 

-0.69 2,21 
0.13 -0,52 
0.34 0.90 

-0.94 2.34 
0.41 0.92 

-0.64 2,26 
0.15 -0,13 
0.33 0.94 

-0.91 2,37 
0.28 -0.14 
0.34 0.94 

-0.84 2.20 
0.28 -0.20 
0.48 0.96 

-1,25 2.74 
0.17 1.20 

-0.71 2.28 
-0.14 0.48 

0,17 1.34 
-0.66 2.37 
-0.53 1.56 
-0.56 1.59 
-0.16 1.72 
-0,50 1.82 
-0,35 1.51 
-0,55 1.63 
-1,26 2.30 

interval in each core section and depth in meters below 
listed for each sample.  

solved in 0.25 N HCI, dried, and then dissolved in 250 [AI of 2.5N 
HCl. After centrifuging, the 250 (jil sample was loaded onto standard 
Dowex 50 X 12 cation exchange columns and eluted in 2.5 N HCl. 
The strontium fraction (5 ml) was collected and evaporated until 
dry. Strontium was then loaded on a single oxidized Ta filament. 
Isotopic ratios were measured on a VG Instruments 354 triple col- 
lector mass spectrometer in the dynamic mode, with mass fraction- 
ation normalized to a **^Sr/^^Sr ratio of 0.1194. For values reported 
here, 200 ratios were collected on each sample, which resulted in a 
"within-run" precision of better than 1 X 10"^ for most samples. 
Recent **''Sr/**'^Sr analyses of Sr carbonate standard SRM 987 yielded 
a value of 0.710 248 ± 3 (2a). Long-term analyses of SRM 987 
yielded an average '^^Sr/^^^Sr value of 0.710 235. Internal precision 
for Sr carbonate runs was typically 0.0006%-0.0009% standard er- 
ror. At the University of North Carolina laboratory, milligram to 
submilligram quantities of powdered carbonate were dissolved in 15 
mL Savillex PFA vials using 250 = B5L of 2X distiUed 5 N HNO3 
in a class 100 filtered air environmental hood. Sr was separated from 
matrix using EiChrom SrSpec resin, a crown-ether Sr-selective resin 
(50-100 = B5m diameter) loaded into either the tip of a 10 mL 
BioRad polypropylene column or into a Teflon column (10 X 4 mm) 
with reservoir. Total resin volume was «-50 = B5L. SrSpec resin 
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TABLE 4. OXYGEN AND CARBON ISOTOPE VALUES 
FOR PLANKTONIC AND BENTHIC FORAMINIFERA 

FROM DEEP SEA DRILLING PROJECT SITE 258 
Sample Interval Depth Species S"0 T^ 
no. (m) (mbsf) 
Site 258 
5-3 108-111 127.58 Angulogavelinella sp. -0.58 1.71 
5-3 108-111 127.58 Archaeoglobigerina bosquensis -1.75 3.58 
5-3 108-111 127.58 Heterohelix globulosa -0.97 3.22 
5-3 108-111 127.58 Globotruncana linneiana -1.25 2.81 
6-3 110-113 146.60 Archaeoglobigerina bosquensis -2.26 2.93 
6-3 110-113 146.60 Globotruncana linneiana -2.08 2.62 
6-3 110-113 146.60 Angulogavelinella sp. -1.09 1.54 
7-2 110-112 154.60 Heterohelix globulosa -1.51 2.75 
7-2 110-112 154.60 Globotruncana linneiana -1.99 2.82 
7-2 110-112 154.60 Archaeoglobigerina bosquensis -2.24 3.20 
7-2 110-112 154.60 Angulogavelinella sp. -0.86 1.82 
9-1 38-41 180.88 Archaeoglobigerina bosquensis -2.01 2.91 
9-1 38-41 180.88 Angulogavelinella sp. -0.95 1.03 
9-1 38-41 180.88 Globotruncana linneiana -2.48 2.97 
10-2 53-54 201.53 Archaeoglobigerina bosquensis -2.82 2.89 
10-2 53-54 201.53 Angulogavelinella sp. -1.27 1.30 
10-2 53-59 201.53 Globotruncana linneiana -2.54 2.74 
11-3 76-80 219.26 Angulogavelinella sp. -1.14 1.95 
14-1 83-86 263.83 Angulogavelinella sp. -0.80 1.58 
14-1 83-86 263.83 Hedbergella delrioensis -1.85 3.38 

Hole 258A 
9-3 130-133 118.30 Heterohelix globulosa -0.57 2.37 
9-3 130-133 118.30 Archaeoglobigerina bosquensis -1.61 3.10 
9-3 130-133 118.30 Angulogavelinella sp. -0.46 1.33 
9-3 130-133 118.30 Globotruncana linneiana -1.45 2.59 

Wote; The sample interval in each core section and depth in meters below 
sea floor (mbsf) are listed for each sample. 

must be presoaked and flushed with HjO to remove Sr present from 
the resin manufacturing process. Resin is further cleaned in the 
column with repeated washes of deionized HjO and conditioned 
with 5 N HNO3. Resin was used once for sample elution and dis- 
carded. The dissolved sample was loaded and washed in 750 mL of 
5 N HNO3, then Sr was eluted with 1 mL of H2O. Total procedural 
blanks for Sr were tj^pically 60 picograms (pg). Sr loading blanks 
were <3 pg. Sr was ionized on degassed Ta filaments, and isotopic 
ratios were measured on a VG Sector 54 thermal ionization mass 
spectrometer at the University of North Carolina-Chapel Hill in 
quintuple-collector dynamic mode, using the internal ratio ^''Sr/^^Sr 
= 3D 0.1194 to correct for mass fractionation. Recent **^Sr/'^'^Sr 
analyses of Sr carbonate standard SRM 987 yielded a value of 0.710 
245 ± 18 (2a). Long term analyses («24 months) of SRM 987 
yielded an average **^Sr/'^''Sr value of 0.710 242. Internal precision 
for Sr carbonate runs is typically 0.0006%-0.0009% standard error, 
based on 100 dynamic cycles of data collection and a 1 mg carbonate 
sample. To minimize interrun variability and standardize values 

TABLE 5. OXYGEN AND CARBON ISOTOPE VALUES FOR EARLY 
CAMPANIAN AND LATE ALBIAN PLANKTONIC AND BENTHIC 

FORAMINIFERA FROM DEEP SEA DRILLING PROJECT SITE 305 

Sample 
no. 

Interval 
(m) 

Depth 
(mbsf) 

Species Fo 
25-2 80-84       225.80 Globotruncana linneiana -1.03     2.40 
25-2 80-84       225.80 Globotnincanita stuartiformis     -0.93     2.22 
26-4        100-104     233.00 Globotruncanita stuartifomils     -1.06     2.10 
26-4       100-104     233.00 Globotruncana linneiana -1.37    2.32 
41-CC 373.50 Hedbergella delrioensis -3.25     1.61 
41-CC 373.50 Rotalipora greenhomensis        -2.70     1.34 

Note: The sample interval in each core section and depth in meters below 
sea floor (mbsf) are listed for each sample.  

TABLE 6. STRONTIUM ISOTOPE DATA 
OF SOME BENTHIC AND PLANKTONIC 
FORAMINIFERAL SAMPLES FROM THE 
APTIAN-LOWER MAASTRICHTIAN OF 

DEEP SEA DRILLING PROJECT SITE 511 

Sample Interval Depth °'§r/"Sr 
no. (m) (mbsf) 
23-1 38-41 195.38 0.707 739 ± 6* 
24-1 20-25 204.70 0.707 675 ± 6* 
24-3 20-24 207.70 0.707 691 ± 6* 
24-5 20-25 209.00 0.707 702 ± 6* 
24-7 20-23 209.00 0.707 673 ± 8* 
28-6 23-29 231.23 0.707 423 ± 6* 
30-4 23-25 247.23 0.707 354 ± 6* 
31-5 33-35 258.33 0.707 456 ± 7* 
33-4 78-80 276.28 0.707 458 ± 9* 
33-6 23-29 278.76 0.707 436 ± 5 
34-4 26-32 285.29 0.707 431 ± 4 
36-2 24-28 301.26 0.707 422 ± 4 
36-5 27-33 305.80 0.707 448 ± 4 
40-1 21-23 337.72 0.707 419 ±5 
41-3 12-21 350.17 0.707 412 ±4 
42-2 25-31 358.28 0.707 412 ±5 
42-5 27-29 362.77 0.707 363 ± 5* 
43-4 23-24 370.73 0.707 356 ± 4 
45-1 27-28 385.27 0.707 320 ± 7'* 
47-3 25-31 407.28 0.707 356 ± 6* 
47-6 38-40 411.88 0.707 304 ± 7*' 
47-6 38-40 411.88 0.707 349 ± 9* 
48-1 18-24 413.71 0.707 413 ±4 
49-5 24-26 429.25 0.707 365 ± 5^ 
50-1 17-19 432.68 0.707 371 ± 4* 
50-1 29-33 432.81 0.707 381 ± 5' 
51-1 22-24 442.23 0.707 435 ± 5' 
51-5 24-26 448.25 0.707 400 ± 5' 
52-1 20-22 451.71 0.707 433 ± 8' 
52-3 9-12 454.61 0.707 418 ±5^ 
52-5 27-29 457.78 0.707 379 ± 4* 
52-5 27-29 457.78 0.707 380 ±4^ 
52-7 8-10 460.59 0.707 413 ±6^ 
53-1 25-27 461.26 0.707 386 ± 4' 
53-5 27-29 467.28 0.707 384 ± 4' 
54-3 22-24 473.73 0.707 314 ±6* 
55-1 24-26 480.25 0.707 274 ± 5' 
55-5 24-26 486.24 0.707 281 ± 6*t 
56-5 1-3 495.52 0.707 355 ± 5' 

Note: Values are normalized to NBS 
987=71042 ± 10 (la), and the standard error 
is expressed for each sample run. Data are 
from the laboratory at the University of 
Florida unless otherwise indicated. 

'Samples run at the University of North 
Carolina. 

^Bivalve shells. 
^Foraminifera and bivalve shells. 

from both laboratories, all data were normalized to a constant SRM- 
987 = 0.710 242. 

Paleocoordinates of DSDP and ODP sites (Fig. 2) were de- 
termined from the commercial rotation program Paleogeograph- 
ic Information System'• (PGIS) of Scotese and Zonenshein 
(PALEOMAP Project, 1992, unpubl. data). 

STRATIGRAPHY OF THE STUDIED SECTIONS 

DSDP Site 511, FalUand Plateau 

Site 511 is located in the Falkland Plateau Basin at lat 51°00'S 
and long 47°58'W at a water depth of 2589 m. Paleogeographic 
reconstructions indicate that this site was at ^61°S during the late 
Albian and migrated to «=56°S by the end of the Campanian (Fig. 2). 
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CRETACEOUS CLIMATE OF THE SOUTHERN HIGH LATITUDES 

Open marine conditions were probably established at the site by the 
early Albian. After final separation of the Falkland Plateau from 
South Africa, the basin rapidly subsided and reached bathyal depths 
sometime during the late Albian-Cenomanian (Basov and Kra- 
sheninnikov, 1983). Terrigenous source terrains were in southern 
South America and may have also existed south of Falkland Plateau 
along a convergent margin between the Malvinas plate and the 
South American plate (LaBrecque, 1986; Cielsielski, Kristoffersen 
et al., 1988, Chapter 5, their Figs. 8, 9, 34). The shallow burial depth 
and high clay percentage in most of the Albian-lower Maastrichtian 
sequence account for the excellent preservation of Cretaceous cal- 
careous microfossils at Site 511. 

Mesozoic sediments recovered at Site 511 range from the Up- 
per Jurassic through lower Maastrichtian, but well-preserved fo- 
raminifera are confined to a 314 m thick Albian-lower Maastrich- 
tian interval that spans from 195 to 499 m below the sea floor (mbsf). 
Core recovery within this interval averaged 70%. The hthostratig- 
raphy of the sequence was originally described in Ludwig et al. 
(1983) and is depicted in Figure 3, and the biostratigraphy is based 
on calcareous nannoplankton (Wise, 1983; Wind and Wise, 1983) 
and planktonic foraminifera (Krasheninnikov and Basov, 1983), 
with modifications by Huber (1992) and Bralower (1992). Forami- 
nifera are abundant throughout the upper Campanian-lower Maas- 
trichtian and Albian chalk sections, but their abundance and the 
planktonic:benthic foraminiferal ratios vary considerably within the 
sequence, ranging from nearly 100% in the calcareous chalk to <1% 
in some zeolitic clay samples (Fig. 3). The percent carbonate in the 
cores is also variable, ranging from «>65% in the calcareous chalk to 
«='1% in the zeolitic clay. Dilution by terrigenous clays probably 
accounts for most of the variability in carbonate content, although 
a shallowing of the foraminiferal lysocline has been attributed to a 
loss of the calcareous microfossil record during the late Cenoman- 
ian and middle Campanian (Wise, 1983; Basov and Krasheninnikov, 
1983). 

New strontium isotope data obtained from Site 511 (Fig. 4) 
corroborate most of the biostratigraphic age assignments that are 
outlined in Table 1. Figure 3 shows generally good correspondence 
between the ^^Sr/*''Sr values obtained from core 511-56 through -23 
and a best-fit seawater strontium isotope curve compiled from pub- 
lished sources by Jones et al. (1994) and Sugarman et al. (1995). Key 
tie points between the Site 511 ^^Sr/^^'Sr values and the composite 
curve include (1) values ranging from 0.707 28 to 0.707 36 in cores 
511-56 through -55 (500-480 mbsf), consistent with an Aptian- 
early Albian age; (2) values ranging from 0.707 31 to 0.707 36 in 
cores 511-47 through -45 (412-385 mbsf), consistent with a late 
Turonian-early Coniacian age; (3) values ranging from 0.707 68 to 
0.707 70 in core 511-24 (209-204 mbsf), consistent with a late Cam- 
panian age; and (4) a value of 0.707 75 from core 511-23 (195 mbsf), 
consistent with an early Maastrichtian age. The most significant 
discrepancy between the composite and Site 511 strontium isotope 
curves is in the early Campanian. The composite curve indicates 
steadily increasing ®^Sr/^'^Sr values in the early Campanian, whereas 
the Site 511 results show a plateau of *''Sr/®*Sr values for this as- 
signed time. This and other discrepancies between the two curves 
may be the result of one or a combination of factors at Site 511, 
including significant variations in sedimentation rates, the presence 
of additional hiatuses, incorrect biostratigraphic age assignments, 
and/or diagenesis. On the other hand, the Site 511 ^^^Sr/^^Sr record 
may include variations in seawater strontium isotopic ratios that 
have not been identified elsewhere. More detailed analysis of the 

Site 511 biostratigraphy and strontium isotope stratigraphy, and ad- 
ditional strontium isotope data from well-dated Upper Cretaceous 
sequences elsewhere, will help to resolve the uncertain age assign- 
ments at Site 511. 

DSDP Hole 327A, Falkland Plateau 

This hole is also located in the Falkland Plateau Basin (lat 
50°52'S, long 46°47'W), ^^lO km northeast of Site 511 in a water 
depth of 2410 m. Although >380 m of Cretaceous sediment was 
drilled in this hole, most of the sequence was cored discontinuously, 
and core recovery averaged only 50%. The upper Albian-lower 
Maastrichtian sediments examined in this study were buried at shal- 
low depth, from 90 to 177 mbsf (Fig. 5). The paleobathymetric his- 
tory of Site 327 is similar to that of Site 511, whereby sedimentation 
was above the shelf/slope break during most of the Albian, and the 
basin rapidly subsided to bathyal depths by the end of the Albian 
(Sliter, 1977). Corroded foraminiferal tests and low planktonic: 
benthic ratios in core 327A-14 suggest deposition below the foram- 
iniferal lysocline during the Cenomanian and Santonian, while non- 
corroded foraminifera and high planktonic:benthic ratios indicate 
deposition above the foraminiferal lysocline in a lower bathyal en- 
vironment during the Campanian and early Maastrichtian (Sliter, 
1977). 

The upper Albian-lower Maastrichtian litho- and biostratigra- 
phy for hole 327A are summarized in Figure 5. Age assignments are 
based on the calcareous nannoplankton and planktonic foraminifer 
biostratigraphies of Shter (1977) and Wise and Wind (1977), with 
subsequent modifications (Wind and Wise, 1983; Huber, 1992). Ma- 
jor disconformities span the upper Maastrichtian and occur between 
the Cenomanian and Santonian and the Santonian and Campanian 
intervals. 

DSDP Site 258, Southeast Indian Ocean 

This site is located off southwest Australia on Naturaliste Pla- 
teau (lat 33°48'S, long 112°42'E) at 2793 m water depth. Paleoge- 
ographic reconstructions of the southeast Indian Ocean indicate 
that the continental margins of Australia and Antarctica were joined 
during the Mesozoic until slow spreading began to separate these 
continents during the Cenomanian (Veevers, 1986, 1987). Because 
this spreading initially pivoted about southeast Australia, Site 258 
remained located at >«58°S throughout Late Cretaceous time 
(Fig. 2). 

Drilling at Site 258 penetrated a 411-m-thick middle Albian- 
Santonian sequence, but the Cretaceous record is very incomplete 
because of discontinuous coring, poor core recovery (=40%), and a 
disconformity that separates Santonian from upper Miocene sedi- 
ments (Davies et al., 1974; Fig. 6). The shipboard biostratigraphies 
for planktonic foraminifera and nannofossils were the responsibility 
of Herb (1974) and Thierstein (1974), respectively. The Upper Cre- 
taceous sediments were deposited at bathyal depths and are pres- 
ently buried under 123 m of sediment. Foraminiferal abundance is 
high in the Coniacian-Santonian interval, with high planktonic: 
benthic ratios in cores 258-5 through -10, and low planktonic: 
benthic ratios in cores 258-11 and -12, but foraminifera are sparse 
and very low in diversity in the Turonian and older interval. 

About 10 m of coccolith ooze of Santonian age was penetrated 
in nearby hole 258A. Correlation of planktonic foraminifera and 
calcareous nannofossils indicate that core 9 in Hole 258A, which was 
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CRETACEOUS CLIMATE OF THE SOUTHERN HIGH LATITUDES 

87. Sr/^-^Sr 
87, 'Sr/^'-Sr 

Age (Ma) 

112.2 

12L0 
Composite Curve Site 511 Values 

Figure 4. Composite strontium isotope seawater curve correlated with strontium isotopic values obtained from Deep Sea Drilling 
Project Site 511. The composite curve is based on a compilation of published best estimates from sources discussed in Jones et al. (1994, 
Fig. 5), adjusted to the Gradstein et al. (1994) time scale, with the addition of ^''Sr/^'^Sr values from McArthur et al. (1993, 1994) and 
Sugarman et al. (1995) for the Maastrichtian. All values are normalized to NBS 987 = 710242. The standard error (2o-) of the Site 511 
samples is 2 X 10~^. Stippled, dashed line in the composite curve represents an interval lacking ^''Sr/'**Sr data; dashed lines in the Site 
511 curve cross interval with a disconformity; wavy horizontal lines represent disconformities; broken wavy line represents disconformity 
inferred from strontium isotope data; and dash-dot horizontal line represents uncertain Santonian-Campanian age boundary. 

included in tliis study (Table 4), is about the equivalent of core 5 
from Site 258 (Davies et al., 1974). Keeled planktonic species are 
significantly more abundant, and total planktonic species diversity is 
higher in the Coniacian-Santonian from holes 258 and 258A than in 
coeval assemblages from Falkland Plateau. 

MICROFOSSIL PRESERVATION 

Diagenetic alteration of the original isotopic composition of 
biogenic calcite is the biggest problem affecting isotopic paleotem- 
perature studies of Cretaceous deep-sea sediments. Dissolution and 
reprecipitation of calcite affect isotopic ratios because the physical 
and chemical properties of pore fluids are different from the sea- 
water in which the microfossils grew. In foraminifera, shell recrys- 
tallization may result in encrustation of the chamber walls or re- 
placement of the original wall calcite. Encrustation can be identified 
using a binocular microscope or scanning electron microscope to 
detect the presence of calcite rhombs on the inside or outside sur- 
face of chamber walls, which give a sugary appearance to tests ob- 
served under a light microscope, and/or the infilling of pores or 
apertures by blocky calcite. Replacement can be recognized with a 
scanning electron microscope by the absence of microlayering, ab- 

sence of radial calcite prisms, and/or an irregular, blocky appear- 
ance of the shell wall in cross-sectional view. 

Diagenetic recrystallization is evident in foraminifera from 
many Cretaceous marine sequences. Schrag et al. (1992) have con- 
cluded that diagenetic alteration of planktonic foraminifera from 
low latitudes leads to higher S'^O values in the secondary calcite and 
an underestimation of deep- and surface-water temperatures. These 
authors also have determined that diagenetic effects on foraminifera 
from high latitudes have caused a negative shift in the 8^^0 values 
of high-latitude foraminifera, leading to an overestimation of deep- 
and surface-water temperatures. The 8^^C composition of forami- 
nifera in deep-sea sediments with low organic carbon is generally 
less susceptible to dissolution-reprecipitation diagenesis because 
the noncarbonate carbon pool in sediment pore waters is usually 
small. 

We microscopically examined representative foraminifera from 
each site to estimate the extent of recrystallization (Figs. 7 and 8). 
The shells of planktonic and benthic foraminifera from the lower 
Campanian of Site 511 (Fig. 7a) show excellent preservation with 
clean inner chamber surfaces and pore interiors and observable 
microlayering. This is typical of all foraminifera found in the zeolitic 
claystone from the Turonian-Santonian interval through the upper 
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Figure 5. Oxygen and carbon isotopic 
plots for 40 samples of benthic and planktonic 
foraminifera from Deep Sea Drilling Project 
Hole 327A shown relative to the Cretaceous 
stages, planktonic foraminiferal and calcare- 
ous nannoplankton biostratigraphy, core re- 
covery, and lithology. Isotopic data are pre- 
sented in Table 3. 
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Campanian. Minor recrystallization can be detected in tlie upper 
Cenomanian and upper Albian planlctonic foraminifera shown in 
Figure 7b. The inner chamber walls and the pore cross-sections are 
not as smooth as in Figure 7a, and the calcite of both specimens has 
a blockier appearance. Nonetheless, shell microlayering is still 
clearly discernible, indicating that, if precipitation of secondary cal- 
cite has occurred, it must be volumetrically very minor. Foraminif- 
era from the lower Maastrichtian of Hole 327A exhibit exceUent 
preservation with no shell recrystallization, particularly in clay-rich 
intervals (Fig. 7c). Shell recrystallization is apparent in late Albian 
foraminifera from Hole 327A, but absence of calcite rhombs on the 
inner chamber wall indicates that there has been minimal introduc- 
tion of secondary calcite (Fig. 7d). Recrystallization is more severe 
in the Turonian-Santonian chalk samples from Site 258; shell re- 
crystallization has obscured shell microlayering, and secondary cal- 
cite overgrowth is apparent on the inner chamber walls of forami- 
nifera from core 258-5 (Fig. 8a). Sample 258-14-f, 121 cm, yields 
well-preserved foraminifera, however, with no evidence of second- 
ary calcite overgrowth or sheU recrystallization (Fig. 8b). Abundant 
clay at this level may have impeded exchange of pore waters en- 
riched with dissolved calcium carbonate. The worst preservation 
among the samples we analyzed occurs in Albian and early Cam- 

panian foraminifera from tropical Site 305. Scanning electron mi- 
croscope views of planktonic foraminifer chamber interiors from 
this site reveal calcareous nannofossils that are cemented to the 
shell wall and large crystals of euhedral calcite, as well as complete 
obliteration of the shell microstructure, but pores in the shell waU 
are stiU open (Figs. 8c and 8d). 

In addition to preservation that is visually good to excellent, 
isotopic differences between taxa argues against significant diage- 
netic alteration. Replacement or reprecipitation of secondary cal- 
cite can homogenize the isotopic signals of different species or se- 
lectively modify ratios in different taxa. Hence, single taxon plots 
from samples with little or no diagenetic alteration show relatively 
constant interspecies differences, whereas similar plots from 
strongly altered material tend to cross or converge. 

ISOTOPIC RESULTS 

DSDP Site 511, Falkland Plateau 

Oxygen Isotopes. Oxygen isotope records were obtained for 14 
species of planktonic foraminifera from the Albian-lower Maas- 
trichtian of Site 511 (Table 2 and Fig. 3). The Albian planktonic 
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CRETACEOUS CLIMATE OF THE SOUTHERN HIGH LATITUDES 
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Figure 6. Oxygen and carbon isotopic 
plots for 20 samples of benthic and planktonlc 
foramlnlfera from Deep Sea Drilling Project 
Site 258 shown relative to the Cretaceous 
stages, planktonlc foraminiferal and calcare- 
ous nannoplankton biostratigraphy, core re- 
covery, and llthology. Isotopic data are pre- 
sented in Table 4. 

record shows relatively little change, with values averaging about 
-1.0%o and ranging from -0.7%o to -1.2%o. Planktonic S^'^O 
values decrease to -2.3%o in the upper Cenomanian and further 
decrease to -4A%o at the base of the Turonian interval, which is 
the most negative of the Site 511 sequence. Planktonic species ex- 
hibit a range of 8^**0 values in the Coniacian-Santonian interval, 
with the more negative species (A. australis and A. bosquensis) av- 
eraging about -3.2%o and the more positive species {H. globulosa 
and G. alvarezi) averaging -1.6%o. Lower Campanian planktonic 
species also exhibit a broad range of 8^^0 values, with the lowest 
values varying between -3.1%o and -3.7%o (alternately recorded 
hyA. australis, G. bulloides,HedbergeUa sp. 4, and//, globulosa), and 
the highest values approaching -1.0%o (alternately recorded by G. 
alvarez; A. cretacea, and H. globulosa). A shift to higher (i.e., cooler) 
planktonic S'^O values begins in the upper part of the lower Cam- 
panian and progressively decreases to -0.7%o in the lower 
Maastrichtian. 

Benthic 8^^0 values from Site 511 were obtained from 16 dif- 
ferent species but are represented by one symbol in Figure 3. The 
resulting curve roughly parallels the trend of minimum 8^^0 values 
recorded by planktonic foraminifera. Benthic 8^**0 values gradually 
decrease from a maximum of 0.5%o in the lower Albian to —0.4%o 
in the upper Cenomanian, then further decrease to — 1.5%o in the 

Turonian. Turonian-lower Campanian benthic S^'^O values remain 
relatively low, varying between about —0.9%o to —1.5%o, until 
cores 511-31 through -28, where the benthic 8^®0 values average 
-0.7%o. Benthic oxygen isotopes further increase in the upper 
Campanian, with values averaging - 0.1 %o, to a lower Maastrichtian 
maximum of 0A%o. 

Carbon Isotopes. Planktonic foraminifer carbon isotope ratios 
exhibit little change in the Albian, with values averaging 2.4%o 
(Fig. 3). Mean planktonic 8"C values decrease to a minimum of 
0.6%o in the upper Cenomanian, then increase to 1.6%o in the 
Turonian, and further increase to 2.3%o in the Coniacian-Santo- 
nian. The heaviest 8^^C compositions are recorded in the lower 
Campanian by H. globulosa, HedbergeUa sp. 4, A. australis, and G. 
bulloides, which mostly range between 3.0%o and 3.7%o in cores 
511-39 through -30. Planktonic 8"C values progressively decrease in 
the upper part of the lower Campanian to an average of 1.4%c in 
core 511-28, then increase to an average of 2.3%o in the upper 
Campanian and again decrease to an average of 1.5%o in the lower 
Maastrichtian. 

There are a number of sharp changes in the benthic carbon 
isotope curve from Site 511, but most of these occur as single in- 
flection points and may be artifacts of fractionation differences be- 
tween the species analyzed in the adjacent samples. The highest 
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HUBER ET AL. 

Figure 7. Cross-sectional view of penultimate chamber Interior In foraminlfera from Deep Sea Drilling Project Sites 327 and 511. Scale 
bar represents 5 (Am. (a) Lower Campanian Hedbergella sp. 4 from sample 511-32-5, 20-24 cm; note absence of secondary calcite and no 
evidence of shell recrystalllzation. (b) Upper Cenomanlan Whiteinella baltica from sample 511-48-1,24-27 cm; note minor recrystalllzatlon 
of shell wall, but absence of secondary calcite. (c) Lower Maastrlchtlan Archaeoglobigerina australis from sample 327A-10-2,136-138 cm; 
note absence of secondary calcite and no evidence of shell recrystalllzatlon. (d) Upper Alblan Hedbergella delrioensis from sample 327A- 
15-2, 13-15 cm; note that the shell Is recrystalllzed, but there is no evidence for secondary calcite. 

benthic S^^C values in the Cretaceous sequence average 2.2%o in 
the lower Albian. Benthic 8^^C values average l.l%o in the middle 
and upper Albian, decrease to 0.2%o in the uppermost Cenoman- 
lan, further decrease to an average of 0.0%o in the Turonian, and 
average ~0.3%o in the lower part of the Coniacian-Santonian (core 
511-46). Higher in the Coniacian-Santonian, benthic 8^^C values 
average 1.0%o. Lower Campanian benthic S^^'C values are quite 
variable, first decreasing to 0.0%o, next increasing to »»1.0%o, and 
then widely fluctuating between -0.5%o and \5%o. Benthic S^-'C 

values vary between '=0.6%( 
upper   Campanian,   then 
Maastrichtian. 

i and 1.3%o, and average 0.9%o in the 
decrease   to   0.0%o   in   the   lower 

DSDP Hole 327A, Falkland Plateau 

Oxygen Isotopes. The Cretaceous foraminiferal oxygen isotope 
record from Site 327 is far less complete than from Site 511 because 
of extensive coring gaps, poor core recovery, disconformities, and 
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f 
}'**&•:- 

/ 

v..--^^. Figure 8. Cross-sectional view of penultimate chamber interior in foraminifera from Deep Sea Drilling Project Sites 258 and 305. Scale 
bar represents 5 (j-m. (a) Santonian Archaeoglobigerina bosquensis from sample 258-5-3, 108-111 cm; note minor presence of secondary 
calcite and significant shell recrystallization. (b) Cenomanian Hedbergella delrioensis from sample 258-14-1, 83-86 cm; note that there is 
no evidence of shell recrystallization or presence of secondary calcite. (c) lower Campanian Globotruncanita stuartiformis from sample 
305-25-2, 80-84; note substantial shell recrystallization and significant presence of secondary calcite cementing calcareous nannoplank- 
ton and in the form of euhedral rhombs, (d) upper Albian Hedbergella delrioensis from sample 305-41-CC; note significant shell recrys- 
tallization, but minor presence of secondary calcite. 

severe dissolution in several cores. Results are presented for only 
five sample levels for the upper Albian-upper Campanian interval, 
but a more continuous record was obtained from the lower Maas- 
trichtian interval (Fig. 5 and Table 3). 

The planktonic foraminifer H. delrioensis yielded a 8^**0 value 
of - L3%o for the upper Albian, which is =0.8%o lighter than values 
obtained from co-occurring benthic foraminifera. Santonian 8^^0 
measurements from benthic foraminifera are about the same as in 
the upper Albian, averaging —0.4%c. The planktonic 8^®0 value 

recorded by the biserial H. globulosa in the Santonian is only 0.1%o 
lighter than the values from co-occurring benthic foraminifera. 
Benthic foraminifer 8^*0 values recorded by G. beccariiformis be- 
come progressively heavier by ==0.7%o from the upper Campanian 
through the lower Maastrichtian. 8^**0 values of the planktonic^. 
australis also increase through this interval, with upper Campanian 
values averaging -l.0%o and lower Maastrichtian values averaging 
-0.7%o. Similar to H. globulosa in the Santonian, the 8^**0 mea- 
surements obtained from the biserial planktonic//. planata plot very 
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HUBER ET AL. 

close to the co-occurring benthic values throughout the upper Cam- 
panian-lower Maastrichtian interval. 

Carbon Isotopes. The carbon isotope data from Site 327 reveal 
consistent differences between the foraminifer species analyzed, 
with all planktonic taxa plotting heavier than the benthic taxa (Fig. 5 
and Table 3). Benthic S^^C values are very similar in the upper 
Albian and Santonian, averaging 1.6%o. The benthic 8^^C values 
recorded by G. beccariiformis show a progressive decrease from 
0.5 %o in the upper Campanian to — 0.5%o in the lower Maastrich- 
tian. Planktonic 8"C values from H. delrioensis in the upper Albian 
and//, globulosa in the Santonian are 2.3%o and 2A%o, respectively. 
The 8^^C values recorded hyA. australis are nearly the same in the 
upper Campanian and lower Maastrichtian, averaging 2.5%o. Like- 
wise, 8"C measurements from H. globulosa show little change 
throughout the upper Campanian-lower Maastrichtian interval, av- 
eraging 1.0%o. 

DSDP Site 258, Naturaliste Plateau 

Oxygen Isotopes. Benthic 8^^0 measurements obtained from 
Angulogavelinella sp. at Site 258 decrease from —0.8%o in the Ce- 
nomanian to an average of -~1.0%o in the Coniacian-Santonian of 
cores 258-6 through -11 (Fig. 6 and Table 4). In core 258-5, the 
oxygen isotopic composition oi Angulogavelinella sp. increases to 
—Q.6%0. Planktonic 8^^0 values also decrease from the Cenoman- 
ian into the Coniacian-Santonian, with //. delrioensis yielding 
-\.9%o in the Cenomanian and ^. bosquensis and G. linneiana 
averaging -2.3%o in cores 258-6 through -11. The average 8^^0 
value for the last two species increases to —1.5%o in core 258-5. 
Heterohelix globulosa yields the heaviest 8^®0 values of the plank- 
tonic species analyzed, plotting closer to the benthic values, whereas 
A. bosquensis usually has the lightest planktonic 8^®0 values. Glo- 
botruncana linneiana is usually '='Q2%o lower in 8^®0 than A. 
bosquensis. 

Carbon Isotopes. The benthic foramimfer Angulogavelinella sp. 
yields a Cenomanian 8^^C value of 1.6%o and Coniacian-Santonian 
8"C values that vary from 1.0%o to 1.8%o (Fig. 6). The 8"C mea- 
surements from planktonic foraminifera are consistently higher 
than from Angulogavelinella, with Hedbergella delrioensis yielding 
3.4%o in the Cenomanian and mean values of ^. bosquensis and G. 
linneiana increasing from 2.9%o to 3.2%o in the Coniacian-Santo- 
nian. Archaeoglobigerina bosquensis has the highest 8"C values in 
nearly all the Coniacian-Santonian samples, whereas H. globulosa 
and G. linneiana interchange as the planktonic species with the 
lowest 8'^^C values. 

DSDP Site 305, Western Equatorial Pacific 

Two planktonic species from one upper Albian sample and two 
lower Campanian samples were analyzed for their stable isotopic 
composition (Table 5). Benthic foraminifera in these samples were 
too rare to be picked for isotopic study. The purpose of the analyses 
was to compare the results with the upper Albian and lower Cam- 
panian isotopic values that were published for Site 305 by Douglas 
and Savin (1973, 1975). 

In both cases our values and those of Douglas and Savin (1973, 
1975) are very similar. The upper Albian sample of H. delrioensis 
from core 305-41-CC yielded an oxygen isotopic composition of 
-3.3%o, which is only 0.1%o lighter than the same species analyzed 
from core 305-42-CC by Douglas and Savin (1973), and the carbon 

isotopic compositions differed by 03%c. The 8^^0 composition ofR. 
greenhomensis run in this study, —2.7%o, is Q3%o lighter than R. 
gandolfi run by Douglas and Savin (1973, 1975), and the carbon 
isotopic compositions of these two sets of analyses differ by 0.1%o. 
Only bulk carbonate samples were run by Douglas and Savin (1973, 
1975) for the lower Campanian, so no direct comparisons between 
planktonic taxa is possible. Nonetheless, the analyses of G. stuarti- 
formis and G. linneiana from cores 305-25 and -26 yield oxygen 
isotopic compositions between —0.9%o and —lA%o, which is close 
to the -1.2%o to -1.5%o range reported for bulk carbonate from 
cores 305-25 through -27. 

DISCUSSION 

Planktonic Foraminiferal Depth Rankings 

Temperature is one of the most important factors governing 
the vertical and geographic distribution of planktonic foraminifera 
(Be, 1977; Hemleben et al, 1989). Since the ^^O/^'^O ratio of calcite 
precipitated in equilibrium with the ambient water is temperature 
dependent, and temperature decreases with depth from the ocean 
surface, interspecies differences in 8^^0 measured from modern 
planktonic foraminifera reflect growth at different levels in the water 
column (Emiliani, 1954; Shackleton and Vincent, 1978; Fairbanks 
and Weibe, 1980; Fairbanks et al, 1982). Species yielding higher 
8^**0 values are associated with deeper (cooler) surface-water hab- 
itats. Depth rankings of modern planktonic foraminifera based on 
oxygen isotopes have been confirmed by plankton tow and sediment 
trap studies (e.g., Berger, 1971; Be, 1977; Deuser et al., 1981). 

The fractionation of carbon isotopes in the upper water column 
is controlled by photosynthesis rather than temperature. Upper sur- 
face waters tend to be enriched in "C because the lighter carbon 
isotope (^^C) is preferentially removed from the ambient water by 
phytoplankton. As the phytoplankton die and sink through the wa- 
ter column, the '^C-enriched organic matter is oxidized and re- 
leased. Thus, the shells of planktonic foraminifera that calcified in 
the upper surface waters are relatively enriched in 8"C, whereas 
those calcified at deeper levels are more depleted in 8^^C (Shack- 
leton and Vincent, 1978; Spero and Wilhams, 1989). 

Problems associated with using stable isotopes to infer depth 
habitats among planktonic foraminifera have been reviewed by sev- 
eral authors (Wefer and Berger, 1991; Corfield and Cartlidge, 1991; 
D'Hondt and Arthur, 1995). In addition to depth, interspecies dif- 
ferences in 8'^0 and 8^^C may be influenced by (1) the kinetic 
effects of different calcification rates for different species and 
changes in calcification rates during ontogeny, (2) shell growth dur- 
ing different seasons, (3) the presence of algal symbionts, (4) mea- 
surement error (generally ±0.1%o), and (5) differential preserva- 
tion. To minimize ontogenetic and preservation effects, only the 
largest, best preserved specimens of the most abundant species were 
chosen for isotopic analysis. But the influence of vital and seasonal 
effects on Cretaceous species have not been determined. 

Depth habitats inferred for Cretaceous planktonic foraminifera 
have been based on morphological analogies with depth-stratified 
living planktonic foraminifera (Hart, 1980; Caron and Homewood, 
1983), biofacies profile comparisons in continental margin settings 
(Sliter, 1972; Hart and Bailey, 1979; Leckie, 1987), and limited sta- 
ble isotope data (e.g., Douglas and Savin, 1978; Boersma and Shack- 
leton, 1981; Corfield et al., 1990). These studies generally concluded 
that keeled (e.g., globotruncanid) and other heavily calcified taxa 
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lived at deeper levels in the surface waters than thinner-walled, 
nonkeeled (e.g., heterohelicid, hedbergellid) taxa. Planispiral Cre- 
taceous taxa (e.g., Globigerinelloides) have been considered as both 
shallow and deep dwellers by different authors (e.g., Boersma and 
Shacldeton, 1981; Barrera and Huber, 1990). More recently, 
D'Hondt and Arthur (1995) demonstrated a greater complexity in 
morphotypic depth distributions than earlier models suggested. 
Their isotopic analyses of late Maastrichtian planktonic foraminif- 
era indicate that heterohelicids and globotruncanids spanned a wide 
range of surface-water habitats, with some heterohelicid species 
yielding the highest (coolest) S^^O signals and some globutruncanid 
species yielding the lowest (warmest) 8^**0 signals. Results obtained 
in this study also demonstrate exceptions to the morphotypic-based 
models used to infer Cretaceous planktonic foraminiferal depth 
habitats. 

The simplest way to characterize isotopic differences among 
foraminifera that may be related to depth is to plot S'^O versus S^^C 
values from different species at several time intervals. This is de- 
picted in Figure 9 for planktonic and benthic foraminifera from core 
intervals in the Turonian-Coniacian, lower Campanian, and upper 
Campanian-lower Maastrichtian at Site 511, the lower Maastrich- 
tian at Site 327, and the Coniacian-Santonian at Site 258. Assuming 
that all species fractionated at or near isotopic equilibrium and sea- 
sonal effects were minimal, planktonic species with the most nega- 
tive 8^®0 values and most positive S^^C values within each time 
interval are considered as the shallowest dwelling taxa. Our results 
show that A. austmlis, A. bosquensis, and Hedbergella spp. consist- 
ently plot farthest from the benthic foraminifer values, suggesting 
that they lived in an upper surface-water paleohabitat. The isotopic 
values exhibited by the keeled species G. bulloides and G. linneiana 
are close to those of^. australis andyl. bosquensis and also indicate 
a near-surface-water paleohabitat. On the other hand, the isotopic 
values oiA. cretacea, M. marginata, P. stephani, and G. alvarezl plot 
closest to the benthic isotopic values, indicating growth at deeper 
levels in the surface waters. Whiteinella baltica yields isotopic values 
between those of the deepest and shallowest planktonic species. 

Depth ranking estimates for the biserial taxon Heterohelix may 
differ strongly from one stratigraphic interval to another and even 
within the same sample. For example, within sample 511-36-6, 23- 
27, one analysis oiH. globulosa yields 2.7%o lower 8^^0 and 2.2%c 
higher S^^C values than an analysis oiHeterohelbc spp. from the same 
sample (Table 2). Samples of _H. globulosa and Heterohelix spp. in the 
interval from core 511-38 to -40 yield 8^®0 and 8^^C values that are 
close to benthic isotopic values. This inconsistency is repeated at 
other intervals in the lower Campanian, including core 511-34 to -37, 
where//, globulosa plots as a near-surface taxon and Heterohelix spp. 
plots deeper than any of the other species measured, and core 
511-30 to -33, where Heterohelix spp. gives both shallow and deep 
isotopic compositions (Fig. 9). Isotopic analyses of heterohehcids 
from the upper Campanian and lower Maastrichtian intervals at 
Sites 327 and 511 consistently yield 8^^0 and 8^^C values that are 
close to or overlap with those from co-occurring benthic species. 
Because it is unlikely that these isotopic compositions reflect a 
benthic habitat, given the much greater abundance of heterohelicids 
relative to any benthic species from these sites, they may result from 
an unusually strong vital effect or growth below the thermocline 
within an oxygen minimum zone. Boersma and Premoli Silva (1989) 
have inferred such an oxygen minimum habitat for biserial taxa 
during the Paleocene. 

Composite Isotopic Curve for the Southern High Latitudes 

Stable isotope data reported in this study are combined with the 
Maastrichtian stable isotope record of Barrera and Huber (1990) for 
ODP Site 690 (lat 65°S) to reconstruct the history of oxygen and 
carbon isotopic change in the southern high latitudes from the Al- 
bian through Maastrichtian (Fig. 10). All benthic species are rep- 
resented by one symbol and planktonic species are combined into 
biserial, planispiral, low and high trochospiral, and keeled plank- 
tonic morphogroups, which are represented as separate symbols 
(see caption of Fig. 10 for species groupings). The plots for the 
Albian-lower Campanian interval are based primarily on isotopic 
data from Site 511, but include Cenomanian and Coniacian-San- 
tonian data from Site 258. The plots for the upper Campanian- 
Maastrichtian interval are based on isotopic data from Sites 511, 
327, and 690, which are correlated using foraminiferal and nanno- 
fossil biostratigraphy and strontium isotopic ratios, as was discussed 
previously. 

Isotopic paleotemperatures were calculated using the equation 

T°C = 16.998 - 4.52(8c - 8„) + 0.28(8^ - Kf (1) 

(Erez and Lutz, 1983), where 8^ = 8^^0 of CO2 generated by re- 
action of the carbonate with phosphoric acid relative to Pee Dee 
belemnite, and 8„ = — l%o, which is the 8^^0 (standard mean ocean 
water) for ice-free conditions in polar regions during the middle- 
Late Cretaceous (Shackleton and Kennett, 1975). When minimum 
S^^O values from each sample level are substituted into the paleo- 
temperature equation, temperatures inferred for the upper surface 
waters are estimated as ==17 °C in the Albian, increasing to ««23 °C 
in the Cenomanian, reaching ==33 °C in the Turonian, and ranging 
between ==27 and 31 °C from the Turonian through most of the 
lower Campanian. A unidirectional cooling trend begins in the 
lower Campanian and continues through the Maastrichtian with the 
coolest near-surface-water temperatures estimated as 10 °C in the 
uppermost Maastrichtian. The Turonian-lower Campanian temper- 
atures seem excessively warm for a paleolatitude of 56°S-60°S even 
during the Cretaceous ultrathermal. Potential sources of error in- 
clude diagenetic alteration or an incorrect value for the 8^^0„ of 
water in the temperature equation. 

Ironically, of all the planktonic foraminifera examined in this 
study, those that yield the least plausible paleotemperature esti- 
mates show the best preservation. Some workers have argued that 
even the best preserved foraminiferal tests undergo some recrys- 
trallization during diagenesis, and it is impossible to tell visually 
whether a foraminifer has been altered or not (Richter and De- 
Paolo, 1988; Schrag et al., 1992). The close association between the 
interval of depleted 8^**0 values and the occurrence of zeolitic clays 
in Site 511 is suspicious. The zeolites (heulandite) in Site 511 have 
been interpreted as being derived from fine, basaltic, volcaniclastic 
material (Varentsov et al., 1983). Oxygen isotope studies of pore 
waters have shown large 8^*^0 depletions that are associated with 
alteration of volcanic material at this site, especially in carbonate- 
poor sediments such as those found at Site 511 (Lawrence et al., 
1979; Gieskes, 1981; Gieskes and Lawrence, 1981; Pisciotto, 1981). 
Carbonates that have undergone even minor recrystallization in 
such depleted pore waters might show significant depletions in S^^O 
values, similar to those observed for Site 511. 

Although diagenesis seems like the most plausible explanation 
for the highly depleted 8^**0 values measured in Site 511, several 
points argue against this interpretation. First, the scanning electron 
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Figure 9. Plots of 8'^*0 vs. 8'^C data for planktonic and benthic 
foraminifera from core intervals in the Turonian-Coniacian, lower 
Campanian, and upper Campanian-lower Maastrichtian at Site 
511, the lower Maastrichtian at Site 327, and the Coniacian- 
Santonian at Site 258. Planktonic samples with light 8^*0 and 
heavy 8*^C compositions are inferred to have lived in shallower 
surface waters than those with heavy 8'*0 and light 8^^C values. 

photomicrographs of planktonic foraminifera from Site 511 indicate 
extraordinarily good preservation (Figs. 7a and 7b). Second, the 
8^*0 and 8^^C values of multiple planktonic foraminiferal species 
from Site 511 give a consistent, reasonable pattern of depth distri- 
bution for each species (Fig. 9). The diagenesis would have had to 
have shifted the absolute S'^O values, but maintained the relative 
S^^O differences between species. Finally, strontium isotopic mea- 
surements of Site 511 foraminifera are consistent with expected 
^^'Sr/^^Sr values of seawater for the time period (Fig. 4). If strontium 
isotopic exchange had occurred between foraminifera and intersti- 
tial waters during diagenesis, we would expect markedly different 
*'^Sr/'*'^Sr values (Lawrence et al., 1979). 

Alternatively, the S^'^O^ value of — l%o standard mean ocean 
water we assumed for calculating paleotemperatures may be inap- 
propriate for Cretaceous seawater at Site 511. To bring the paleo- 
temperatures in line with other studies, the 8^*0„ of surface and 
deep waters at Site 511 would have to be significantly less than the 
mean isotopic composition of — l%o used for the Cretaceous ocean. 
For example, reduced salinity of waters at Site 511 during the Tu- 
ronian-late early Campanian might account for the low h^^O values 
measured in foraminiferal calcite. Tectonic uplift to the south along 
the North Scotia Ridge, or to the west in the southern Andes, may 
have led to climatic changes including increased runoff and an influx 
of lower-salinity waters. In this scenario, planktonic foraminifera 
would have recorded lower 8^®0 values, but it is unlikely that the 
8^**0 of benthic foraminifera would have been significantly affected. 
At Site 511, the benthic and planktonic 8^*0 records show parallel 
trends, suggesting that the environmental changes affected the en- 
tire water column rather than just the surface mixed layer. 

Vertical Isotopic Gradients 

Insight into variations in the thermal stratification of the water 
column and surface-water productivity can be gained by comparison 
of surface- to bottom-water gradients in 8^*0 and 8^^C. These iso- 
topic gradients are determined from the maximum differences in 
planktonic and benthic 8^^0 and 8^^C values (denoted as A8^'*0 and 
AS^^C) for all samples analyzed. Generally, the larger the 8^®0 
gradient, the greater the vertical thermal stratification, and the 
larger the 8^^C gradient, the higher the surface productivity. 

At Site 511, the A8^**0 ranged between «»1.0%o and 1.2%o 
(«=4-6 °C) during the Albian, it increased to «=1.7%o («-7 °C) dur- 
ing the upper Cenomanian, and the 8^^0 gradient increased dra- 
matically to nearly 3%o («=12 °C) during the Turonian. There are 
few samples with planktonic and benthic isotopic data from the 
Coniacian-Santonian at Site 511, but the available results indicate 
AS'^O values of ««1.7%o, except in core 511-43 where there is a 

2.6%o oxygen isotopic gradient. The vertical 8'^0 gradient is quite 
high for most of the lower Campanian, fluctuating between =2.3%o 
and 3.0%o. This diminishes to «='1.5%o in the upper Campanian, 
then to «=1.0%o in the lower Maastrichtian. 

The 8^**0 gradients recorded at Site 327 are similar to those 
from Site 511 for the Albian and the lower Maastrichtian, but the 
upper Campanian vertical gradient recorded in core 327-13 is lower 
by «=0.4%o. Vertical 8^'*0 gradients at Site 258 are also lower than 
at correlative levels at Site 511, averaging =1.0%o in the Cenoman- 
ian and ranging from 1.2%o to 1.6%o in the Coniacian-Santonian. 
Results from Site 690 (Barrera and Huber, 1990) indicate that 
A8^^0 reached minimum values of «=0.5%o ('«2 °C) in the late 
Maastrichtian. 

The carbon isotopic gradient at Site 511 shows little change in 
the Albian, with A8"C values fluctuating between 0.9%o and 1.4%o. 
Cenomanian A8^^C values range from 0.6%o to 1.2%o. Turonian 
A8"C values are higher, at «=1.8%o, then Coniacian-Santonian val- 
ues reach as high as 2.6%o. Surface- to deep-water A8"C is quite 
high in the lower Campanian, reaching values >2.3%o in most sam- 
ples and >3.5%o in several samples. The 8^^C gradient decreases to 
1.4%o in core 511-28, then fluctuates between 2.1%o and 2.2%o 
through the upper Campanian and lower Maastrichtian. 

A8"C values from Site 327 are similar to those obtained from 
Site 511. They are «=0.8%o in the Albian and Cenomanian, reach 
1.8%o in the upper Campanian, and range from 2.3%o to 2.7%c in 
the lower Maastrichtian. At Site 258, A8"C values from the Ceno- 
manian approximate Cenomanian values from Site 511, but A8^^C 
values in the Coniacian-Santonian interval are from 1.0%o to 2.5%o 
lower. The upper Maastrichtian AS'^'C at Site 690 averages «=l%o 
(Barrera and Huber, 1990). 

The general pattern of changes in A8"C at Sites 511, 327, 258, 
and 690 are similar to the A8^^0 record (Fig. 10). Gradients are low 
throughout the Albian, relatively moderate in most of the upper 
Cenomanian through Coniacian-Santonian, high throughout most 
of the lower Campanian, low in the upper part of the lower Cam- 
panian, then moderate in the upper Campanian and lower Maas- 
trichtian and low in the upper Maastrichtian. These results suggest 
that the water column at southern high latitudes changed from being 
strongly mixed during the Albian, to moderately to well-stratified 
during the late Cenomanian through Coniacian-Santonian, to well- 
stratified during much of the early Campanian, to moderately mixed 
in the late Campanian and early Maastrichtian, and to strongly 
mixed in the late Maastrichtian. 

Plots of simple planktonic species diversity and keeled plank- 
tonic species abundance through the Site 511 (Fig. 3) and Site 690 
sequences (Huber, 1990) do not entirely support this interpretation 
if assumptions for Cretaceous planktonic foraminifer paleoecology 
are correct. Times of low species diversity with few, if any, keeled 
species are generally interpreted as periods when surface waters 
were well mixed and/or relatively cool, whereas times of high species 
diversity and high-keeled species abundance reflect periods when 
the water column was well stratified and surface waters were rela- 
tively warm (Douglas, 1969; Hart and Bailey, 1979; Caron and 
Homewood, 1983; Leckie, 1987). The species diversity plot in Fig- 
ure 3 shows that total diversity is relatively constant and low 
throughout the Cenomanian-lower Maastrichtian sequence at Site 
511, with 6 to 10 species in many samples. Levels where 12 or more 
species occur do not necessarily correspond with high 8^^0 and 8"C 
gradients or anomalously warm surface-water temperatures. For ex- 
ample, assemblages from 234.92 mbsf have a relatively high diversity 
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(12 species), but oxygen isotopic results indicate a low vertical ther- 
mal gradient ('=2 °C) and a surface-water temperature that is ^^8 °C 
cooler than assemblages from 253.62 mbsf, which have only 9 spe- 
cies but indicate a vertical temperature gradient of ==9 °C. Samples 
with six or fewer species generally correspond with dissolution in- 
tervals, as evidenced by a corresponding high abundance of benthic 
species and very low percent carbonate. Levels where keeled plank- 
tonics comprise >10% of the total planktonic assemblage do occur 
at times when there are high vertical 8^*0 gradients, but keeled 
species also may be completely absent during these times. 

A similar lack of correspondence between planktonic species 
diversity and oxygen isotopic paleotemperature trends was observed 
from the lower and upper Maastrichtian of Site 690; a poleward 
incursion of keeled planktonic species occurred at a time when sur- 
face waters cooled and vertical thermal gradients diminished (Hu- 
ber, 1990; Barrera and Huber, 1990). Evidently, in addition to tem- 
perature and vertical mixing, hydrographic factors such as changes 
in the depth of the euphotic zone relative to the thermocline also 
influenced the planktonic species diversity and relative abundance 
trends at the high-latitude sites. 

Surface-Water Latitudinal Isotopic Gradients 

The oxygen isotope values of benthic and surface-dwelling 
planktonic foraminifera measured in this study and from the pub- 
lished literature have been plotted versus absolute paleolatitude for 
three time intervals (Fig. 11). Isotopic data for all three intervals are 
considered reliable, with the possible exception of Maastrichtian 
8^**0 values from Sites 305 and 463, which may have been diage- 
netically altered. The upper Maastrichtian interval was chosen be- 
cause there are abundant isotopic data for this time period and 
because it represents the final phase of a long-term cooling trend 
that began during the late early Campanian. This interval comprises 
the forammiiexcLl Abathomphalus mayaroensis Total Range Zone at 
all sites. The Coniacian-Santonian interval represents one of the 
warmest phases of the Late Cretaceous climate. The late Albian 
interval is used because it precedes the Late Cretaceous 
ultrathermal. 

The latitudinal S^^'O plots reveal several important points. Most 
significantly, all three Cretaceous reconstructions yield oxygen iso- 
tope values from surface mixed-layer planktonic foraminifera that 
are lower than in the Holocene (except for Sites 463 and 305 during 
the late Maastrichtian), but with the difference being greatest at high 
latitudes. Surface-water 8^^0 from most tropical sites are lower than 
modern values by only =»0.5%o during the late Maastrichtian and 
Coniacian-Santonian, and by <=1.5%o in the late Albian. The dif- 
ference between tropical and high-latitude planktonic foraminiferal 
8^^0 values amounts to «*2.0%o during the late Albian and =2.3%o 
during the late Maastrichtian. Surprisingly, the Coniacian-Santo- 
nian latitudinal 8^^0 gradient is reversed, with Site 511 surface wa- 
ter depleted in 8^®0 by >1.00%o relative to the tropical sites. Site 
258 yields 8'®0 values that are the same as or lower than the tropical 
sites. Such a distribution of surface-water 8^^0 is unrealistic, sug- 
gesting that the 8^^0 signatures may have been influenced by factors 
other than temperature. 

The low-latitudinal 8^^0 gradient for all three Cretaceous time 
intervals may be explained partly by differences in evaporation-pre- 
cipitation balances, whereby tropical surface waters are relatively 
enriched in ^*0 because of high net evaporation rates, and high- 
latitude surface waters are relatively depleted in ^®0 because of high 
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Figure 11. Uncorrected oxygen isotope values for surface- 
dwelling planktonic foraminifera and bentliic foraminifera from 
bathyal depths plotted against absolute paleolatitude for each site 
during the late Albian, Coniacian-Santonian, and late Maastrich- 
tian. Shaded curve represents the mean Holocene 8^*'0 gradient 
based on analysis of planktonic foraminifera occurring in core tops 
(after Savin et al., 1985). Dashed line is a best-fit curve through ail 
surface-water 8^*0 values except for late Maastrichtian values 
from Sites 305 and 463, which are suspected of having been diage- 
netically altered. See text for sources of data. 

net precipitation rates. In the modern ocean, the 8^®0 composition 
of surface waters is «='1.5%o higher in the tropics than at high lat- 
itudes because of Rayleigh fractionation during the net transport 
of water through the atmosphere from the warm surface ocean in 
low latitudes to the relatively cold surface ocean at high latitudes 
(Broecker, 1986). As a result of the 8'®0 differences, tropical sea- 
surface temperatures calculated from Holocene 8^^0 values of 
planktonic foraminifera underestimate the actual sea-surface tem- 
peratures by «=3-4 °C (Zachos et al, 1994). Latitudinal differences 
in salinity probably have persisted throughout geologic time as the 
position of the Hadley cells, which control the areas of highest net 
evaporation, have remained fixed within the subtropics (Crowley 
and North, 1991). The pertinent question is whether the magnitude 
of the latitudinal salinity 8^**0 gradient has remained constant 
through geologic time. Oceanic salinity gradients are controlled by 
the rate of water exchange between oceanic reservoirs, the rate of 
poleward water vapor transport (Broecker, 1986), and the extent of 
Rayleigh fractionation during vapor transport. 
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Zachos et al. (1994) used the following third-order polynomial 
to calculate a 8^^0 adjustment factor for isotopic analyses that com- 
pensates for changes in surface waters at different latitudes based on 
modern latitudinal changes in 8^ related latitudinal salinity gradi- 
ents in the modern: 

y 0.576 + 0.04x - O.OOlVx^ + 1.35 • lO^V (2) 

(y represents the difference in 8„ from an isohaline ocean, x repre- 
sents latitude from 0°-70°). To adjust for saHnity, y is subtracted 
from the observed surface-dwelling planktonic foraminiferal 8^^0 
values. By doing so, low-latitude 8^^0 values decrease by as much 
as 0.8%o, whereas high-latitude values become heavier by <0.1%o. 

This approach was used with the Cretaceous planktonic foram- 
iniferal 8^^0 dataset by averaging the 8^^0 values of surface-dwell- 
ing species from each site, then subtracting the adjustment factors 
for each paleolatitude. Plots of the averaged uncorrected and cor- 
rected 8^^0 values from surface-dwelling planktonics are illustrated 
in Figure 12 with the corrected Holocene planktonic foraminiferal 
8'^*0 sea-surface temperature curve for reference. As a result of this 
adjustment, the slopes of the latitudinal thermal gradient curves 
increase for the late Albian and late Maastrichtian time intervals, 
and become nearly horizontal, rather than negative, for the Conia- 
cian-Santonian. Late Albian sea-surface 8^^0 values that are ad- 
justed for modern-day salinity gradients are 3.8%o («»30 °C) in the 
tropics and -0.8%o («»16 °C) in the high latitudes. Adjusted sea- 
surface 8^^0 values in the Coniacian-Santonian interval are about 
-2.6%o (»=»24 °C) in the tropics and range between -2.0%o and 
-2.6%c (21-24 °C) in the high latitudes; essentially there was no 
latitudinal thermal gradient. In the late Maastrichtian, the adjusted 
8^*0 values indicate that tropical surface waters were about —2.8%o 
(^25 °C) at Site 152, while high-latitude values averaged «='0.5%o 
(-11 °C). 

Even with the salinity adjustments, it appears that sea-surface 
temperatures are still underestimated in the tropics and may be 
overestimated in the high latitudes, particularly for Coniacian-San- 
tonian time. In the absence of visible evidence for shell recrystalli- 
zation or secondary calcite overgrowths in the Turonian and 
younger Cretaceous foraminifera from Site 511, we assume mea- 
sured 8^*0 values approximate equilibrium fractionation, but we 
continue to worry about "invisible" diagenesis. We do suspect that 
diagenesis affected the isotopic results from Sites 305 and 463 as the 
8^^0 values from these sites are lower than 8^'^0 values from mod- 
ern tropical planktonic foraminifera. 

A second possible problem with calculating latitudinal thermal 
gradients is that corrections based on the present may be inadequate 
for the Cretaceous. During the Cretaceous the poleward atmo- 
spheric and oceanic transport of heat was probably greater than at 
present (Barron and Washington, 1982; Barron, 1987; Rind and 
Chandler, 1991; Barron et al., 1993, in press), and the mode of 
deep-water circulation may have been different from today with 
formation of warm saline deep water in the tropics and subtropics 
(Brass et al, 1982). These differences would have influenced the 
salinity and oxygen isotopic gradients in contemporary oceans. If the 
salinity and 8^*0 differences between the low- and high-latitude 
surface oceans were enhanced during portions of the Cretaceous, 
then salinity corrections based on modern observations would result 
in underestimation of low-latitude temperatures and overestimation 
of high-latitude temperatures. 
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Figure 12. Oxygen isotope values for surface-dwelling plank- 
tonic foraminifera plotted against paleolatitude. Tlie 8^^0 data in- 
clude values shown as solid circles, which represent averaged upper 
surface-water values for each site (from Fig. 11), and hollow circles, 
which represent averaged surface-water values that have been ad- 
justed for meridional heterogeneities in salinity using the third- 
order polynomial of Zachos et al. (1994). The stippled curve rep- 
resents the salinity-corrected Holocene 8^^0 gradient mean based 
on analysis of planktonic foraminifera occurring in core tops (after 
Savin et al., 1985). Dashed line is a best-fit curve through all cor- 
rected surface-water 8^*0 values except for the late Maastrichtian 
values from Sites 305 and 463, which are suspected of having been 
diagenetically altered. 

Intermediate-Water Latitudinal Isotopic Differences 

The benthic 8^®0 values shown in Figures 10 and 11 record the 
isotopic composition of water that bathed the sediment/water in- 
terface at lower to upper bathyal depths and, thus, can be used to 
characterize paleotemperature changes of intermediate water 
masses relative to latitude and time. Our results indicate that the 
tropical benthic isotopic paleotemperatures were sHghtly warmer at 
low latitudes than at high latitudes during the late Albian and late 
Maastrichtian. Assuming that the salinity of middle-Late Creta- 
ceous intermediate water masses was normal and diagenetic alter- 
ation of the benthic foraminifera was minimal, the paleotempera- 
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ture of late Albian intermediate waters is estimated at 14 °C at high 
latitudes, whereas late Albian tropical intermediate waters were 
<=16 °C. During Turonian-early Campanian time, high-latitude 
deep waters were significantly warmer, ranging between «=16 and 
19 °C, while low-latitude deep waters were no warmer than «»18 °C. 
Intermediate waters cooled particularly in the high latitudes by the 
late Maastrichtian, with values from Site 690 of «=10 °C and low- 
latitude intermediate waters ranging between 10 and 16 °C. As dis- 
cussed earlier, the 8^®0 values from tropical foraminifera, particu- 
larly at Sites 463 and 305, may have been diagenetically altered, 
resulting in an underestimation of water paleotemperatures. 

The only isotopic study of biogenic calcite from deeper water 
depths is that of Barron and Saltzman (1982), who analyzed Co- 
niacian-late Campanian inoceramids from Hole 530A in the Angola 
Basin, which was «*4000 m deep during the Late Cretaceous. Ex- 
tremely warm paleotemperatures were found in one sample from 
the Coniacian («^22 °C) and another from the upper Campanian 
(«=18 °C), while the remaining Campanian paleotemperatures were 
as cool or cooler than intermediate waters of the same age (Fig. 1). 
Barron and Saltzman (1982) theorized that such light oxygen iso- 
topic values at abyssal depths could only have originated from a 
plume of warm, dense, saline water that sank from the shelf off 
northwestern Africa and into the Angola Basin. These authors also 
argued that the high latitudes served as a source of deep water in the 
Pacific based on the relatively high 8^®0 values that were obtained 
from benthic foraminifera at Site 305. Results of general circulation 
model experiments (Barron and Peterson, 1990) also predict mul- 
tiple sources of deep water during the middle Cretaceous, with re- 
gions of the polar Pacific and eastern Tethys identified as possible 
source areas. 

Woo et al. (1992) provided additional support for a Tethyan 
source of deep-water formation. Analyses of well-preserved mol- 
lusks and radial calcite cement from Albian-Cenomanian lime- 
stones yielded 8^^0 values between -0.5%o and -2.9%o, which is 
as much as 2.5%o higher than expected from temperature alone if 
Cretaceous surface waters were at least as warm as in the modern. 
Assuming the 8^^0 values reflect a salinity effect, these authors 
determined that surface waters in the Gulf Coast region were suf- 
ficiently dense to have acted as a significant component of deep- 
water formation during the middle Cretaceous. 

Kauffman and Johnson (1988) have recognized a core tropical 
climate zone during the middle Cretaceous that they termed Su- 
pertethys, based on paleontological and geological evidence for ex- 
ceptional warmth during the Cenomanian and Turonian. These au- 
thors suggested that Supertethys would have served as a major 
source for warm saline deep water in the tropical belt until Maas- 
trichtian time (Johnson and Kauffman, in press). 

By Maastrichtian time, the south polar region may have been 
an important source of deep-water formation. Oxygen isotope anal- 
yses of foraminifera from nearshore sections in the Antarctic Pe- 
ninsula (Barrera et al., 1987) indicate that shelfal waters were 
between 4 and 10 °C, which is within the range of Maastrichtian 
deep-sea benthic 8'**0 at Site 305 (Douglas and Savin, 1975). This 
is supported by the cool planktonic foraminiferal values that were 
obtained from Site 690 on the other side of the Weddell Sea basin 
(Barrera and Huber, 1990). Perhaps the high-latitude cooling that 
began during the middle Campanian initiated a transition from a 
predominantly low-latitude source of deep waters to a dominantly 
high-latitude source (MacLeod, 1994). Recovery of isotopically 
well-preserved benthic foraminiferal 8'^0 values from Upper Cre- 

taceous deep-sea sequences across a wide range of paleodepths and 
latitudes will be essential to test this hypothesis. 

Global Paleotemperature Estimates 

The late Campanian-Maastrichtian surface-water cooling ob- 
served in the southern high latitudes (Fig. 11) was not a local effect, 
as it has been identified at several shallow-water and deep-sea sites 
in the southern high latitudes (Barrera et al, 1987; Barrera and 
Huber, 1990; Pirrie and Marshall, 1990; Ditchfield et al., 1994; Hu- 
ber and Boersma, 1994; this study) as well as several sites in the 
middle latitudes of both hemispheres (e.g., Saito and Van Donk, 
1974; Boersma and Shackleton, 1981; Boersma, 1984; D'Hondt and 
Lindinger, 1994). Given the excellent preservation and consistent 
taxonomic order of stable isotopic signatures, we do not believe that 
the strongly negative 8^®0 values found in the Turonian-early Cam- 
panian at Site 511 are a diagenetic artifact, particularly because 
8^*0 determinations from Site 258 and the Antarctic Peninsula 
(Ditchfield et al., 1994) yield results that are compatible with the 
Site 511 record. Nonetheless, these data are not entirely consistent 
with some isotopic paleotemperature studies for the middle-Late 
Cretaceous. 

A variety of Cretaceous paleotemperature curves have been 
derived from 8^^0 analyses of belemnite rostra. Warming maxima 
have been recognized in the Albian and Coniacian-Santonian in 
Europe and the southeastern United States (Lowestam and Epstein, 
1954), Albian-Cenomanian in northwest Germany (Spaeth et al., 
1971), Coniacian-Santonian in New Zealand (Stevens and Clayton, 
1971), and late Albian-Cenomanian and late Maastrichtian in the 
Russian Platform and adjacent areas (Naydin et al, 1966); however, 
pronounced variance of belemnite 8^^0 values from the same strat- 
igraphic unit (e.g., Lowenstam and Epstein, 1954; Spaeth et al., 
1971) and geochemical studies (Veizer, 1974) indicate that the pa- 
leotemperature signal in belemnites is often overprinted by the 8^^0 
from secondary calcite. Thus, these older belemnite paleotempera- 
ture estimates may be unreliable. 

More trustworthy paleotemperature data have been derived 
from oxygen isotopic analyses of fish teeth from the Cretaceous of 
Israel (Kolodny and Raab, 1988). The 8^**0 signal preserved in 
phosphate is considered less prone to diagenetic alteration than in 
skeletal calcite. These data provide a record of temperature changes 
at relatively coarse sampling intervals from the Berriasian through 
early Eocene for shallow water in the eastern Tethys Sea, (=10°N 
paleolatitude). Results of Kolodny and Raab's (1988) investigation 
indicate that maximum temperatures occurred near the Cenoman- 
ian-Turonian boundary, with shelfal marine temperatures reaching 
32-33 °C. This maximum was followed by a cooling to ^20 °C during 
the Maastrichtian. 

As noted earlier, the isotopic values obtained from tropical 
Pacific Sites 305 and 463 are suspected of having been diagenetically 
altered and, therefore, paleotemperature estimates from these sites 
may be unreliable. Nonetheless, the long-term trends in the tropical 
surface-water paleotemperatures are consistent with our high-lati- 
tude results, showing maximum warmth during the middle Creta- 
ceous and coolest temperatures during the late Maastrichtian. 

Jenkyns et al. (1994) provided a high-resolution record of oxy- 
gen and carbon isotope values in Upper Cretaceous chalk sequences 
in the south and east coast of England and in a middle-Upper 
Cretaceous pelagic limestone sequence in the Bottaccione Gorge of 
Gubbio, Italy. All of the isotopic data presented in their study were 
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obtained from analyses of whole rock samples. The East Kent sec- 
tion, which ranges from the lower Cenomanian through the lower- 
most Campanian, contains a minor amount of calcite cement and is 
considered the best preserved of the studied sequences. The S^^O 
data from that section show values in the range of about -3.0%o 
during the early Cenomanian, increasing to about —2.0%o by mid- 
dle Cenomanian, then decreasing through the late Cenomanian with 
lightest values of about -3.8%o during the earliest Turonian. Pro- 
gressively increasing 8"^0 values follow from the middle Turonian 
into the earliest Campanian. The Bottacione Gorge data reveal a 
remarkably similar curve, even though the values tend to be 
=0.5%o lower than at East Kent, and show considerably more 
variance. Although Jenkyns et al. (1994) concede that the abso- 
lute S'^O values may be slightly offset because of diagenetic fac- 
tors, they consider the English Chalk and Bottacione Gorge S^^O 
curves to reflect global changes in marine paleotemperatures, 
with the Cenomanian/Turonian boundary denoting a major ch- 
matic turning point. 

Sellwood et al. (1994) have reported sea-surface temperature 
estimates for the late Albian, Cenomanian, and early Turonian 
based on their own oxygen isotopic analyses of planktonic forami- 
nifera from several Atlantic and Pacific low- to middle-latitude 
DSDP sites, and from previously published 8^*0 analyses of middle- 
to high-latitude belemnites. These authors concluded that the min- 
imum mean tropical temperatures were close to present-day values 
and that polar temperatures were close to 0 °C. This suggests a 
considerably higher latitudinal thermal gradient than the recon- 
structions in Figures 11 or 12 would indicate; however, the polar 
temperatures cited in the Sellwood et al. (1994) study are based 
entirely on poleward extrapolation of a best-fit curve through the 
belemnite data. As discussed above, as well as in the Sellwood et al. 
(1994) article, belemnites are very susceptible to diagenesis, and 
their paleoecology is not well understood. We therefore do not 
consider the Sellwood et al. (1994) 0 °C estimate of middle Creta- 
ceous polar temperatures to be a viable alternative to our high- 
latitude results. 

In summary, the most reliable oxygen isotope data that span 
middle-Late Cretaceous time indicate that maximum Cretaceous 
warming occurred during the earliest Turonian, when global sea 
level was higher than at any other time during the Mesozoic Era 
(e.g., Hancock and Kauffman, 1979; Haq et al., 1988; Fig. 1) and 
when there was a dramatic increase in the volume of organic carbon 
buried in marine basins worldwide (e.g., Arthur et al., 1985, 1987; 
Fig. 1); however, the climate record immediately following the ear- 
liest Turonian ultrathermal is less clear. Isotopic paleotemperatures 
from the high latitudes suggest that very warm surface-water tem- 
peratures persisted from Turonian through early Campanian time, 
whereas several studies from the low and middle latitudes of the 
Northern Hemisphere indicate that a long-term cooling immedi- 
ately followed the ultrathermal event. It is not apparent why there 
is such a discrepancy in these paleotemperature trends, as the dif- 
ferences are too significant to be explained by sampling or corre- 
lation problems. Further investigation of the Cretaceous stable iso- 
tope record and other climatic proxies will be essential to develop 
a better understanding of this extreme period of global warmth. 

CLIMATIC IMPLICATIONS 

The oxygen isotopic data from DSDP Sites 511, 327, and 258 
reveal exceptionally warm sea-surface temperatures in the southern 

high latitudes during the middle-Late Cretaceous and apparently 
very low to nonexistent latitudinal thermal gradients. As a horizon- 
tal thermal gradient across latitudes seems implausible for any pe- 
riod in geologic history, it is likely that our assumptions about the 
S'^O of Cretaceous water are invalid and that some of the isotopic 
values, particularly in low latitudes, have been diagenetically al- 
tered. Despite these problems, the isotopic preservation at each of 
the high-latitude sites is judged to be good, and there is ample 
independent evidence for high-latitude warmth during the middle- 
Late Cretaceous. 

These results amplify the need to understand what forcing 
mechanisms could have produced such warm polar temperatures. 
Some factors that have been suggested include (1) changes in land- 
sea distributions (Barron et al, 1980, 1981; Barron, 1983; Barron 
and Washington, 1982), (2) increased levels of COj in the atmo- 
sphere (Barron and Washington, 1984; Schneider et al., 1985; Bar- 
ron and Washington, 1985; Berner, 1991), and (3) increased effi- 
ciency of atmospheric and oceanic heat transport (e.g., Barron and 
Washington, 1982; Rind and Chandler, 1991; Barron et al., 1993b). 
Results from a series of climate sensitivity experiments (Barron and 
Washington, 1984, 1985; Barron et al., 1993a) suggested that Cre- 
taceous land-sea distributions together with four times present-day 
atmospheric CO2 concentrations could increase globally averaged 
surface temperatures by «^8 °C, which is within the temperature 
range estimated for the Albian based on the geologic record; how- 
ever, the response of the climate models to increased levels of at- 
mospheric CO2 was to raise tropical temperatures while increasing 
polar warmth, resuhing in equator-to-pole thermal gradients that 
were too high. 

Several general circulation model experiments have demon- 
strated that the oceans play an important role in maintaining warm 
climates with low equator-to-pole temperatures. Rind and Chandler 
(1991) determined that a 15% increase in poleward ocean heat 
transport led to removal of polar sea ice and a globally averaged 
temperature that was 2 °C warmer than in a present-day control 
experiment. These results were corroborated by Barron et al. 
(1993b), who, in a series of general circulation model studies using 
Cretaceous geography, demonstrated that a small increase in ocean 
heat transport resulted in a significant increase in polar tempera- 
tures and a decline in tropical temperatures. More recently, Barron 
et al. (in press) have determined that middle Cretaceous surface- 
water temperatures averaging 6.2° C warmer than the present could 
be achieved in general circulation model experiments using Creta- 
ceous geography, four times present pCOj, and a 1.2 X 10^^ W/m^ 
increase in poleward heat transport. A globally averaged tempera- 
ture of 6 °C for surface waters, however, represents a minimum 
estimate for the Albian, with mean annual surface temperatures of 
=»0 °C at the poles and '=27 °C in the tropics (Barron et al, in press). 
On the other hand, our paleotemperature estimates for surface 
waters at '=«60°S paleolatitude average «=15 °C for the Albian and 
>=»24 °C for the Coniacian-Santonian, even with a salinity 
adjustment. 

General circulation model experiments have vastly improved in 
their capability to simulate the warm climates of the Cretaceous 
since ocean heat flux has been incorporated as a variable. But in 
order to simulate a warm Cretaceous climate with polar tempera- 
tures as warm as our study suggests, the general circulation models 
will probably need to increase in complexity and assume a greater 
amount of poleward ocean heat flux. The GENESIS model used by 
Barron et al. (1993b, in press) assumes a two-layer ocean with a 50 m 
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mixed layer slab and a "control" value for ocean heat transport that 
was developed based on a best fit with modern observations, which 
is only 15% of the ocean heat transport calculated by Carissimo et 
al. (1985); however, warm, saline plumes probably sank below the 
surface mixed layer at low latitudes during the Cretaceous and re- 
surfaced at high latitudes. These halothermal circulation cells would 
have provided a major conduit for poleward heat transport and 
would have contributed to maintaining low equator-to-pole thermal 
gradients. 

Evidence for increased warm saline deep-water production 
during the middle Cretaceous has been cited by Sliter (in press) 
based on the widespread occurrence of hiatuses in upper Albian, 
lower-middle Cenomanian, Turonian, and lower Santonian pelagic 
carbonate sequences worldwide. On the other hand, high-latitude 
cooling and paleogeographic changes, such as the opening of cir- 
cum-Antarctic gateways, may have caused major hiatuses that have 
been observed in the middle Campanian and the upper Maastrich- 
tian (Huber and Watkins, 1992; Sliter, in press). The timing and 
duration of these hiatuses are not well constrained, however, be- 
cause of poor age control in many sections. 

The need for much additional information on Cretaceous cli- 
mate is clearly demonstrated in this study, as confirmation that the 
oxygen isotope trends we have observed at high latitudes reflect a 
global climatic temperature signal will require verification using 
other paleoclimatic proxies from marine and terrestrial sections. 
But even considering greater equator-to-pole differences in surface- 
water salinity, our results indicate higher surface temperatures at 
austral high latitudes than previous studies have suggested. The 
challenge for future studies is to determine how the Earth could 
have maintained such a warm climate with such low equator-to-pole 
temperature differences. 
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ABSTRACT 

Nd Isotopes rok the overthrust deep-marine Ouachita- 
Marathon sedimenta^assemblage of Arkansas-Oklahoma and 
west Texas, and assoclsflkd Paleozoic shelf and foreland deposits, 
resolve into three distinct^cpulatlons: (1) Lower to Middle Ordo- 
viclan, e^^ = -13 to -Ifi^^verage TOM = 2.0 Ga); (2) Upper 
Ordovician to Pennsylvanlanj^^d = -6 to -10 (average T^^ = 1-6 
Ga); and (3) Mississippian tufH^^Nd = "1 to -3 (average Tj,^ = 
1.1 Ga). A rapid shift in e^d fro^^lS (passive margin shales) to 
-7 (orogenic turbldltes) In the Ou^hita assemblage at ca. 450 Ma 
Implies termination of craton-doml^ted sources and the emer- 
gence of the Appalachian orogen as the|b^mary source of sediment 
for sea floor lying south of North Ameri^k This connection Is re- 
inforced by Nd isotopes in Ordoviclan-Slluril^turbidites from both 
the Ouachlta assemblage and the southern^Dpalachlan Sevier- 
Martinsburg (Taconlc) foredeep, which are Idenlkal (e^d = -7 to 
-9). The post-450 Ma Ouachita assemblage falls^|tig a single Nd 
isotopic trend that, significantly, is not deflected bj^mset of Car- 
boniferous flysch (e^d = -7 to -10) sedimentation^by asso- 
ciated regional volcanlsm. The less negative e^d (-2) S^llssis- 
slppian ash-flow tuffs that erupted from arc(s) to the^outh 
probably resulted from isotopic mixing of old (Precambrian) staist 
with young, mantle-derived components within a continental ml 
gin arc. There is little Isotopic, trace element, or petrographic evi^ 
dence for any significant volcaniclastlc detritus in the Carbonifer- 
ous turbldites, indicating that volcanic arc sources were minimal. 

Nd isotopes in fluvlo-deltaic strata of the Ouachlta-Appala- 
chlan foreland and continental interior, that Is, Arkoma, Illinois, 
and Black Warrior basins (e^a = -7 to -10), imply that conti- 
nental margin pathways and interior basins received the same de- 
tritus as the Ouachita trough by Pennsylvanlan time. These data 
are consistent with a composite Carboniferous Ouachita submarine 
fan complex buHt down the axis of a remnant ocean basin from 
varied mature/immature delivery systems tapping domlnantly Ap- 
palachian fold-thrust belt sources to the east (Graham et al., 1975). 
Carboniferous turbldltes from the Marathon fold belt (west Texas), 

•Present address: Lunar and Planetary Laboratory, University of Ari- 
zona, Tucson, Arizona 8572L 

which are Isotoplcally similar (e^d - -8 to -11) to Ouachita tur- 
bldltes, may have been ultimately derived from similar sources; 
however, they probably do not represent merely distal turbldites of 
a Ouachita fan complex. It is suggested that domlnantly Appala- 
chian-derived detritus, augmented by uplifted plutonic and fold- 
thrust belt sources south of the Marathon basin, was swept up into 
subduction complexes on the north side of the approaching arc and 
recycled along the collision zone. 

INTRODUCTION 

Plate tectonic models for the late Paleozoic Ouachita (Her- 
cynian) orogenic belt at the southern margin of North America 
generally place it in the context of a complete Wilson cycle (Viele 
and Thomas, 1989), but because most of it lies buried in the sub- 
surface, many important tectonic relations are obscured. Recogni- 
tion of the Ouachita orogenic belt in Mexico is important for de- 
lineating the limits of the Cordilleran miogeocline, the southern 
extension of the North American craton, and the subsequent tec- 
tonic assembly of Mexico (e.g., Stewart, 1988; Shurbet and Cebull, 
1987; Handschy et al, 1987; Campa and Coney, 1983), but it has 
been hampered by extensive Cenozoic volcanic cover and, where 
exposed, by Mesozoic-Cenozoic metamorphism and deformation. 
Tectonic linkages with the Appalachian orogen and the Caribbean 
region are also obscured by Jurassic Gulf of Mexico rifting and 
^bsequent burial of the continental margin (e.g., Thomas, 1989; 

ckinson and Coney, 1980). The landmass(es) that collided with 
No^t America to produce the Ouachita orogenic belt may have 
inclu^W several tectonic elements presently distributed throughout 
the GulWf Mexico-Caribbean region (e.g., Pindell, 1985; Campa 
and Cone^W83; Yanez et al., 1991), but such speculations remain 
essentially w^tout constraints; likewise, the landmass that sepa- 
rated from the^^te Proterozoic/early Paleozoic Ouachita rifted 
margin is also unHltewn, though much importance has been afiRxed 
to its identity in the ^||text of global tectonic reconstructions (e.g., 
Dalziel et al, 1994; Ho»|ian, 1991). Evidence suggests, however, 
that a long-lived proto-AtlSkic ocean basin (lapetus) resided south 
of North America through rn^t of Paleozoic time (Scotese, 1984). 

Despite these difficulties, ^Karly complete Paleozoic strati- 
graphic record is preserved in the overthrust deep-marine Ouachita 
sedimentary assemblage, which documents the transition from a 

Data Repository item 9538 contains additional material related to this article. 
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