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ABSTRACT 

This is a summary of principal findings made by ODP Leg 113 investigators concerning the latest Cretaceous-Ceno-
zoic climatic, cryospheric, and oceanographic history, and biogeographic developments of the Weddell Sea region, Ant
arctica. During Leg 113, 22 holes were drilled at 9 sites that sampled 4 contrasting environments: open-ocean pelagic 
sedimentation on Maud Rise (Sites 689 and 690), hemipelagic and terrigenous sediments on the East Antarctic Conti
nental Margin (Sites 691-693), a turbiditic sequence in the deep Weddell Basin (Site 694), and hemipelagic and biogenic 
sediments on the South Orkney microcontinent (Sites 695-697). 

A wide range of sedimentologic, biotic, and isotopic evidence obtained in Leg 113 material indicates that sequential 
cooling and cryospheric development of Antarctica and the surrounding oceans during the Cenozoic profoundly af
fected the ocean/atmosphere circulation, sediments, and biota. Important cooling steps occurred during the latest Cre
taceous, the middle Eocene, near the Eocene/Oligocene boundary, in the middle Oligocene, the middle Miocene, the 
early late Miocene, the latest Miocene, and the late Pliocene. Distinct but temporary warming trends occurred during 
the late Paleocene and the latest Oligocene to early Miocene. Principal findings include the following: 

1. Late Cretaceous climatic conditions were temperate to cool subtropical in the Weddell Sea sector of the Antarctic 
with no evidence of cryospheric development. 

2. A significant warming episode began about 500 k.y. prior to the mass extinction event at the Cretaceous/Tertiary 
boundary. This was followed by a marked cooling and a positive carbon isotopic shift that immediately preceded (~ 200 
k.y.) the boundary. 

3. The Paleocene section at Site 690 contains fine-grained sediments, possibly of eolian origin and derived from 
East Antarctica; the presence of this material suggests that climate was warm, semiarid, and continental at that time. 

4. A warming trend occurred during the late Paleocene, leading to the climax of Cenozoic warmth during the early 
to early middle Eocene (~ 58 to 45 Ma). Conspicuous paleoenvironmental and biotic changes mark the Paleocene/Eo
cene boundary, including a brief climatic spike when surface water temperatures in the Weddell Sea increased to as 
much as 20°C. 

5. The early Paleogene high-latitude ocean seems to have been marked by high seasonal variation in sea-surface 
temperatures and a well-developed seasonal thermocline. With cooling of the high latitudes during the middle to late 
Paleogene, this seasonal variation decreased, as did vertical water mass stratification. 

6. Antarctica may not have been the primary source of deep waters during at least part of the Eocene. Oxygen iso
topic evidence indicates the presence of warm saline deep water in the Weddell Sea at times during the Eocene. The 
warmer deep waters are inferred to have been produced at lower latitudes. 

7. At the beginning of the Oligocene, cold deep water began to form in the Antarctic and upwardly displaced 
warmer waters that were probably still being formed at lower latitudes. 

8. On Maud Rise, a siliceous biogenic facies began to replace a carbonate facies with initial siliceous sedimentation 
in the latest Eocene-earliest Oligocene, leading to an almost completely siliceous biofacies by the late Miocene (~9 
Ma). Near the beginning of the Neogene, there was a pronounced increase in the siliceous relative to the calcareous bio
facies on Maud Rise. This coincides with the development of the siliceous biofacies observed in other sectors of Antarc
tica and probably reflects the development of a strong modern upwelling regime in the Antarctic that was also typical of 
the late Neogene. 

9. Diverse calcareous planktonic assemblages reflect the relative warmth of surficial waters off Antarctica from the 
Late Cretaceous through the Eocene. Near the northern Antarctic Peninsula, a diverse middle to late Eocene pa-
lynoflora indicates the presence of forest dominated by Nothofagus with an undergrowth containing ferns. During the 
late Eocene, diversity began to decrease in planktonic assemblages as the Southern Ocean cooled; diversity sharply 
dropped near the Eocene/Oligocene boundary. The ultimate replacement of calcareous by siliceous assemblages by the 
late Miocene was in response to continued cooling and upwelling conditions throughout the circum-Antarctic. 

10. The Leg 113 evidence suggests that cryospheric development began early in the Oligocene (36 Ma) at least in this 
sector of the Antarctic. Oligocene sequences drilled during Leg 113 on the Antarctic continental margin (Sites 692, 693, 
and 696) do not provide the required resolution to decipher details about cryospheric development during the Oligo
cene, especially with respect to determining if an ice-sheet accumulated on the continent at this time. We found no evi
dence for major ice accumulation during the Oligocene. The oxygen isotopic record from Site 689 contains evidence of 
some ice growth on East Antarctica (isotopic values >2.5%o) during the early to early late Oligocene. This is further 
supported by the presence of probable ice-rafted detritus at Site 693 during the late early Oligocene, the earliest detected 
during Leg 113. Comparison with evidence from other sectors suggests possible diachronism of ice accumulation 
around the margin of East Antarctica. 

1 Barker, P. E , Kennett, J. P., et al., 1990. Proc. ODP, Sci. Results, 113: College Station, TX (Ocean Drilling Program). 
2 Marine Sciences Institute and Department of Geological Sciences, University of California at Santa Barbara, Santa Barbara, CA 93106. 
3 British Antarctic Survey, Madingley Road, Cambridge CB3 OET, United Kingdom. 
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11. Biogeographic similarity during the Oligocene between Maud Rise and the Falkland Plateau areas indicates an 
absence of the Antarctic Circumpolar Current and the Polar Front. Instead, major modifications of surface and inter
mediate water masses during the Oligocene took place within the southern Weddell Sea rather than to the north. 

12. Leg 113 data suggest that no ice-sheets of continental proportions had developed prior to the middle Miocene. 
The glacial development of Antarctica intensified during the Neogene, leading to the formation of a possibly perma
nent ice-sheet on West Antarctica during the latest Miocene-earliest Pliocene. 

13. Comparison of the sedimentary sequences in the various Weddell Sea sectors indicates diachronism of ice-sheet 
formation and climate change. The East Antarctic ice-sheet formed first, followed by the West Antarctic ice-sheet dur
ing the late Miocene (~8 Ma). 

14. Combined sedimentologic, biotic, and isotopic evidence from Leg 113 sequences indicates that the middle to 
late Paleogene climate change was dominantly cooling while latest Paleogene-Neogene change was dominantly cryo-
spheric development (ice accumulation). 

15. A rapid influx of terrigenous turbidites to the Weddell Abyssal Plain (Site 694) during the latest Miocene and 
perhaps earliest Pliocene is considered to mark the growth of the West Antarctic ice-sheet. The virtual cessation of tur
bidite deposition at Site 694, in the earliest Pliocene (~4.8 Ma), suggests that the West Antarctic ice-sheet may have be
come a permanent and stable feature at that time. 

16. During the late Pliocene ( — 2.4 Ma), a reduction in sedimentation rates and diatom abundances and a deteriora
tion in microfossil preservation at most sites represent yet another step in ice growth and an expansion of sea-ice and 
was related to further global climatic cooling at that time. 

17. The Quaternary includes a remarkable layer (up to 2.5 m thick) of foraminiferal ooze or a calcareous foraminif-
eral-rich zone in the shallower sites (< ~ 3000 m) drilled in the Weddell Sea. Associated planktonic microfossils indicate 
that this layer was deposited during a brief climatic amelioration associated with changes in water mass chemistry and a 
depression of the CCD. 

18. The numerous discoveries of Leg 113 have reaffirmed the necessity for further Antarctic drilling to improve the 
understanding of global environmental evolution. 

INTRODUCTION 

The Antarctic region is a rich and vital repository of paleo
environmental information important for understanding global 
climatic evolution and its causes, the development of the Ant
arctic cryosphere, and sea-level history. Regional studies are also 
necessary for understanding the history of formation of deep 
and intermediate waters that have supplied the world ocean, 
oceanic upwelling and biological productivity, and the evolution 
of the marine biota. 

The climatic evolution of the Earth during the Cenozoic 
largely reflects a trend toward lower temperatures and cryo-
spheric development of the polar regions, initially in Antarctica 
and later in the Northern Hemisphere. This evolution resulted 
in an increase in the global meridional thermal gradient at the 
surface of the oceans (Savin et al., 1975; Shackleton and Ken
nett, 1975; Kennett, 1977; Loutit et al., 1983). An understand
ing of the climatic, paleoceanographic, and cryospheric evolu
tion of Antarctica is crucial to a broader understanding of global 
long-term climatic and oceanographic change (Hayes et al., 
1975; Kennett, Houtz, et al., 1975; Kennett, 1977) and assists in 
our understanding of modern oceanographic and climatic pro
cesses. Through geologic time, major interactions between the 
hydrosphere, cryosphere, atmosphere, and biosphere have af
fected the entire global system through climatic feedbacks, bio
geochemical cycles, deep ocean circulation, and sea-level changes. 
The Antarctic region may be highly sensitive to externally im
posed change and, conversely, has played a major role in affect
ing climatic change elsewhere on earth during the Cenozoic. 
Processes linking the low-latitude regions with Antarctica as a 
heat sink play a major role in driving global circulation. 

The climatic development of the Southern Ocean resulted, in 
part, from the rearrangement of the Southern Hemisphere land 
masses. Antarctica became increasingly isolated as fragments of 
Gondwanaland dispersed northward and circumpolar circula
tion developed, allowing unrestricted latitudinal flow. Develop
ment of the Antarctic Circumpolar Current during the middle 
Cenozoic effectively isolated Antarctica thermally by decoupling 
the warmer subtropical gyres from the Antarctic continent (Ken
nett, 1977). This increasing isolation, in turn, may have assisted 
in the development of Antarctic glaciation and ultimately in the 
formation of major ice-sheets. The climatic change included the 

cooling of waters surrounding the continent, extensive seasonal 
sea-ice production, and wind-driven upwelling of nutrient-rich 
intermediate waters that have a profound effect on biogenic pro
ductivity in the Southern Ocean. 

The most important components of modern Southern Ocean 
circulation are the Antarctic Circumpolar Current (ACC) and 
Antarctic (Weddell Sea) Bottom Water (AABW, WSBW). The 
ACC is largely wind driven but extends to the deep seafloor, 
where it is often erosional. The ACC axis coincides closely with 
the Polar Front (Antarctic Convergence) and marks the bound
ary in modern sediments between a Subantarctic calcareous and 
a southern siliceous biofacies, which characterizes the Antarctic 
water masses (Goodell, 1973). The ACC is presumed to be a 
barrier to the southward migration of warm surface waters, so 
that it thermally isolates the continent. South of the ACC axis, 
the carbonate compensation depth is generally shallow 
(< —500 m), so that calcareous sediments are rarely found on 
the deep seafloor (Kennett, 1966; Echols and Kennett, 1973; 
Barker, Kennett, et al., 1988a, 1988b). 

The Weddell Sea is of particular importance because it is 
probably the major source region for AABW (Deacon, 1937), a 
critical component of the world's thermohaline circulation. Mod
ern WSBW, the densest variety of AABW, is considered to be 
formed mostly in the southern Weddell Sea (Deacon, 1963; Gor
don, 1971), by modification of the ambient Warm Deep Water 
by (1) the extraction of fresh sea-ice by freezing, to leave a cold 
brine, and (2) supercooling beneath the floating Ronne and 
Filchner Ice Shelves (Seabrooke et al., 1971; Gill, 1973; Foster 
and Middleton, 1979, 1980; Weiss et al., 1979; Foldvik and 
Gammelsrod, 1988). WSBW reinforces AABW from beneath 
and becomes a western boundary undercurrent flowing north 
and east. Most recirculates within the cyclonic (clockwise) Wed
dell Gyre (Foster and Carmack, 1976; Deacon, 1979; Treshnikov 
et al., 1980; Gordon et al., 1981), but some flows north through 
topographic deeps beneath the ACC, into the deep basins of 
much of the world ocean (Georgi, 1981; Mantyla and Reid, 
1983). Because of the modern processes involving formation of 
deep waters, surface to deep waters of the Antarctic are similar 
in temperature and other physical properties, and there is little 
vertical structure. Beneath a seasonally variable surface layer, 
extending 20-50 m, three water masses dominate the Weddell 
Sea (Foster and Carmack, 1976): 
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1. Winter Water, characterized by potential temperature 0 = 
- 1.8° to - 1.6°C and salinities S = 34.36%0 to 34.52%0; below 
this is 

2. Warm Deep Water 0 = 0° to 0.8°C and S = 34.64%0 to 
34.72%0; below this is 

3. Antarctic Bottom Water <j> = -0 .8° to 0°C and S = 
34.64%0 to 34.68%o. 

The modern Weddell Sea environment is marked by border
ing ice shelves to the south and west and by the vast winter ex
tent of sea-ice that covers almost all of the region except for the 
Weddell Sea polynya to the east. The Weddell Sea lies south of 
the Antarctic Divergence, a major site of oceanic upwelling and 
the principal site of siliceous productivity and sedimentation. 

The Weddell Sea environment has undergone fundamental 
changes through the Cenozoic; many of the parameters that col
lectively define the modern environment did not exist in the ge
ologic past. Our data show a very different pre-Oligocene Ant
arctic oceanographic and terrestrial regime, with relatively warm 
high-latitude surface waters, a more gentle and continuous me
ridional temperature gradient, thermospheric deep-sea circula
tion, continental glaciation lacking ice-sheets, continental vege
tation, and warmer marine assemblages with higher diversity of 
calcareous forms. The processes of formation of deep waters 
would have been quite different; but in what way? Understand
ing the interrelations between developing environmental charac
teristics, and their broader global significance, was one of the 
primary objectives of Leg 113. 

High-latitude cooling did not proceed uniformly but was 
marked by discrete steps (Kennett, 1977; Berger et al., 1981). An 
understanding of the climatic evolution of Antarctica and the 
surrounding Southern Ocean during the late Phanerozoic is cen
tral to studying the development of global climate and circula
tion. Previous drilling in Antarctic and Subantarctic areas (DSDP 
Legs 28, 29, 35, 36, and 71) provides an important basis for our 
current understanding of the evolution of the Southern Ocean 
and of the climatic and cryospheric development of the Antarc
tic continent. With this greater insight into the Antarctic came 
new questions that required additional drilling and scientific re
search. Leg 113 (5 January-11 March 1987) was the first of four 
(ODP Legs 113, 114, 119, and 120) new scientific ocean drilling 
expeditions in the South Atlantic and Indian sectors of the South
ern Ocean to provide new material for advancement of knowl
edge of Antarctic paleoceanographic and paleoclimatic history. 
This information is complemented by the CIROS-I drilling on 
the continental margin of the Ross Sea (Barrett et al., 1989). 

During Leg 113, nine sites (Sites 689-697) were drilled using 
JOIDES Resolution in the Weddell Sea (Figs. 1 and 2; Table 1). 
These sites form a depth transect for studies of vertical water 
mass stratification, climatic evolution and paleoceanographic 
history of Antarctica, and the surrounding ocean during the 
late Mesozoic and Cenozoic. They represent contrasting envi
ronments: open-ocean pelagic sedimentation on Maud Rise (Sites 
689 and 690), hemipelagic and terrigenous sediments on the 
East Antarctic continental margin (Sites 691-693), a turbiditic 
sequence in the deep Weddell Basin (Site 694), and hemipelagic 
and biogenic sediments on the South Orkney microcontinent 
(Sites 695-697). Of particular importance was the recovery of 
sediments from Sites 689 and 690 (Maud Rise; 65°S; - 7 0 0 km 
north of East Antarctica), the first composite Late Cretaceous 
to Quaternary pelagic sequence from Antarctic waters. This se
quence also represents the southernmost available record of cal
careous deep-sea sediments. Biosiliceous facies progressively re
placed carbonates during the middle to late Cenozoic, reflecting 
sequential cooling of the Antarctic water mass. These sites pro
vide the southernmost anchor for Atlantic biostratigraphy, bio-

Figure 1. Location of Leg 113 Sites (Sites 689-697) in the Weddell Sea. 
All sites lie in the present-day Antarctic water mass, south of the polar 
front (from Robert and Maillot, this volume). 

geography, and isotopic stratigraphy; the first sequence from 
the Antarctic that provides a late Mesozoic-Paleogene calcare
ous nannofossil, and benthic and planktonic foraminiferal, bio
stratigraphy. 

Previously, the most southern calcareous sequences were from 
the Falkland Plateau, 1500 km to the north, and lower Paleo
gene sediments from the northern part of the Antarctic Penin
sula (Seymour Island) contain calcareous assemblages, but these 
were deposited at neritic depths. We were provided with the first 
opportunity to examine the evolution of Antarctic deep water 
formation during the Paleogene and the influence of the chang
ing climatic conditions on the structure of the Antarctic water 
column including seasonality in the region. 

Principal questions addressed by drilling during Leg 113 have 
been described in Barker et al. (1988b) and Barker, Kennett, et 
al. (1988a). One of the central and yet most controversial relates 
to the development of the Antarctic cryosphere. Three general 
models have been proposed: (1) that the cryosphere has exhib
ited a more or less progressive evolutionary development, i.e., 
step-like since the Eocene (e.g., Kennett, Houtz, et al., 1975; 
Shackleton and Kennett, 1975; Hayes, Frakes, et al., 1975; Miller 
et al., 1987a); (2) that a major, permanent ice-sheet had formed 
on Antarctica by at least the earliest Oligocene and probably 
earlier (Matthews and Poore, 1980); (3) that the ice-sheets have 
undergone long-term instability as late as the late Neogene and 
at times almost completely disappeared (e.g., Webb et al., 1984; 
Harwood, 1986). No consensus exists relative to the amount of 
ice accumulation and the permanency of ice-sheets at particular 
times in the geologic past, although there is general agreement 
about the principal times of climatic change (for references, see 
Stott et al., this volume; Kennett and Stott, this volume; Thomas, 
this volume; and Miller et al., 1987a). The processes that led to 
the development of the Antarctic cryosphere during the Ceno
zoic also continue to be debated (Oglesby, 1989). 

These debates have important implications with regard to the 
understanding of global climatic evolution. Sea level has under
gone major fluctuations during the Cenozoic (Vail et al., 1977; 
Pitman, 1978; Haq et al., 1987). Interpretation of the oxygen 
isotopic records for paleotemperature data is based on assump
tions about the volume of major ice accumulations on the polar 
continents at times in the past. It is unclear, however, when such 
accumulations of ice began to affect the oxygen isotopic record 
and sea level. For example, the oxygen isotopic record has been 
interpreted by a number of workers to suggest that substantial 

939 



J. P. KENNETT, P. F. BARKER 

NW 
South Orkney 
microcontinent Maud Rise 

SE 
Dronning 

Maud Land 

694 
5000-

689 

Figure 2. Schematic northwest-southeast transect across the Weddell Sea showing the relative position and depth distribution of Leg 113 sites. The 
location of Maud Rise has been projected to the west (see Fig. 1) (from Barker, Kennett, et al., 1988). mbsl = meters below sea level. 

Table 1. Leg 113 site location and coring summary. 

Hole 

689A 
689B 
689C 
689D 
690A 
690B 
690C 
691A 
691B 
691C 
692A 
692B 
693A 
693B 
694A 
694B 
694C 
695A 
696A 
696B 
697A 
697B 

Date 
(1987) 

Jan. 15-16 
16-18 

18 
18-19 
19-20 
20-21 
21-23 
25-26 

26 
26 
26 

26-30 
Jan. 30-Feb. 5 

Feb. 5-6 
9-10 

10-14 
14-18 
20-23 
23-24 

Feb. 24-Mar. 2 
Mar. 3-4 

4-7 

Latitude 

64°31.01'S 
64°3i.ors 
64°31.01'S 
64°31.01'S 
65°09.63'S 
65°09.63'S 
65°09.62'S 
70°44.54'S 
70°44.64'S 
70°44.58'S 
70°43.45'S 
70'43.43'S 
70°49.89'S 
70°49.89'S 
66°50.83'S 
66°50.84'S 
66°50.82'S 
62°23.48'S 
61°50.95'S 
61°50.96'S 
61°48.63'S 
61°48.63'S 

Longitude 

3°06.00'E 
3°06.00'E 
3°06.03'E 
3°06.03'E 
1°12.30'E 
1°12.30'E 
1°12.29'E 
13°48.66'W 
13°48.56'W 
13°48.68'W 
13°49.21'W 
13°49.20'W 
14°34.41'W 
14°34.46'W 
33°26.79'W 
33°26.83'W 
33°26.76'W 
43°27.10'W 
42°55.98'W 
42°56.00'W 
40°17.27'W 
40°17.75'W 

Water 
depth3 

(m) 

2080 
2080 
2080 
2080 
2914 
2914 
2914 
3035 
3038 
3025 
2880 
2875 
2359 
2359 
4653 
4653 
4653 
1305 
650 
650 

3481 
3483 

Penetration 
(m) 

11.8 
297.3 
27.6 

133.8 
9.9 

213.4 
321.2 

0.1 
1.7 

12.7 
6.7 

97.9 
483.9 
403.1 

9.8 
179.2 
391.3 
345.1 
103.0 
645.6 
20.9 

322.9 

No. of 
cores 

1 
33 
3 

12 
1 

25 
24 

1 
1 
1 
1 

13 
51 
19 

1 
24 
23 
42 
12 
62 

3 
32 

Cored 
(m) 

9.5 
297.3 
27.6 

115.7 
7.7 

213.4 
200.6 

0.1 
0 
0 
6.7 

97.9 
483.9 
167.4 

9.8 
179.2 
212.1 
341.1 
106.0 
569.0 
28.1 

304.9 

Recovered 
(m) 

9.4 
229.4 

20.5 
116.0 

9.9 
214.6 
185.6 

0.1 
0 
0 
0.7 

29.3 
213.5 
92.2 

9.8 
67.1 
71.7 

254.4 
58.3 

156.7 
26.6 

188.3 

Recovery 
(%) 
98.4 
77.2 
74.4 

100.0 
128.0 
100.5 
88.3 

100.0 
0 
0 

10.0 
30.0 
44.1 
55.1 

100.0 
37.4 
33.8 
73.7 
55.0 
27.5 
94.7 
61.7 

aDepth = bottom felt (m, drill pipe from the dual elevator stool) — 11.1 m. 

ice-sheets developed at times during the Oligocene (Miller and 
Fairbanks, 1983; Shackleton et al., 1984; Miller and Thomas, 
1985; Wise et al., 1985; Murphy and Kennett, 1986). Such con
clusions are based upon isotopically derived bottom-water tem
peratures cooler than those of the present oceans. Other work
ers have employed sedimentary criteria from the continental 
margins as evidence for the existence of major Oligocene ice-
sheets (e.g., Shipboard Scientific Party, Leg 119, 1988; Barrett 
et al., 1989), although the extent and permanency of such possi
ble ice-sheets are open to question. 

The purpose of this contribution is to summarize principal 
results of Leg 113 related to the latest Cretaceous through Ceno
zoic paleoclimatic, paleoceanographic, and biogeographic de
velopment of the Weddell Sea region. Details of the results sum
marized here are set forth in other chapters and in Barker, Ken
nett, et al. (1988a), and the reader is referred to these sources. 
We do not attempt to include extensive referencing of the perti
nent outside literature, since this is largely provided in each 

chapter. Nor do we summarize the results of individual sites, 
since this is already given in Barker, Kennett, et al. (1988a). The 
chronostratigraphic time scale of Berggren et al. (1985a, b, c) 
has been used consistently throughout this report. 

We consider that the scientific investigations resulting from 
Leg 113 have been very successful. Much was learned, but many 
problems remain and additional questions have been raised. Con
trasting ideas have arisen over the interpretations of the recov
ered sequences, and we attempt to point these out in the discus
sions. Many of the major questions posed to Leg 113 scientists 
cannot be solved by a single approach. An integrated approach 
is needed using a broad array of sedimentologic, micropaleon-
tologic, and geochemical parameters. Further, the results from 
Leg 113 will need to be integrated with the results derived from 
the three later Antarctic ODP expeditions (Legs 114, 119, and 
120). Clearly, given the limitations of data, some conclusions 
formulated by studies of Leg 113 materials will need modifica
tion as a result of these other expeditions. 
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SUMMARY OF WEDDELL SEA LATEST 
CRETACEOUS-CENOZOIC PALEOCLIMATIC/ 

PALEOCEANOGRAPHIC HISTORY 

Paleoclimatology-Paleoceanography: Latest Cretaceous 
During the Maestrichtian, a range of parameters, including 

oxygen isotopes, clay mineralogy, and characteristics of plank
tonic microfossil assemblages at Sites 689 and 690, indicates 
temperate to cool subtropical climates with high seasonality in 
Antarctica and its vicinity. Oxygen and carbon isotopic offsets 
between various planktonic and benthic foraminiferal species 
suggest the presence of a well-developed seasonal thermocline. 
These gradients suggest high seasonality in the surface waters 
near Antarctica and hence probably on the continent itself. Leg 
113 data provide no evidence of cryospheric activity in the Ant
arctic region. A general increase of ~0.75%o-1.2%o in 5180 val
ues in foraminifers during the Maestrichtian indicates a cooling 
trend in both surface and intermediate waters (Barrera and Hu-
ber, this volume) and is similar to that reported for the Maes
trichtian of Seymour Island, Antarctica (Barrera et al., 1987). 
Both sequences also exhibit a rapid increase in 5180 near the be
ginning of the late Maestrichtian ( — 69.9 Ma) preceded by a dis
tinct decrease in 513C. In the absence of sea-ice during the Maes
trichtian, it is unclear if the Antarctic represented a major source 
of deep waters to the world ocean. The interpretation of the sta
ble isotopic composition of Maestrichtian foraminifers in the 
two Maud Rise sites led Barrera and Huber (this volume) to sug
gest that deep waters of the South Atlantic were of Antarctic or
igin, as Barrera et al. (1987) had previously inferred based on 
studies of an Upper Cretaceous sequence on Seymour Island. 
The benthic foraminiferal oxygen isotopic data from Maud Rise, 
however, are unclear because cooler isotopic temperatures are 
recorded at the shallow (Site 689), rather than the deeper site 
(Site 690). On the other hand, isotopic temperatures are also 
lower for planktonic foraminifers and bulk carbonate at Site 
689, when no difference should occur in surface-water tempera
tures at such nearby sites. 

Clay minerals in Maestrichtian sediments are dominated by 
smectite and are considered to represent evidence for warm con
tinental climates and strong hydrolysis resulting from alternat
ing wet and dry seasons (Robert and Maillot, this volume). 

Planktonic and benthic foraminiferal and calcareous nanno
fossil assemblages of Maestrichtian age in the Weddell Sea are 
similar to those previously reported from the Falkland Plateau 
and other high southern latitudes (Huber, this volume; Pospi
chal and Wise, this volume, chapter 30). These assemblages 
form a distinct southern biogeographic planktonic province. A 
relatively cool aspect to this province is indicated by low diver
sity (maximum of ~ 16 planktonic foraminiferal species per sam
ple; total of 24 for Maestrichtian), an absence of forms known 
from lower latitudes and the presence of southern endemic taxa. 

An apparently complete uppermost Cretaceous-lower Tertiary 
(K/T) calcareous sequence at Site 690 has provided vital infor
mation about paleoclimatic and paleoceanographic changes be
fore, during, and after the K/T boundary in the Weddell Sea. 
Stable isotopic data indicate that significant climatic and ocean
ographic changes occurred prior to the K/T mass extinction event 
(Stott and Kennett, this volume, chapter 47; Pospichal and Wise, 
this volume, chapter 32) and an enrichment in iridium (Michel 
et al., this volume) at the K/T boundary (66.4 Ma). This sup
ports the observations of previous workers (e.g., Askin, 1989; 
Keller, 1989). An oxygen isotopic decrease of up to ~0.7%o rep
resenting an apparent warming of ~3°C of surface and inter
mediate waters, is recorded in planktonic and benthic foramini
fers between 66.9 and 66.6 Ma (Fig. 3). In spite of the magni

tude of this short-term warming of Weddell Sea waters, there 
were no significant changes in the planktonic microfossil assem
blages. This, in turn, suggests that the warming event neither 
affected the structure of the thermocline nor caused any signifi
cant changes in the marine biotic environment of the Weddell 
Sea (Stott and Kennett, this volume, chapter 47). 

This negative isotopic excursion was short-lived and was im
mediately followed (Fig. 3) by a positive excursion of similar 
magnitude between 66.6 Ma (latest Cretaceous) and ~66.3 Ma 
(earliest Paleocene) recorded in both planktonic and benthic 
foraminifers (Stott and Kennett, this volume, chapter 34). This 
positive excursion began 200 k.y. prior to the K/T boundary 
and coincided with a general increase (from 0.2 to 0.8 g/cm2/ 
k.y.) in the accumulation rate of calcium carbonate. Surface wa
ters seem to have cooled at the same time at lower latitudes 
(Zachos and Arthur, 1986), indicating that this event was more 
than local. Paleoclimatic changes, such as those clustered very 
close to the K/T boundary, are atypical for the interval begin
ning 1 m.y. prior to and 2 m.y. following the boundary. 

A decrease in isotopic gradients between several planktonic 
foraminiferal species suggests that the thickness and strength of 
the thermocline was reduced in response to the decrease of sea-
surface temperature at the end of the Cretaceous. Alternatively 
there may have been changes in the seasonal temperature con
trasts in the Antarctic (Stott and Kennett, this volume, chapter 
34). Changes in the seasonal thermocline may, in turn, have had 
a significant effect on the Antarctic trophic system, although 
there is little evidence of major faunal change that occurred 
during the cooling interval that preceded the K/T boundary. If, 
on the other hand, the rapid warming and cooling events that 
preceded the K/T boundary were global, the question arises as 
to whether there was a relationship between these changes and 
the K/T boundary mass extinction event. Clearly the cooling it
self did not cause the extinctions, but the environmental changes 
imposed on the marine and terrestrial biota may have predis
posed them to extinction; with extinction and mass mortality re
sulting from a superimposed catastrophic event (Stott and Ken
nett, this volume, chapter 34). 

The <513C record from Maud Rise also indicates that signifi
cant paleoceanographic changes immediately preceded the K/T 
boundary mass extinction event (Fig. 4). A major positive 513C 
excursion occurred during the interval 200-300 k.y. before the 
boundary, involving a shift of planktonic and benthic 513C of 
~0.5%o-0.75%o. This positive carbon isotopic shift is larger 
than most other similar shifts during the Cenozoic. Changes in 
513C of the same magnitude have been recorded at lower lati
tudes in the Atlantic and Pacific Oceans in uppermost Creta
ceous deep-sea sequences (Shackleton et al., 1984; Zachos et 
al., 1989), indicating an ocean wide change in the total dis
solved inorganic carbon (TDC) reservoir. The magnitude of this 
shift, and its association with oxygen isotopic cooling of surface 
waters, suggests that it may have been linked to global climate 
change through feedback loops in the carbon cycle (Stott and 
Kennett, this volume, chapter 47). For example, the isotopic 
changes may have been caused by an increase in burial rate of 
organic carbon in the oceans, a decrease in atmospheric pC02 , 
and a resulting reversed greenhouse effect. 

In summary, the sequence of events recorded in the Maud 
Rise sites, in association with similar observations in other parts 
of the world ocean, clearly show that major changes occurred in 
the marine environment during the last 200 k.y. of the Creta
ceous. Any model that attempts to explain the demise of the 
oceanic plankton at the end of the Cretaceous should take into 
consideration the oceanic environmental changes that occurred 
prior to the mass extinction event. 
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The Cretaceous/Tertiary Boundary and Immediate 
Aftermath 

Moderately detailed studies of the K/T boundary interval in 
the Weddell Sea were made possible because of the availability 
in Hole 690C of a continuous, although highly bioturbated, K/ 
T boundary calcareous sequence, the first obtained from the 
deep-sea Antarctic region. The K/T boundary is recognized on 
the basis of extinctions of Cretaceous planktonic foraminifers 
(Stott and Kennett, this volume, chapter 47) and calcareous nan
nofossil species (Pospichal and Wise, this volume, chapter 32) 
near the top of Chron 29R (Hamilton, this volume). The bio
stratigraphically defined boundary coincides with a distinct irid-
ium spike at 247.79 mbsf (Michel et al., this volume). Upper 
Maestrichtian-lowermost Paleocene sediments consist mostly of 
light-colored nannofossil chalks. Dark brown sediments at the 
base of the Danian (Zone CPla) are marked by a relative in
crease in clay content inferred to result from a decrease in cal
careous plankton productivity following the terminal Cretaceous 
event (Pospichal and Wise, this volume, chapter 30). The clays 
at the K/T boundary exhibit slightly higher abundances of proba
bly volcanogenic smectite, although these are considered to be 
secondarily derived rather than representing evidence of increased 
volcanic activity at that time (Robert and Chamley, in press). 

In contrast to the massive changes in calcareous plankton 
that occurred at the boundary, the benthic foraminifers exhibit 
relatively minor changes (Thomas, this volume). The boundary 
is placed in Hole 690C by Stott and Kennett (this volume, chap
ter 47) between 247.75 and 247.80 mbsf, that interval where ma
jor extinctions occurred in Cretaceous planktonic foraminifers 
and where Paleocene forms began to dominate. Pospichal and 
Wise (this volume, chapter 32) place the boundary slightly lower, 
between 247.81 and 247.89 mbsf based on the appearance of Bi-
antholithus sparsus, which they considered to be the first true 
Tertiary calcareous nannofossil form to appear in this sequence. 
This level also coincides well with the beginning of the rise in 
number of "survivor" taxa and the decline of Cretaceous spe
cies. Calcareous nannofossils underwent a sequential change 
across the boundary: Cretaceous assemblages with a diversity of 
— 20 species gave way at the boundary to a "survivor" domi
nated assemblage (~5 to 6 survivor forms and two Tertiary 
forms), followed within 35 cm by the beginnings of a rapid spe-
ciation of Tertiary taxa (Pospichal and Wise, this volume, chap
ter 32). 

All Cretaceous calcareous dinoflagellate species ("calcispheres") 
became extinct at or immediately above the K/T boundary. An 
assemblage made up of new forms almost immediately evolved 
and began to flourish in Zone CPla, making up an important 
component of the total sediment (Futterer, this volume). The 
abundance of calcispheres is highest in the lower Paleocene 
(CPlb to lower CP2 up to 30%), perhaps suggesting that these 
were opportunistic planktonic forms that were able to evolve 
rapidly and flourish in new environmental conditions. At al
most the same latitude (~66°S) on Seymour Island, northern 
Antarctic Peninsula, silicoflagellates exhibit an abrupt extinc
tion at the end of the Cretaceous and a gradual recovery during 
the early Paleocene (Harwood, 1988). In contrast, diatom diver
sity was largely unaffected by the K/T boundary events that 
devastated the other planktonic groups, although diatom resting 
spore abundances significantly increased (Harwood, 1988). Har
wood (1988) has suggested that resting spore formation added 
to the survival of the diatoms. Pollen and spores from the Sey
mour Island sequence record little change and suggest that there 
was no abrupt event in the terrestrial vegetation across the Cre
taceous/Tertiary boundary for this part of the Antarctic (Askin, 
1988). Likewise, most changes in marine invertebrate macro fos
sils occurred gradually over the K/T boundary interval in the 

Seymour Island sequence. These took place over an interval of 
as much as 50 m with no single extinction horizon (Zinsmeister 
et al., in press). 

Continued changes in the 513C of microfossils across the K/T 
boundary in Hole 690C (Fig. 4) indicate further major changes 
in the distribution of carbon in the oceans at this time, and of 
the global carbon budget. Benthic 513C values were at their high
est levels at the boundary and then began to decrease ~ 100 k.y. 
following the boundary (Stott and Kennett, this volume, chap
ter 47; Stott and Kennett, in press). By 100 k.y. following the 
boundary, all calcareous planktonic microfossils record a de
crease in S13C. This is the well-known 513C excursion that oc
curred in the earliest Paleocene (see Stott and Kennett, this vol
ume, chapter 34, for extensive references). At the end of this ex
cursion, in the early Paleogene, benthic 513C values were similar 
to those in the pre-K/T boundary intervals. The negative shift 
may have resulted from a change in 513C of the oceanic total dis
solved carbon reservoir due to reduced organic carbon burial 
and/or increased organic carbon flux to the oceans. Also of im
portance at the K/T boundary in Hole 690C was a reduction in 
the surface-to-deep-water gradient of 513C (A513C) of ~0.6%o 
(Fig. 4). A decrease in this gradient just above the K/T bound
ary is well known from studies in other deep-sea sequences and 
has been equated with a period of extremely low oceanic pri
mary productivity as a result of the mass extinction of plankton 
at the K/T boundary (Zachos and Arthur, 1986; Arthur et al., 
1987), the so-called "Strangelove Ocean" (Broecker and Peng, 
1982; Hsu and McKenzie, 1985). The lowest values of calcium 
carbonate in Hole 690C are recorded in the earliest Tertiary 
zone (APa), an interval marked by particularly low A513C. The 
Maud Rise carbon isotopic data support the previous interpreta
tions of a global reduction in oceanic primary productivity. 
However, at Hole 690C, the planktonic-benthic 513C gradient 
(A513C) was not totally eliminated as in other regions (Zachos 
and Arthur, 1986), suggesting that productivity was not dimin
ished in the region as much as in other areas or that the isotopic 
values at other sites are biased due to the use of mixed assem
blages of different planktonic and benthic species. 

The isotopic data from the Weddell Sea also suggest that re
covery from this extinction episode may have been different from 
that of other areas. At Hole 690C, A513C gradually increased 
during the 400 k.y. interval following the K/T extinction level, 
leading to the establishment of a normal A513C gradient by ~ 66 
Ma (Fig. 4). In other areas, the vertical gradient may not have 
begun to be reestablished until 400 k.y. following the inferred 
oceanic productivity collapse at the boundary (Zachos and Ar
thur, 1986). These results may suggest regional differences in the 
"Strangelove Ocean," although it has been pointed out by Stott 
and Kennett (this volume, chapter 47) that the measured iso
topic gradients in various sequences may be complicated by dis
equilibrium effects in the microfossils themselves during the time 
of the "Strangelove Ocean." 

Thomas (this volume) determined that no major extinctions 
occurred in deep-sea benthic foraminiferal assemblages at a time 
when primary productivity was surely reduced due to the plank
tonic extinctions. This is perhaps surprising, considering that 
food resources for benthic organisms are ultimately derived from 
the ocean's surface. Thomas (this volume) did note, however, 
that epifaunal species increased relative to infaunal forms im
mediately following the K/T boundary on Maud Rise, possibly 
as a result of decreased nutrient supply. The few benthic fora
minifers that did disappear at the boundary were largely those 
considered by Thomas (this volume) to have lived within the 
sediments (infaunal). 

Another paradox is that there was little change in the 513C 
composition of benthic foraminifers in the 100 k.y. interval im
mediately following the K/T boundary. Stott and Kennett (in 
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press) have suggested that this indicated either that there was lit
tle change in preformed 513C of deep waters formed in the Ant
arctic, or that the Antarctic was not an important source of 
deep waters flowing to the Maud Rise during the earliest 
Paleocene. 

Paleocene Climatic Conditions 
Diverse calcareous planktonic and benthic microfossil assem

blages through much of the Paleocene (except the interval fol
lowing the K/T boundary mass extinction event; Stott and Ken
nett, this volume, chapter 34) reflect the relative warmth of sur
face and bottom waters close to Antarctica. East Antarctica 
continued to be a rich source of fine-grained terrigenous sedi
ment during the Paleocene (Barker, Kennett, et al., 1988a). The 
clay continued to be dominated by smectite, reflecting relative 
warmth and a predominance of chemical rather than physical 
weathering on the continent (Robert and Maillot, this volume). 

Oxygen isotopic studies of planktonic foraminifers from Maud 
Rise (Stott et al., this volume) (Fig. 5) indicate that the surface-
water temperatures were lower in the early Paleocene (average of 
~9°-10°C) than in the Late Cretaceous. Estimates of surface-
water temperatures for the tropical Pacific (Site 577) during the 
earliest Paleocene were only ~ 12°C (Zachos et al., 1989), re
markably low for such latitudes. Thus the polar to tropical me
ridional temperature gradient may have been only ~3°C. How
ever, if the salinities of tropical surface waters were relatively 
high at that time, this gradient would have been higher than it 
appears. At middle latitudes of the South Atlantic (Site 527), 
surface-water temperatures differed little from those of the Ant
arctic region (Shackleton et al., 1984), indicating the existence 
of a broad southern oceanographic province and the influence 
of warm western boundary currents in the Weddell Sea. Calcar
eous nannofossil assemblages also define broad oceanic biogeo-
graphic provinces at this time. Their distribution in the South 
Atlantic indicates that the Maud Rise was part of a relatively 
warm surficial water mass that extended northward to at least 
the Falkland Plateau. Further to the north, on the Rio Grande 
Rise, there flourished different, warmer Paleocene nannofossil 
assemblages (Haq et al., 1977; Barker, Kennett, et al., 1988a) 
suggesting the presence of a meridional temperature gradient. 

In the middle part of the Paleocene (~ 63 Ma), surface wa
ters began to warm (Fig. 5) and the thermocline strengthened in 
the Weddell Sea area. This represents the beginning of a broad, 
global warming trend that spanned the late Paleocene and early 
Eocene (Stott and Kennett, this volume, chapter 34; Kennett 
and Stott, this volume). Calcareous nannofossil and planktonic 
foraminiferal assemblages were dominated by high latitude, cooler 
taxa (Pospichal and Wise, this volume, chapter 30; Stott and 
Kennett, this volume, chapter 34). However, the calcareous nan
nofossils also include a low diversity but abundant group of dis
coasters and sphenoliths. Abundant discoasters and sphenoliths 
are reliable indicators of warm surface waters (Pospichal and 
Wise, this volume, chapter 37), and the oxygen isotopic evi
dence in combination with the occurrence of abundant discoas
ters suggests warm temperate to cool subtropical conditions 
during the late Paleocene. The presence of discoasters in the 
Maud Rise sequence enabled Pospichal and Wise (this volume, 
chapter 37) to directly apply the often-used low-latitude calcare
ous nannofossil biostratigraphic zonations for the upper Paleo
cene to lower Eocene intervals (Martini, 1971; Okada and Bukry, 
1980). Well-developed oxygen isotopic gradients between several 
planktonic foraminiferal taxa and benthic foraminifers suggest 
that the thermocline was well established during the late Paleo
cene. 

The appearance of kaolinite during the earliest Paleocene in 
relatively low abundance (5%) suggests that humidity progres
sively increased during the Paleocene on East Antarctica. Under 

warm, humid climatic conditions, hydrolysis causes heavy weath
ering of parent-rock and the removal of soluble chemical ele
ments in well-drained areas and hence favors the formation of 
kaolinite in soils (Millot, 1970; Robert and Maillot, this vol
ume). Kaolinite formation is thus favored by increased precipi
tation and runoff and/or higher relief. In the absence of high 
tectonic relief in Dronning Maud Land in the early Paleogene 
(Grikurov, 1982), it is most likely that the kaolinite in the Maud 
Rise Paleocene formed as a result of slightly increased humidity 
and precipitation (Robert and Maillot, this volume). The Paleo
cene at Hole 690B is distinguished by the presence of cyclical 
reddish sediments, the only interval in the Maud Rise sequence 
to exhibit such colors. The origin of these colored clays is still 
unclear but probably reflects the climatic conditions of the source 
area. The rich reddish colors may, for instance, indicate laterite 
formation (Barker, Kennett, et al., 1988a) and, if so, these were 
possibly unique to the Paleocene. The presence in Paleocene 
sediments of nearby Seymour Island of leaf fossils dominated 
by small-leaved Nothofagus suggests the presence of temperate 
Nothofagus forests, at least in the area of the northern Antarc
tic Peninsula (Case, 1988). 

Paleocene/Eocene Boundary Event 
Conspicuous paleoenvironmental and biotic changes mark 

the end of the Paleocene (magnetobiostratigraphically dated at 
~ 57.5 Ma) as shown by studies of the Maud Rise sequences. At 
that time, the 5180 of planktonic foraminifers (Stott et al., this 
volume) indicate a surface-water temperature increase of 5° -
7°C (Fig. 5) leading to a maximum of Antarctic surface water 
temperatures (~ 18°-20°C). This is perhaps the warmest inter
val of the entire Cenozoic and forms a spike of less than ~ 200 
k.y. in duration (Stott and Kennett, unpubl. data). Oxygen iso
topic temperatures for benthic foraminifers living at intermedi
ate water depths also record this warm spike. The surface to 
deep water temperature gradient was strongly reduced and indi
cates that the entire water column became warmer. The presence 
of the planktonic foraminifers Morozovella during the Paleo
cene/Eocene transition supports significant warming of surface 
waters at this time (Stott and Kennett, this volume, chapter 34), 
since these forms have not been reported from other Paleogene 
intervals. A peak in discoaster diversity (up to six species) and 
abundance also coincides with the Paleocene/Eocene transition 
and the negative 5180 peak (Pospichal and Wise, this volume, 
chapter 37) supporting interpretations of extreme Antarctic 
warmth. A peak in kaolinite abundance (20%) at this time sug
gests an increase in humidity and precipitation on the Antarctic 
continent (Robert and Maillot, this volume). Isotopic tempera
tures of inferred surface-dwelling planktonic foraminifers be
came very similar between the Antarctic (Maud Rise) and the 
tropical Pacific (Miller et al., 1987b), indicating a reduction in 
the meridional temperature gradient at that time (Stott et al., 
this volume). This inferred reduction in the meridional tempera
ture gradient was associated with a decrease in the grain size of 
eolian sediments in the tropical Pacific (Owen and Rea, 1985; 
Miller et al., 1987b) interpreted to be due to a reduction in wind 
strength (Stott et al., this volume). 

The Paleocene/Eocene transition is also associated with a 
well-known negative shift in the 513C composition of the oceans 
(Fig. 6; Shackleton et al., 1985; Shackleton, 1987; Miller et al., 
1987a). This shift (~ 1.25%o-2%o), recorded in both planktonic 
and benthic foraminifers, began during the late Paleocene at 
about 61 Ma and reached a climax at the Paleocene/Eocene 
boundary in association with the other events (Fig. 6). The car
bon isotopic changes are exhibited equally in both benthic and 
planktonic foraminifers, and hence no major change occurred 
in the surface-to-deep water gradient of 513C (Miller et al., 
1987a), especially in the deep sea. At this time, the diversity of 

945 



J. P. KENNETT, P. F. BARKER 

planktonic 
foram. 

Age zone Ma -3 

5180 O/oo 

-2 

CD c 
CD 
o 
o 
D) 

CD 
c 
CD 
O 
o 
LU 

CD c 
CD 
o 
o 

CO 
Q _ 

CD 

O 

1 
E 

not 
zoned 

AP14b 

AP14a 

AP13 

AP12 

AP11 

AP10 

AP9 

AP8 

AP7 

AP6b 

AP6a 

AP5 

AP4 

AP3 

AP2 

AP1b 

AP1a 

A P o / 

A. 
mayar. 

Sites 689/690 

30 

35 -

40 

45 

50 

55 -

60 

65 

* • .• 

•% 

> Acarinina 
> Chiloguembelina 
D Globigerinatheka 

> Planorotalites 
• Subbotina 

u B B D 

D D « 
Dr>0 m 

> • • •• 
> • • + 

. ■ * • 

" .# 

• •> 

• V. 
% 

• 

•• 

18 16 14 12 10 

Figure 5. Composite Paleogene oxygen isotopic record relative to PDB of the inferred shallow-dwelling planktonic foraminifers (open symbols) and 
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benthic foraminifers on Maud Rise dropped by - 5 0 % , and 
35% of the species became extinct over a period of <25,000 
years, the most conspicuous extinction in the Antarctic deep sea 
sequence since at least the Maestrichtian (Thomas, this vol
ume). This extinction level in benthic foraminifers at the Paleo
cene/Eocene boundary is known to be widespread in the oceans 
(Beckmann, 1960; Braga et al., 1975; Schnitker, 1979; Tjalsma 
and Lohmann, 1983; Miller et al., 1987a; Katz and Miller, 1988) 
and is generally considered to be the most important deep sea 
benthic extinction in the Late Mesozoic and Cenozoic. The ex
tinction level in the Maud Rise sequence (Thomas, this volume) 
coincides with a distinct negative spike in both benthic and 

planktonic <5180 and S13C (Stott and Kennett, unpubl. data). 
Thomas (this volume) showed that the extinction eliminated a 
greater number of epifaunal relative to infaunal species and sug
gested that the extinctions resulted from a reduction in oxygen 
levels due to changes in deep water formation. Infaunal species 
became dominant. For these and other reasons, Stott et al. (this 
volume), Kennett and Stott (this volume), and Thomas (this vol
ume) believe that the event at the Paleocene/Eocene boundary 
resulted either from a switch in formation of deep waters from 
high to low latitudes, or a major increase in warm-saline deep 
waters derived from low latitude sources. It is possible that the 
production of cool intermediate waters at high southern lati-
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tudes may have been turned off briefly at the Paleocene/Eocene 
boundary as a result of extreme warmth and an infusion of 
warm waters from lower latitudes. Such waters, being older and 
warmer, would be lower in dissolved oxygen and would also 
have higher nutrient concentrations and thus lower 613C. This 
might result in preferential extinction of the epifaunal benthic 
species rather than the infaunal foraminiferal species, the latter 
having already adapted to living in low-oxygen environments 
(Thomas, this volume). 

Early Eocene Warmth 
The early Eocene was the time of maximum Cenozoic sur

face and deep-water temperatures in the Weddell Sea (Stott et 

al., this volume; Kennett and Stott, this volume) (Figs. 5, 7). 
Sea-surface temperatures in the Antarctic during much of the 
Eocene were temperate and at times approached cool subtropi
cal. High northern latitudes were also marked by warm climates 
during much of the Paleogene, until the early late Eocene (e.g., 
Wolfe, 1980). One of the current paleoceanographic questions is 
to explain this exceptional Cenozoic warmth and the subsequent 
transition to colder climates. 

Maximum temperatures recorded by the shallow-dwelling 
acarininids (planktonic foraminifers) during the early Eocene 
were between 15° and 16°C during the austral summer season 
when the thermocline was well developed (Fig. 5). In contrast, 
the maximum isotopic temperatures inferred for the deep-dwell-
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Figure 7. Paleogene oxygen isotopic record relative to PDB for the ben
thic foraminifer Cibicidoides in Holes 689B (solid circles) and 690B 
(open circles) (Maud Rise). Age scale is that of Berggren et al. (1985a). 
(From Kennett and Stott, this volume.) 

ing subbotinids (planktonic foraminifers) were between 12° and 
14°C, similar to values estimated for the benthic foraminifers 
(Stott and Kennett, this volume, chapter 34). Minimum isotopic 
temperatures inferred for subbotinids during the Eocene were 
about 9°C. Minimum oxygen isotopic temperatures indicated 
by the subbotinids and benthic foraminifers were assumed by 
Stott et al. (this volume) to represent approximate winter sea-
surface temperatures near Antarctica, the possible source of 
these waters. It is a reasonable assumption that the Antarctic 
continent lacked any significant ice accumulation during the 
early Eocene; given this, the minimum isotopic temperatures in
ferred for surface waters precludes the possibility of sea-ice about 
Antarctica (Stott et al., this volume). 

The alternative assumption, that there was a continental ice 
sheet, raises the inferred minimum surface water temperature 
and makes the seasonal presence of sea-ice around the continent 
even less likely. The range of variation of isotopic temperatures 
expressed by the planktonic foraminifers suggests a greater ther
mal stratification during the early Eocene relative to the Paleo
cene. Furthermore, summer/winter seasonal temperature con
trasts were calculated using the 5180 values of inferred summer 
and winter dwelling planktonic foraminifers (Stott et al., this 
volume). These were ~4°-5°C in the earliest Eocene and in
creased to ~6°-7°C during the late early Eocene. These ranges 
seem to be conservative when considered for an environment ex
hibiting long periods of winter darkness and summer light. The 
diversity of planktonic foraminifers remained relatively high (av

erage = 9 species; range = 6-11 species) throughout most of 
the early to early middle Eocene, reflecting the warm surface-
water temperatures (Stott and Kennett, this volume, chapter 34). 
However, several forms characteristic of the low latitudes were 
never present, reflecting the cooler conditions at high latitudes. 
The late Paleocene-early Eocene interval is marked by short
lived benthic foraminiferal assemblages. This suggests that deep 
water environments were more unstable at that time than earlier 
or later (Thomas, this volume). 

A wide range of 613C values within the planktonic foramini
fers (shallow and deep dwellers; Fig. 6) also supports the con
clusion of a well-developed thermocline and high seasonal con
trasts during the early Eocene. This gradient began to decrease 
beginning in the late early Eocene, suggesting either a decrease 
in the strength of the thermocline or reduced cycling, thereby re
ducing the vertical A513C (Stott et al., this volume). 

Middle Eocene: Beginning of Climatic Cooling 
Average sea-surface temperatures over Maud Rise remained 

warm during the middle Eocene, never lower than ~8°-9°C 
(Fig. 5). Such warm temperatures would indicate a general ab
sence of seasonal sea-ice in the vicinity of Maud Rise (Stott et 
al., this volume). At the beginning of the middle Eocene (52 
Ma), the maximum inferred summer surface water temperature 
was ~ 14°C and the minimum winter temperature was ~ 10°C. 
By 45 Ma (middle middle Eocene), temperatures had decreased 
to - 12° and ~8°C, respectively (Fig. 5). The thermal maxi
mum of the early Eocene (Fig. 7) ended with the beginning of a 
long-term cooling trend in surface and deep waters at high lati
tudes at about 52 Ma (Shackleton and Kennett, 1975;, Shackle
ton et al., 1984; Oberhansli et al., 1984; Stott et al., this vol
ume; Kennett and Stott, this volume). The cooling trend contin
ued through the middle and late Eocene with no apparent 
reversals, and it is largely encompassed within three discrete 
steps, each of about 2°-3°C at 43 Ma, 40 Ma (middle/late Eo
cene), and ~ 36 Ma (earliest Oligocene). Benthic foraminiferal 
diversity decreased (Thomas, this volume). Changes in the cal
careous nannofossil assemblages in the Maud Rise sequence re
flect this cooling trend (Wei and Wise, this volume) so that even 
by the middle Eocene, the discoasters and sphenoliths, both 
warm-water groups, had become rare. Because of this, the mid
dle Eocene calcareous nannofossil assemblages had become no
ticeably lower in diversity. In the tropics and subtropics, the 
sphenoliths were rapidly evolving and diversifying but were pre
cluded from the Antarctic region because of the cooling trend. 
Hence, biostratigraphic correlations are made more difficult be
tween the Antarctic and low latitudes. Nevertheless, the diver
sity of the Eocene calcareous planktonic assemblages on Maud 
Rise is moderately high, and assemblages have a temperate cli
matic character (Barker, Kennett, et al., 1988a). 

To the north, on the Falkland Plateau, higher diversity mid
dle Eocene calcareous nannofossil assemblages contain both dis
coasters and sphenoliths (Wise et al., 1985). This indicates that 
by the middle Eocene, a clear thermal gradient and biogeo-
graphic discontinuity had developed between Maud Rise and 
the Falkland Plateau. The cooling of Antarctica was beginning 
to strengthen the Earth's meridional thermal gradient. 

Changes in isotopic gradients between various foraminiferal 
taxa (Figs. 5 and 6) suggest that the Eocene cooling trend was 
associated with an inferred decrease in the strength and/or du
ration of the seasonal thermocline and a reduction in seasonal
l y expressed in the Antarctic surface waters (Stott et al., this 
volume). Decreased seasonality can be expected to result from 
the cooling of high-latitude surface waters. Evidence for this 
trend is best shown by decreases in the 613C gradient between in
ferred shallow- and deep-dwelling planktonic foraminifers (Fig. 
6), with an initial step at ~ 47 Ma (middle middle Eocene) and 
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at — 42 Ma. A relatively diverse dinocyst assemblage in the mid
dle to upper Eocene at Site 696 suggests temperate or warmer 
conditions in the northern Antarctic Peninsula area. The diver
sity of this group decreased during the latest Eocene, probably 
in response to cooling (Mohr, this volume, chapter 36). A de
crease in diversity in the planktonic foraminifers also occurred 
during the late middle Eocene to late Eocene as a result of the 
extinction of several forms (Stott and Kennett, this volume, chap
ter 34); late Eocene assemblages are dominated by only three or 
four species. 

For post-Paleocene times, benthic foraminiferal assemblages 
on Maud Rise exhibit the highest diversity during the early mid
dle Eocene (52-46 Ma) (Thomas, this volume). Subsequently, 
throughout the middle Eocene to earliest Oligocene, they ex
hibit well-known extinctions and originations (for references, 
see Thomas, this volume), the changes occurring in conjunction 
with decreases in isotopic temperatures (e.g., Shackleton and 
Kennett, 1975; Stott et al., this volume; Kennett and Stott, this 
volume). 

Relatively warm climatic conditions for the middle and late 
Eocene of the Antarctic continent are indicated by both clay 
mineralogical and paleobotanical evidence. Middle and late Eo
cene clay assemblages, both on Maud Rise and the South Ork
ney microcontinent, continue to be dominated by smectite, indi
cating warm temperatures, seasonality in rainfall, and a pre
dominance of chemical over physical weathering (Robert and 
Maillot, this volume). 

A late middle to late Eocene in situ palynoflora (Site 696) in 
the South Orkney region is dominated by Nothofagus (southern 
beech) pollen and other groups that indicate the presence of a 
Nothofagus/conifer forest with an admixture of Proteaceae and 
an understory of ferns (Pteridophyta) (Mohr, this volume, chap
ter 36). Forests of this kind were likely to be associated with high 
rainfall (1000-2000 mm/yr, or higher; Case, 1988), and the 
growth of ferns would have required seasonal frost-free condi
tions. The forest flora in the middle late Eocene was judged by 
Mohr (this volume, chapter 29) to be most likely warm temper
ate. Eocene floras that are similar, although dominated even 
more by Nothofagus, have been reported for the Antarctic Pe
ninsula area, specifically King George Island (Stuchlik, 1981; 
Birkenmajer and Zastawnick, 1989) and Seymour Island (for 
references, see Mohr, this volume, chapter 29). These forests 
have been judged by Case (1988) to be of cool temperate charac
ter and to support previous interpretations of Eocene cool tem
perate conditions based on marine fossil sequences (Zinsmeister, 
1982; Woodburne and Zinsmeister, 1984). Reworked Nothofa
gus assemblages have been documented in Eocene sediments ad
jacent to East Antarctica (Cranwell et al., 1960; Kemp, 1975; 
Truswell, 1983), indicating that such temperate forests were prob
ably widespread throughout Antarctica during the Eocene. Case 
(1988) has proposed that an Antarctic biogeographic province 
dominated by Nothofagus (the Weddellian Province) represents 
continuous coastal, cool temperate conditions throughout the 
South Pacific and South Atlantic sectors during the Late Creta
ceous and early Tertiary. He also suggested that large average 
leaf sizes of the middle Eocene floras perhaps indicate warmer 
conditions than during the Paleocene and late Eocene, which 
contain floras with smaller leaves. 

Late Eocene: Further Cooling 
Average sea-surface temperatures in the Weddell Sea contin

ued to decrease during the late Eocene but seem to have never 
been lower than 8°-10°C (Fig. 5). Such temperatures would im
ply an absence of coastal sea-ice (Stott et al., this volume; Ken
nett and Stott, this volume). Evidence for further cooling dur
ing the late Eocene includes the first appearance of diatoma-
ceous sediments, although calcareous sediments continued to 

dominate throughout. This suggests a mild increase in upwell
ing rates, perhaps resulting from increased vigor of atmospheric 
circulation and leading to higher biosiliceous productivity. Cal
careous nannofossils remained dominant, while planktonic for
aminifers were reduced in importance. Cool waters continued to 
expand toward the north, as reflected by the presence of cooler 
calcareous nannofossil assemblages on the Falkland Plateau area 
(Wise et al., 1985). Nevertheless, several lines of evidence result
ing from Leg 113 investigations suggest the continuation, dur
ing the Eocene, of temperate climatic conditions in the Antarc
tic. Such evidence includes the occurrence during the late Eo
cene of several species of Bolboforma, a calcareous planktonic 
group that apparently was restricted to temperate water masses 
throughout its evolution (see Kennett and Kennett, this volume, 
for references). The disappearance of all but one of these spe
cies in the Antarctic Paleogene occurred during the latest Eo
cene in response to cooling of surface waters. The final Paleo
gene disappearance of Bolboforma in Antarctic waters was soon 
after, during the earliest Oligocene. This perhaps reflects cessa
tion of temperate conditions on Maud Rise and replacement by 
subpolar conditions (Kennett and Kennett, this volume). Com
parison with other regions also suggests that, during the late 
Eocene, the Earth was still characterized by warm, equable cli
mates with relatively low pole-to-equator temperature gradients 
(Kennett, 1977; Wolfe, 1978; Frakes, 1979; Brass et al., 1982). 

Cooler continental conditions are indicated by a slight in
crease in illite relative to smectite (Robert and Maillot, this vol
ume), suggesting a reduction in continental chemical weather
ing. The reappearance of kaolinite in low abundance is due to 
the erosion of prior-weathered terrains on the continent (Robert 
and Maillot, this volume). 

Paleogene Deep Water Formation: High or Low 
Latitude? 

A major question concerning the Paleogene Ocean, when the 
polar areas were much warmer than the present day, is the rela
tive importance of deep and intermediate waters formed at high 
compared with lower latitudes. Leg 113 data have provided indi
rect evidence that, at least at times during the Paleogene, deep 
waters of the world ocean were derived predominantly from low 
latitudes. Deep waters were not necessarily always formed at 
high latitudes, including the Antarctic. However, the data are 
limited and the details are poorly known. Paleogene oxygen iso
topic and benthic foraminiferal data have been presented as evi
dence for the presence, at intermediate water depths in the Wed
dell Sea, of warm saline waters produced outside the Antarctic 
(Kennett and Stott, this volume; Stott et al., this volume; Stott 
and Kennett, unpubl. data; Thomas, this volume). These data 
suggest that important multiple, possibly fluctuating, sources 
of oceanic deep waters were typical of the Paleogene Ocean and 
that, at least at times, there was a dominant component formed 
in middle to low latitudes. The oxygen isotopic evidence is ad
dressed first. 

Comparison of the Paleogene oxygen isotopic records be
tween the two Maud Rise sites (Sites 689 and 690) shows that 
the oxygen isotopic gradient was inverted relative to the present 
day at certain periods during the Paleogene (Kennett and Stott, 
this volume). The 6180 values are lower for intermediate waters 
at the deeper Site 690 (Eocene depth -2250 m; present-day 
depth 2914 m), suggesting that temperatures were warmer by 
- 2°C than at the shallower depths represented by Hole 689B 
(Eocene depth - 1400 m; present-day depth 2080 m). The pres
ence of hiatuses in the cores limits the intervals of time for 
which such comparisons can be made. However, the reversed 
oxygen isotopic gradient was well developed at least by 46 Ma 
(middle middle Eocene) and existed for much of the remaining 
Paleogene (Fig. 7). The reversed isotopic gradient was especially 
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strengthened during the early Oligocene and seems to have re
verted to a normal vertical isotopic gradient by ~ 28 Ma in the 
late Oligocene (Fig. 7). The inversion in the oxygen isotopic ver
tical gradient is not considered to have resulted from differential 
diagenesis between the two sites, or other potentially complicat
ing factors (Kennett and Stott, this volume). Further isotopic 
evidence for an inversion in intermediate water temperatures is a 
progressive decrease and eventual reversal during the Eocene of 
5180 values in planktonic relative to benthic values in the deeper 
Hole 690B, but not in Hole 689B (Stott and Kennett, this vol
ume, chapter 34). 

In the late Eocene, 5lsO values of the measured planktonic 
foraminifers (subbotinids) are lower than the measured benthic 
foraminifers Cibicidoides). Warmer deep waters of the Paleo
gene are inferred to have been produced at middle to low lati
tudes, probably in the Tethys region, which then contained ex
tensive shallow-water platforms (e.g., Dercourt et al., 1986), 
ideal sites for the formation of high-salinity water through evap
orative processes, although other potential source regions are 
possible. Furthermore, the Paleogene was a time of relatively 
high sea level compared with the Neogene (Vail and Hardenbol, 
1979; Haq et al., 1987), leading to greater flooding of the conti
nental margins and hence contributing to the formation of evapo
rative basins. 

The occurrence of warm, saline deep waters in the geologic 
past was anticipated by Chamberlin in 1906 and later considered 
to be feasible in modeling experiments carried out by Brass et 
al. (1982). These conclusions were based upon the assumption 
that, at some time in the past, the polar regions (including the 
Weddell Sea) may have been too warm to provide a major source 
of cold, deep waters to the ocean basins. This includes the Wed
dell Sea region, the present-day seat of production of cold oce
anic bottom waters. Another major process that may have con
tributed to a reduction in the production of cool, dense waters 
from the Antarctic was a potential reduction in surface-water 
salinities in Antarctic coastal areas. It is possible that for much 
of the Paleogene, there occurred higher precipitation and fresh
water runoff from the Antarctic continent. This probably peaked 
at the Paleocene/Eocene boundary based on the abundance of 
kaolinite at that time (Robert and Maillot, this volume). The oc
currence of widespread Nothofagus forests in coastal areas, as 
discussed earlier, supports this hypothesis. Case (1988) noted 
that these forests, in the present day, are associated with high 
annual rainfall (1000-3000 mm). Furthermore, Barrett et al., 
(1989), provided sedimentological evidence for important early 
Oligocene freshwater runoff into the Ross Sea. Such high rain
fall in the Paleogene would have reduced surface-water salinities 
in the coastal and embayment areas of Antarctica, including the 
Weddell Sea and Ross Sea areas. These areas are especially im
portant modern sources of Antarctic Bottom Water formation. 

Woodruff and Savin (1989) proposed that warm, saline wa
ters derived from the Tethys region continued to influence the 
oceans as late as the early Miocene. They suggested that the clo
sure of the Tethys that took place near the end of the early Mio
cene resulted in major reduction in the production of warm, sa
line deep waters. These changes, they suggested, were a major 
factor in the development of a large, permanent ice-sheet on 
East Antarctica during the middle Miocene (~ 15 Ma). 

The other, but distinctly different, line of evidence in sup
port of low-latitude sources of deep waters to the Weddell Sea, 
at least at times during the Paleogene, are the characteristics of 
Paleogene benthic foraminiferal assemblages on Maud Rise 
(Thomas, this volume). Thomas has interpreted changes in as
semblages with respect to change in the degree of oxygenation 
of deep waters. This evidence provides a somewhat different pic
ture of the history of low-latitude influences on deep waters to 
the Weddell Sea. This evidence suggests that during the Paleo

gene there was no single transition from deep waters formed in 
low latitudes to those formed at high latitudes. Instead, charac
teristics of the benthic foraminiferal assemblages have suggested 
to Thomas (this volume) that deep to intermediate waters of 
Maud Rise were well-oxygenated during the Maestrichtian through 
early Paleocene and during the latest Eocene through the Neo
gene, suggesting a high latitude source of lower bathyal waters. 
They were less well ventilated during the Paleocene and middle 
to early late Eocene, and least ventilated during the latest Paleo
cene through earliest Eocene, suggesting low-latitude sources. 

Kennett and Stott (this volume) suggested that there were two 
significantly different oceans during the Paleogene, each con
sisting of different deep-water structure. Proteus, of Eocene and 
Paleocene age, was a two-layered thermospheric ocean, consist
ing of warmer, saline deep waters possibly formed at middle to 
low latitudes and overlain by cooler intermediate waters formed 
at high latitudes. Proto-oceanus, of early to middle Oligocene 
age, was a three-layered ocean consisting of cold, dense bottom 
waters formed in the Antarctic (proto-AABW), overlain by warm, 
saline deep waters and, in turn, overlain by cool intermediate 
waters formed in the polar regions. This represents an ocean 
that combined both halothermal and thermohaline processes, 
and was Oceanus, the predecessor of the modern thermohaline 
ocean in which the formation of the deepest waters is domi
nated by high-latitude processes. The suggested models of deep-
water circulation using the oxygen isotopic record are clearly 
oversimplistic and generalized but have been presented as a base 
for further investigations. Even during the Oligocene when this 
oxygen isotopic gradient is most clearly inverted, there were 
times when this gradient disappeared (Fig. 7; Kennett and Stott, 
this volume). These suggested trends are speculative until recog
nized in other parts of the oceans. 

Eocene/Oligocene Boundary Event 
The Eocene/Oligocene boundary is associated with changes 

in a number of biotic and abiotic elements in the Weddell Sea 
sequences and in adjacent continental areas. These changes 
clearly record the transition from the relatively warm conditions 
of the late Eocene to distinctly cooler conditions of the Oligo
cene. At Site 689, the terminal Eocene event is marked, in part, 
by a rapid, distinct positive shift in 5lsO of between 1.0%o and 
1.5%o in both benthic and planktonic foraminifers in the earliest 
Oligocene (~36 Ma) (Kennett and Stott, this volume; Stott et 
al., this volume). This oxygen isotopic shift, reported by many 
workers from throughout the world's ocean basins (Shackleton 
and Kennett, 1975; Kennett and Shackleton, 1976; Murphy and 
Kennett, 1986; Oberhansli and Tourmarkine, 1985; Miller and 
Fairbanks, 1985) is isochronous according to magnetobiostrati-
graphic calibration. Most workers consider the isotopic shift to 
represent a climatic threshold in Antarctica resulting in the on
set of freezing of Antarctic surface waters near Antarctica, and 
hence the cooling of oceanic deep waters derived from Antarc
tica and/or the beginning of accumulation of continental ice 
(for references, see Kennett and Stott, this volume). The iso
topic shift in the earliest Oligocene was twice that of the pre
vious two steps that occurred during the Eocene. Thus the shift 
represents an Antarctic climatic change of great significance. 
Because of the possibility that ice accumulation commenced on 
the continent at this time, it is difficult to estimate the extent of 
Antarctic surface-water cooling, although this was probably no 
more than ~4°C (Stott et al., this volume). 

The isotopic shift may also record the beginning of impor
tant thermohaline circulation in the ocean basins (Shackleton 
and Kennett, 1975; Kennett and Shackleton, 1976) and perhaps 
the initiation of the psychrosphere (Benson, 1975; Kennett and 
Shackleton, 1976; Benson et al., 1984). On Maud Rise, this in
terval is marked by a distinct increase in dissolution of the cal-
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careous microfossils. The inversion in the oxygen isotopic gradi
ent recorded in the Maud Rise sequence strengthened during the 
early Oligocene. This has been interpreted to reflect large changes 
in the character of oceanic circulation (Kennett and Stott, this 
volume). In spite of this, the benthic foraminifer assemblages 
exhibit only relatively minor extinctions during the terminal Eo
cene event (see Thomas, this volume, for references). The ben
thic foraminifer assemblages of Maud Rise, or elsewhere, ex
hibit no sudden or brief extinction event associated with the in
ferred change in deep oceanic circulation at this time (Thomas, 
this volume). Instead, the benthic foraminifers changed both 
gradually and in discrete steps over an extended interval ranging 
from the late middle to the late Eocene (Thomas, this volume). 

There is also evidence of a record of increased vigor of deep-
water circulation during the terminal Eocene event in the Wed
dell Sea. This includes a major hiatus of Lower Cretaceous to 
middle lower Oligocene age at Site 693 (Dronning Maud Land), 
and a hiatus of late Eocene-early Oligocene age at Site 690 
(Maud Rise). These unconformities were evidently formed by 
erosion of deep-sea sediments. The Eocene/Oligocene bound
ary is associated with widespread hiatus formation in the deep 
sea basins (see Barker, Kennett, et al., 1988a, for references). As 
at Site 693, many of these hiatuses are erosional, so the causal 
intensification of bottom currents cannot always be identified 
precisely with this particular event. Nevertheless, a high-latitude 
origin is indicated, and the period of the hiatus often includes 
the Eocene/Oligocene boundary. The initiation of a basal ther-
mohaline circulation at this time is compatible with a lack of 
major modification of the benthic environment at the Maud 
Rise sites, since these would have been at intermediate depths at 
the time, and may have remained within the older water masses. 

Coeval with the oxygen isotopic shift was a major and rapid 
change in the composition of clays derived from East Antarc
tica and deposited on Maud Rise. The smectite-dominated as
semblages, typical of the Late Cretaceous to late Eocene and 
considered to reflect warm continental conditions, were replaced 
by clays dominated by illite with additional chlorite and irregu
lar mixed layers (Robert and Maillot, this volume). This change 
in clay mineralogy was in response to the climatic cooling and 
cryospheric development of East Antarctica at that time. It is 
inferred that the climatic change created a strong decrease in 
chemical weathering and soil development and increased ero
sion of parent rocks. Weak hydrolysis prevents the formation of 
smectite as only moderate alteration of parent rocks is possible 
(Robert and Maillot, this volume). These climatically-induced 
clay mineralogical changes apparently did not extend northward 
to the Antarctic Peninsula area, judging from the sequence at 
Site 696. In this sequence, smectite remained the dominant clay 
mineral during the Oligocene, suggesting that the Antarctic Pe
ninsula area, the assumed principal source, remained relatively 
warm. Alternatively, the smectite-dominated clays may have been 
partly transported by ocean currents from warmer areas to the 
north (Robert and Maillot, this volume). 

Oligocene Climatic and Oceanographic Conditions 
A wide range of parameters indicates that climate remained 

cool throughout the Oligocene and at no time returned to the 
warmer conditions that marked the Eocene. Because of the po
tential complication of continental ice accumulation, at least at 
times during the Oligocene, it is difficult to estimate isotopic 
paleotemperatures with much certainty. Nevertheless, minimum 
surface-water temperature suggested by the isotopic composi
tion of the subbotinids was close to 0°C. At times, temperatures 
increased above this minimum during the Oligocene, such as an 
increase of ~5°C near 33 Ma (Stott et al., this volume). 

Decreases in the diversity of planktonic foraminiferal (aver
age from ~ 5 to 2-3 species) (Stott and Kennett, this volume, 

chapter 34) and calcareous nannofossil assemblages (from ~ 9-
12 to 3-8 species) (Wei and Wise, this volume) mark the early 
Oligocene relative to the late Eocene, the change occurring over 
the boundary. Planktonic foraminiferal assemblages of Oligo
cene age present a subpolar rather than a polar aspect. Further 
changes in the biota during the Oligocene record further cool
ing. The middle Oligocene was marked by a further decrease in 
planktonic foraminiferal diversity, as previously recognized in 
Subantarctic Pacific sequences (Jenkins, 1975). The relative abun
dance and the quality of preservation are further reduced during 
the Oligocene as the calcareous microfossil groups were progres
sively replaced by the siliceous groups. On Maud Rise, by the 
late Oligocene, dissolution had noticeably increased in both plank
tonic and benthic foraminifers, as intermediate waters became 
more corrosive. Although sediments continued to be dominated 
by calcareous nannofossil ooze, a marked increase in biogenic 
silica deposition (diatoms and radiolarians) is inferred to have 
resulted from increased upwelling in the Antarctic region (Barker, 
Kennett, et al., 1988a). The first dominantly biogenic siliceous 
(diatomaceous) sediments were deposited during the latest Oli
gocene, reflecting further strengthening of upwelling in the Ant
arctic region. Early Oligocene surface water coolness is reflected 
by very low dinoflagellate diversity (two species) in the Dron
ning Maud Land margin sequence (Site 693), comparable to the 
diversity of modern Antarctic floras (Mohr, this volume, chap
ter 36). No dinoflagellates were recorded in the late Oligocene. 
Due to the early Oligocene cooling, calcareous nannofossil as
semblages typical of the Antarctic (Weddell Sea) expanded north
ward over the Falkland Plateau, effectively eliminating the dis
coasters from that area (Wei and Wise, this volume). As a result, 
both regions exhibit remarkably similar calcareous nannofossil 
assemblages during the Oligocene. The diversity of calcareous 
nannofossil assemblages continued to decline, as a result of suc
cessive extinctions, reaching very low diversity assemblages and 
then eventually a complete absence during the Miocene. Even 
within the Weddell Sea itself, the abundances and diversity of 
Oligocene calcareous nannofossils decrease from Maud Rise 
(Sites 689 and 690) toward the southern and northwest margins 
(Sites 693 and 696). This gradient reflects a shallowing of the 
calcium carbonate compensation depth toward the continent 
and perhaps also the presence of a cool, coastal current and sea-
ice influencing planktonic assemblages near to the Weddell Sea's 
continental margins (Wei and Wise, this volume). This contrast 
persists to the present day, at least in the abundance of icebergs 
and the extent of seasonal sea-ice cover. The CCD was elevated 
near the margins, perhaps because of cooler temperatures in 
areas of bottom water formation, lower calcareous biogenic 
productivity, and seasonal sea-ice formation in the near-conti
nental areas. Changes in the benthic foraminifer assemblages on 
the South Orkney microcontinent (Site 696) occur between the 
middle late Eocene and an overlying, poorly dated sequence 
generally dated as Oligocene to early Miocene. At this time, the 
replacement of dominantly calcareous by agglutinated assem
blages marks a fundamental change to waters highly undersatu
rated in calcium carbonate even at the shallow (< ~ 600 m) pa-
leodepths of Site 696. It is likely that this change occurred near 
the Eocene/Oligocene boundary and supports the contention of 
fundamental changes toward the production of deep, cold bot
tom water from the Antarctic continental margin (Barker, Ken
nett, et al., 1988a; Kennett and Stott, this volume). An increase 
in upwelling of more nutrient-rich intermediate waters in the 
Antarctic area during the Oligocene, as inferred from slight in
creases (~10%-20(7o of smear-slide components; Barker, Ken
nett, et al., 1988a) in siliceous microfossils, may have brought 
more saline waters to the surface near the continent. This may, 
in turn, have contributed to higher densities required to produce 
the cold, dense bottom waters from Antarctica that by then had 
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a major influence on the global ocean (Kennett and Stott, this 
volume). This process is similar to that which produces North 
Atlantic Deep Water by cooling, in the modern northernmost 
Atlantic, of relatively saline waters originally produced in the 
Mediterranean Sea. 

The present Antarctic Circumpolar Current (ACC) and asso
ciated Polar Front isolate Antarctica within a ring of cold water: 
the ACC developed as Drake Passage opened and the Scotia Sea 
developed, to create a complete deep-water pathway around Ant
arctica, probably during the early Miocene (Barker and Burrell, 
1982). To the south of the modern Polar Front, surface-water-
temperature variation is small, and across the Front it is large. 
During the Oligocene, calcareous nannofossils were comparable 
on Maud Rise and the Falkland Plateau, and showed higher di
versity than those from near the Antarctic Peninsula and Dron-
ning Maud Land margin. This suggests an absence of any strong 
zonal isolating feature like the present ACC, but the presence of 
a temperature gradient between Maud Rise and areas south and 
west. This implies a clockwise circulation in the Weddell Sea, 
and sea-ice formation near the continent. Similarly, the CCD 
was abnormally shallow at the Antarctic Peninsula and Dron-
ning Maud Land margins throughout the Oligocene record, but 
not at Maud Rise until the Miocene, and even then not consis
tently so, suggesting that the major modification of surface and 
intermediate water masses during the Oligocene was taking place 
in the southern Weddell Sea rather than at a Polar Front. The 
only contrary climatic indication comes from the clay mineral
ogy that indicates warmer conditions for the Antarctic Penin
sula compared with Maud Rise. However, the clay mineralogy 
more likely reflects climatic conditions of the adjacent land 
masses rather than the circulating water masses: consistently, 
West Antarctica (particularly the Antarctic Peninsula) has lagged 
behind East Antarctica in the intensity of its glaciation, and the 
terrigenous clays at Maud Rise reflect climatic conditions on 
East Antarctica, the nearest continental source. Thus, the Oli
gocene sediments at Leg 113 sites show no indication of the 
presence of the ACC or Polar Front, but they do indicate a 
clockwise Weddell gyre and the influence of sea-ice formation 
at the Antarctic margin. 

That Weddell Sea surface waters were close to freezing dur
ing the Oligocene is supported by the first observed ice-rafted 
sediments in the Leg 113 sequences (Barker, Kennett, et al., 
1988a). However, this material is rare to uncommon or still of 
unproven ice-rafted origin in all the recovered sequences of Oli
gocene or probable Oligocene age. At Maud Rise, it consists of 
very rare dropstones of late Oligocene age. Rare terrigenous 
fine-grained sand particles (Kennett, unpubl. data) may either 
be ice-rafted or wind blown to the region. Close to the East Ant
arctic margin (Site 693, ~ 140 km north of Dronning Maud 
Land), coarse sediments are relatively common, but it remains 
unclear if this represents IRD or if the material was transported 
in slumps from shallow water. Many of the pebbles are weath
ered, suggesting that the superficial deposits of a pre-glacial ter
rain were being eroded. Evidence for cryogenic conditions dur
ing the Oligocene will be discussed in the next section. The pres
ence of benthic diatoms in the Oligocene at Site 693 suggests 
areas of shallow (maximum 50 m) water depth lacking perma
nent shelf-ice cover on the continental margin. This compares 
with the deep ice-covered Antarctic shelf of the present day 
(Barker, Kennett, et al., 1988a). 

Although cryospheric development had clearly commenced 
on East Antarctica at the beginning of the Oligocene (Kennett, 
1977; Barrett et al., 1987), a significant body of information 
shows that forests dominated by Nothofagus existed in at least 
some coastal areas of East Antarctica and on the Antarctic Pe
ninsula during the early Oligocene. Previous work has shown 
that major plant extinctions took place in the Antarctic at the 

end of the Eocene, apparently as a result of major climatic 
cooling (Kemp, 1975; Kemp and Barrett, 1975; Truswell, 1983). 
The question has remained, however, as to whether forests sur
vived in any areas. Mohr (this volume, chapter 36) reports evi
dence for a very low diversity palynoflora of early Oligocene 
age in the Site 693 sequence off East Antarctica (Dronning 
Maud Land). The input of land-derived organic matter from 
higher plants seems to have ceased by the late early Oligocene in 
this area. Mohr suggested, from this evidence, that higher plant 
growth (megaflora) on the Antarctic continent south of the 
Antarctic Peninsula ceased at some time during the early Oligo
cene. Sediments of possible Oligocene age (Site 696) were prob
ably deposited in highly oxygenated environments and hence are 
not suitable for the preservation of palynomorphs. However, the 
presence of rare, reworked freshwater diatoms in these sediments 
indicates that freshwater lakes occurred on the Antarctic Penin
sula at this time (Barker, Kennett, et al., 1988a). Furthermore, 
Sequences as young as the late Oligocene exhibit fossil me-
gafloras dominated by Nothofagus in the northern Antarctic 
Peninsula region (e.g., Stuchlik, 1981; Zastawniak et al., 1985). 
These have been interpreted to be indicative of cool to warm 
temperate rain forests (Zastawniak et al., 1985). In the Ross Sea 
area adjacent to East Antarctica, in situ palynomorphs of Oli
gocene age in the CIROS-I sequence are considered to represent 
evidence of a diverse forest flora in humid-temperate to perhaps 
warm-temperate climates with a limited temperature range (Milden-
hall, 1987). The fossils are preserved in a sequence that other
wise reflects highly fluctuating climatic conditions including ex
tensive cryospheric development, but their presence suggests 
that such forests persisted during the early Oligocene and per
haps, in this area, into the late Oligocene. 

Oligocene Cryospheric Development: East Antarctica 
It is very clear and widely accepted that the cryospheric de

velopment of East Antarctica was well established in the Oligo
cene (for references, see Kennett, 1977, 1978). However, a major 
question that has remained is the extent and volume of ice accu
mulation on East Antarctica during the Oligocene to early Mio
cene. Shackleton and Kennett (1975) and Kennett (1977) recog
nized that the Antarctic continent was significantly "glaciated" 
during the Oligocene. However, they interpreted the deep-sea 
oxygen isotopic record for the Oligocene in terms of Antarctic 
climatic cooling and sea-ice development rather than the accu
mulation of ice-sheets on the continent. Subsequently, more de
tailed studies have suggested that there were periods of ice-growth 
at times during the early, middle, and late Oligocene (e.g., Keig-
win and Keller, 1984; Miller and Thomas, 1985; Miller et al., 
1987a). Nevertheless, data are limited and the dating of large 
ice-sheets on Antarctica and their effect on global climatic evo
lution has remained controversial. There are several elements in
volving ice accumulation that make up the global cryosphere 
(Fig. 8). These range from alpine glaciers to major land-based 
ice-sheets and also include sea-ice, which can be perennial or 
seasonal. In the evolutionary progression of an expanding cryo
sphere on a continent such as Antarctica, it is likely that ice accu
mulated in succession, as shown in Fig. 8. Much previous work 
has not attempted to differentiate the evolutionary state of the 
Antarctic cryosphere; instead, the general term "glaciation" has 
often been employed. However, the term "glaciation" incorpo
rates any or all of the various elements that can make up the 
cryosphere (Fig. 8), and thus is of limited use. It is important, 
instead, to attempt to separately identify the presence of each of 
these elements in the geologic record. This will, in turn, better 
assist in the understanding of the evolution of the cryosphere 
and of global climate. 

What do the results from Leg 113 indicate about cryospheric 
evolution during the Oligocene? The distribution and abundance 
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Figure 8. Different elements involving ice accumulation that make up 
the global cryosphere and expected evolutionary progression toward a 
major polar cryosphere, as in modern Antarctic. 

of ice-rafted detritus do provide a general guide to the intensity 
of ice-growth, especially when compared with the distribution 
of such materials in overlying Neogene sediments. 

Only very rare dropstones (perhaps in situ in Hole 689B) 
were observed in the Oligocene of the Maud Rise sequence, 
these occurring in the late Oligocene. Rare particles of terrige
nous fine sand occur, but these are no more abundant than dur
ing the Eocene (J. Kennett, unpubl. data). It is unclear how this 
sand was transported to Maud Rise, but it is not inconceivable 
that it was wind-blown (Betzer et al., 1988). Ice-rafted detritus 
(>63/im sand-sized fraction), in the Maud Rise sequence, in
creased in abundance during the late Miocene and became abun
dant in the sand-sized fraction by the Pliocene (Fig. 9). The de
position of abundant fine, well-sorted glauconite sand in the 
early Oligocene of Site 693 need not necessarily have resulted 
from Antarctic ice-sheet development as suggested by Grobe et 
al. (this volume). However, a noticeable upward decrease in the 

1 0 -

2 0 -

< 
3 0 - -

4 0 -

Quat. 

Pliocene 

late 
CD c 
CD 

middle o 

early 

late 

early ^ 

Eocene 

Abundant 

Ice-rafted 
detr i tus 

Rare — ► ! > 6 3 ^ m 

Figure 9. Generalized diagram showing relative abundance of ice-rafted 
detritus (>63 fim) in Hole 690B (Maud Rise). 

sorting of sand-sized terrigenous sediments during the late Mio
cene in Site 693 perhaps reflects an increase in the importance 
of the ice-rafted component. 

In the South Orkney area (Site 696), there is little evidence 
for cryospheric activity in the poorly dated sequence that is of 
possible Oligocene to early Miocene age. Ice-rafted detritus is 
absent except for a few small dropstones (Barker, Kennett, et 
al., 1988a). A clay mineral association of abundant to exclusive 
smectite and common to abundant illite indicates that climate 
on the northern Antarctic Peninsula was, at times, warm and 
humid enough to form smectite and yet, in comparison with the 
underlying Eocene, had become cool enough to form clays as a 
result of physical weathering (Robert and Maillot, this volume). 
It is also possible that the clays were, in part, transported to the 
South Orkney microcontinent by southward-flowing surface cur
rents from South America. 

In summary, the distribution and abundance of ice-rafted 
detritus are very limited in Oligocene sequences drilled during 
Leg 113. Detailed quantitative studies of the nonbiogenic coarser 
sedimentary fractions are still required. The available data, per 
se, suggest rather limited development of the cryosphere com
pared with that of the late Neogene. Overall, the Leg 113 data 
do not support the hypothesis of major Antarctic ice-sheets of 
Oligocene age. However, this absence of convincing evidence 
does not necessarily mean that ice-sheets were absent at times 
during the Oligocene. Zachos et al. (1989), for instance, present 
compelling evidence for a brief interval of major Antarctic ice 
growth during the earliest Oligocene. This conclusion is based 
on an observed association at Site 748 on the central Kerguelen 
Plateau (latitude ~58°26'S) of a 30-cm interval containing in 
situ traces of ice-rafted detritus with the positive oxygen iso
topic shift that marks the earliest Oligocene. The presence of 
ice-rafted detritus at such a low latitude on the Kerguelen Pla
teau could only result from transport via large icebergs derived 
from an extensive ice-sheet (Schlich, Wise, et al., 1989). Also of 
significance is a possible lack of ice-rafted detritus during the 
remainder of the Oligocene and the early Miocene on the Ker
guelen Plateau. The Maud Rise sequence, at a similar latitude, 
contains no clear evidence during the Eocene/Oligocene transi
tion of ice-rafted detritus. This perhaps reflects diachronism of 
major ice growth on East Antarctica or an isolation from ice
berg tracks. 

A thick sequence of glacial diamictites of Oligocene age was 
drilled at Prydz Bay on the East Antarctic margin in the south
ern Indian Ocean during Leg 119 (Shipboard Scientific Party, 
Leg 119, 1988). The significance of these deposits with respect 
to the extent of the cryosphere is still being evaluated, but pre
liminary interpretations (e.g., Shipboard Scientific Party, Leg 
119, 1988) have stated that they represent evidence for "full-
scale" ice-sheet development on East Antarctica during the Oli
gocene, which is not supported by Leg 113 data. The presence 
of glacial diamictites on a polar continental margin does not 
necessarily, by itself, represent evidence of continental ice-sheets. 
For example, glacial diamictites within the upper Miocene Yuka-
taga Formation on the southern coast of Alaska were not depos
ited at the edge of continental ice-sheets (Lagoe, 1983) but at 
the margins of glaciers and from icebergs calving from glacial 
fronts of mountain and valley glaciers. There is no evidence for 
ice-sheets of any size on Alaska during the late Neogene. 

Likewise, Oligocene glacial diamictites (Barrett et al., 1989) 
in the CIROS-I sequence on the continental margin of Victoria 
Land, in the Ross Sea (~77°S) also do not, by themselves, nec
essarily indicate deposition from continental ice-sheets. The lower 
part of the sequence (lower Oligocene; 36-36.5 Ma) is largely 
represented by prodelta mudstones containing ice-rafted drop
stones. The upper part of the sequence (Upper Oligocene-lower 
Miocene; 30.5-22 Ma) is dominated by diamictites alternating 
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with sand and mud. Barrett et al. (1989) have interpreted the se
quence as evidence for a temperate (not polar) glacial regime; 
for glaciers that were wet-based, and that muddy sediments were 
carried by meltwater streams into the ocean. Glaciers were calv
ing at sea level for much of the time. Paleobotanical evidence 
from the sequence indicates an association of temperate forests 
in humid climates (Mildenhall, 1987). During the coldest Oligo
cene episodes, temperatures were inferred to have been much 
higher than the present day. Barrett et al. (1989) recognized that 
the extent of ice accumulation is difficult to estimate but sug
gested the presence of ice-sheets of great size, extent, and lon
gevity, such as during the Northern Hemisphere Quaternary. 
This conclusion was based not so much on the evaluations of 
the environment of deposition during the Oligocene at the 
CIROS-I site, but on the presence of coeval glacial diamictites 
in Prydz Bay on the opposite side of the continent, and on the 
results of modeling experiments by Robin (1988). We believe 
that the bulk of the CIROS-I evidence favors the existence of 
highly variable climates and extensive temperate glaciation with
out major ice-sheets at least during the early Oligocene, al
though recognizing that ice-sheets may have developed during 
short intervals, such as during the earliest Oligocene. The conti
nent was much warmer than today, but heavily glaciated in 
parts; somewhat similar to Alaska in the present day. 

By the Oligocene, biogenic calcium carbonate essentially 
ceased being deposited on both the east and west Antarctic mar
gins of the Weddell Sea (Sites 693, Dronning Maud Land; 696, 
South Orkney microcontinent). An absence of calcium carbon
ate in the Oligocene of Site 696 indicates that the CCD remained 
very shallow on the continental margins of Antarctica during 
this interval, remaining above the present-day depth of 650 m, 
and considerably shallower than at Maud Rise during the Oligo
cene and Neogene. The shallowness of the CCD throughout al
most the entire Oligocene and Neogene on the Weddell Sea mar
gins and elsewhere around Antarctica (Kennett, 1966; Echols, 
1971; Hayes, Frakes, et al., 1975) almost certainly resulted from 
the presence of highly corrosive bottom waters and the low pro
ductivity of calcareous microfossils. Thus, the oceanographic 
environment creating these characteristics became established in 
the Oligocene. 

Early Neogene: Increased Upwelling and Warm 
Episodes 

An important hiatus is present across the Oligocene/Mio
cene boundary on Maud Rise (Barker, Kennett, et al., 1988; 
Gersonde et al., this volume; Thomas et al., this volume) and is 
coeval with hiatuses on the Falkland Plateau (Wise, 1983) and 
the Kerguelen Plateau (Shipboard Scientific Party, 1988). The 
origin of widespread hiatuses in the Southern Ocean at this time 
(Wei and Wise, this volume) could be linked with intensification 
of deep-water flow resulting from the development of the Ant
arctic Circumpolar Current when the Drake Passage opened 
(Barker and Burrell, 1977, 1982). Hiatuses of this age, however, 
are widespread in the ocean basins (Keller et al., 1987) suggest
ing, instead, that the causes of intensified deep-sea circulation 
are related to a broader change such as high-latitude cooling, 
which, itself, may have developed as a result of Drake Passage 
opening. 

Siliceous biogenic sediments began to dominate at times dur
ing the latest Oligocene-earliest Miocene, reflecting further de
velopments in Antarctic surface waters. This marks a further 
step in the long-term trend toward increasing biosiliceous sedi
mentation during the Neogene. This trend is generally attrib
uted to a progressive increase in Southern Ocean upwelling as a 
result of increased wind strength due, in turn, to Antarctic cool
ing (Kennett, 1977, 1978; Brewster, 1980; Grobe et al., this vol
ume). 

On Maud Rise during the earliest Miocene, planktonic fora
miniferal assemblages became essentially monospecific provid
ing a polar appearance, and there was a drastic reduction in cal
careous nannofossil diversity (from about six to two species; 
Wei and Wise, this volume). Diatom and calcareous nannofossil 
oozes were deposited alternately during the early and middle 
Neogene until the middle late Miocene, thus representing a tran
sition between the dominantly calcareous Paleogene-earliest Ne
ogene and the dominantly biosiliceous late Neogene. These al
ternations are clearly reflected in the changes in relative calcium 
carbonate abundances (O'Connell, this volume, chapter 55) and 
may represent the repeated passage of an oceanographic front 
over Maud Rise or the intermittent existence of a front (Barker, 
Kennett, et al., 1988a). The occurrence of benthic diatoms of 
Oligocene to early Miocene age at Site 693 near East Antarctica 
indicates the presence of a shallow, partly ice-free continental 
shelf, although the presence of ice-rafted detritus indicates cry-
ospheric activity on the continental margin of East Antarctica 
(Barker, Kennett, et al., 1988a). 

During the late early Miocene, the calcareous nannofossils 
and planktonic foraminifers on Maud Rise exhibit a slight tem
porary increase in diversity, and the calcareous nannofossils ex
hibit sharp fluctuations in abundance. In the Bellingshausen 
Basin (~65°S), even the calcareous planktonic form Bolboforma 
reappeared for a brief interval during the late early Miocene 
(Rogl and Hochuli, 1976). Oxygen isotopic temperatures deter
mined for sequences elsewhere, including the Subantarctic (Shack
leton and Kennett, 1975; Kennett, 1986; Miller et al., 1987a) in
dicate that this was the climax of Neogene warmth. 

Increased deposition of ice-rafted detritus occurred during 
the early Miocene of Site 693 near Dronning Maud Land, indi
cating an increase in iceberg activity. There may have been an 
increase in ice accumulation near the margins at that time re
sulting from higher precipitation associated with warmer condi
tions (Grobe et al., this volume). However, any ice accumulation 
during the early Miocene could not have been sufficiently large 
to affect the oceanic oxygen isotopic record, which exhibits rela
tively low <5180 values during this interval (e.g., Kennett, 1986). 

While ice-rafted sediments at Southern Ocean sites are a 
clear indication of ice on or around the Antarctic continent, 
and a simultaneous increase in IRD at several widely distributed 
sites probably indicates intensified cryospheric development, there 
is no simple relationship between the abundance of IRD at a par
ticular site and the intensity of glaciation (e.g., Drewry, 1986). 
For example, the basal load of a wet-based ice-sheet will largely 
be deposited close to the grounding line, perhaps before the ice-
sheet has even calved. In contrast, sediment blown or washed 
onto pack-ice may be transported large distances, as may large 
rocks that fall onto the surface of valley glaciers from the sur
rounding elevated topography. IRD concentration may therefore 
reflect sea-ice distribution, surface melting and wind strength, 
the degree of dissection of topography, the type and degree of 
erosion, and sediment availability on the continent. Icebergs are 
melted mainly underwater, so the melting rate will depend partly 
on the temperature of surface waters along the iceberg path; a 
peak of IRD deposition at a site might reflect the proximity of 
an oceanic front, and changes in IRD concentration may result 
from changes in circulation unrelated to changes in the cryo-
sphere. 

Middle Miocene: Major Cryospheric Development and 
West Antarctic Cooling 

The early middle Miocene is often regarded as a time of re
newed cooling and of major expansion of the East Antarctic 
ice-sheet (e.g., Shackleton and Kennett, 1975; Savin et al., 
1975). Other workers (e.g., Matthews and Poore, 1980) pre
ferred to interpret the well-known major positive 5180 shift in 
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the middle Miocene as a cooling of oceanic deep waters rather 
than the accumulation of Antarctic ice. Kennett (1986) argued 
that the earliest phase of the benthic oxygen isotopic shift (16-
14.6 Ma, corresponding to about 15-13.5 Ma of the time scale 
of Berggren et al., 1985b, c) resulted from a cooling of high-lat
itude deep waters, with the later phase (14.6-13.2 Ma) resulting 
from formation of an extensive ice-sheet on East Antarctica. 
This interval (14 Ma) also marks the beginning, during the Neo
gene, of a trend toward lower sea levels (Haq et al., 1987). A 
major hiatus (~ 16-9 Ma) at Site 693 may have been caused by 
an invigoration of bottom waters related to these changes in the 
Antarctic cryosphere (Barker, Kennett, et al., 1988a). Changes 
also occurred at this time in the benthic foraminiferal assem
blages on Maud Rise (Thomas, this volume), these being coeval 
with benthic foraminiferal changes elsewhere in the ocean ba
sins (see Thomas, this volume, for references). An interval be
tween — 15 and 11.5 Ma is barren of calcareous benthic foramini
fers (Thomas, this volume) and is the result of associated intense 
calcium carbonate dissolution. These changes probably resulted 
from an increase in the vigor of deep-sea circulation during this 
interval of expanded Antarctic cryospheric development, as 
postulated by Shackleton and Kennett (1975) and Kennett 
(1977). Benthic foraminifers became rare or absent on Maud 
Rise following the middle Miocene (except for an interval be
tween 11.5 and 9 Ma) and for the remainder of the Neogene, 
and exhibit much lower diversity (Thomas, this volume). During 
the middle to late Miocene, calcareous nannofossil and plank
tonic foraminiferal assemblages, when present, became essen
tially monospecific. 

An increase in ice-rafted detritus and other sedimentological 
changes during the middle Miocene in the sites nearer to East 
Antarctica generally support the hypothesis of cooling and ice 
accumulation at that time (e.g., Kennett, 1977). On Maud Rise, 
a noticeable increase occurs in concentrations of sand-sized, ice-
rafted detritus (Fig. 9), although this material did not become 
abundant there until the latest Miocene-early Pliocene (J. Ken
nett, unpubl. data). Furthermore, diatom-rich hemipelagic sedi
ments that overlie the hiatus exhibit an upward increase in sedi
mentation rates. This resulted from increased supply of terrige
nous sediments to the continental margin, perhaps because of 
increased ice growth, and also because of higher rates of diatom 
productivity and deposition. Sedimentary changes that occurred 
during this interval are reflected in downhole logs (Golovchenko 
and O'Connell, this volume). Lower upper Miocene sediments 
on the Dronning Maud Land margin are also marked by an in
crease in smectite content. This change either reflects an increase 
in the erosion of ancient sediments (from the continental mar
gins) by the then-expanding ice-sheets and/or by bottom cur
rents (Robert and Maillot, this volume). 

The sequences closer to the East Antarctic Margin thus clearly 
show evidence of increased ice growth during the middle Mio
cene. This is not the case in the region adjacent to West Antarc
tica (Site 696), where there is a lack of ice-rafted detritus in the 
Neogene sequence until the late late Miocene (Barker, Kennett, 
et al., 1988a). Although this suggests an absence of major ice 
growth on West Antarctica, there is evidence from the northern 
Antarctic Peninsula of glacial development as early as the late 
Oligocene to earliest Miocene (Birkenmajer, 1987). Perhaps the 
absence of an early Neogene glacial-marine record in the area of 
the South Orkney microcontinent indicates that this reported 
terrestrial glacial event was quite limited or that the interval has 
not yet been observed in the marine record. Nevertheless, the 
Leg 113 data do suggest that a major cooling of the Antarctic 
Peninsula occurred during the middle Miocene. At this time, 
smectite, the dominant clay mineral in the early middle Mio
cene, was replaced by an assemblage dominated by illite and 
chlorite (Robert and Maillot, this volume). This indicates that 
the clays then originated from continental areas where weak hy

drolysis prevented the development of the soils and favored physi
cal weathering and erosional processes. A similar change in clay 
associations occurred during the earliest Oligocene at sites adja
cent to East Antarctica and Maud Rise, indicating that major 
cooling occurred earlier in East Antarctica compared with West 
Antarctica. 

In the Weddell Abyssal Plain sequence (Site 694), displaced 
benthic and neritic planktonic diatoms contained within turbi
dites are particularity conspicuous during the middle Miocene 
and are also present during the early late Miocene. These turbi
dites were probably derived from the West Antarctic region 
(Barker, Kennett, et al., 1988a). The presence of these diatoms 
suggests an absence or near absence of ice cover over the shal
low part of the West Antarctic continental shelf during the mid
dle Miocene and early late Miocene. These observations indi
rectly indicate an absence of a major West Antarctic ice-sheet 
during this time. Such an interpretation is in accord with the in
terpretations of Ciesielski et al. (1982) for the development of 
the West Antarctic ice-sheet no earlier than the late Miocene. 
This is further supported by the occurrence of displaced fresh
water diatoms characteristic of lakes in temperate climatic re
gions (Hollister, Craddock, et al., 1976) in middle Miocene sedi
ments in the Bellingshausen Basin to the west of the Antarctic 
Peninsula (Schrader, 1976). 

Late Miocene: West Antarctic Ice-sheet Development 
By the middle late Miocene, only biosiliceous sediments were 

deposited on Maud Rise. These were dominated by diatom oozes 
but, at times, included silicoflagellate-rich oozes. In contrast 
with the Oligocene sediments described earlier, late Miocene 
and younger sediments reflect high siliceous productivity, sim
ple water mass structure and more vigorous circulation essen
tially similar to those of the present day, which are controlled by 
the existence of the ACC and the Polar Front. The late Miocene 
also exhibits further increases in the abundance of ice-rafted de
tritus in sites adjacent to East Antarctica, indicating intensified 
iceberg activity (Grobe et al., this volume). Site 693 provides no 
evidence for the removal of the East Antarctic ice-sheet during 
the late Miocene. Brief episodes of climatic amelioration oc
curred at about 10.5 and 8.5 Ma, as indicated by a reappearance 
of calcareous biogenic material in the form of calcareous nan
nofossils and calcareous foraminifers at Sites 696 and 693. These 
forms were particularly common at —10.5 Ma near the begin
ning of the late Miocene. A distinct increase also occurred dur
ing these intervals in the relative abundances (up to 90%) of a 
warmer diatom form, Denticulopsis dimorpha (Burckle et al., 
this volume). According to S. Wise (pers, comm.), the presence 
of calcareous nannofossils at these times indicates that surface 
water temperatures were at or above 5°-6°C. The preservation 
of these assemblages may have resulted from a productivity in
crease of calcareous plankton, which temporarily depressed the 
CCD (Barker, Kennett, et al., 1988a). An absence of calcareous 
nannofossils at other times during the late Neogene suggests 
that surface-water temperatures near Antarctica were lower than 
5°-6°C. 

The most important development during the late Miocene 
was the formation of the West Antarctic ice-sheet. This event is 
best recorded in Site 696. Beginning in the early part of the late 
Miocene, there was the appearance of hemipelagic sediments. 
At the same time, ice-rafted detritus began to be deposited and 
has continued at this location to the present day. Chlorite and il
lite became dominant clay minerals, reflecting an increase in 
physical weathering on West Antarctica (Robert and Maillot, 
this volume). However, smectite remained important, perhaps as 
a result of the erosion of older parent rocks. 

Rapid deposition of turbidites occurred during the late Mio
cene in the Weddell Abyssal Plain (Site 694). Although poorly 
recovered, these seem to be dominated by sands that are in-

955 



J. P. KENNETT, P. F. BARKER 

ferred, from a number of criteria, to have been derived from the 
Antarctic Peninsula and the present-day region of the Filchner-
Ronne ice shelf rather than from East Antarctica (Barker, Ken
nett, et al., 1988a). Anderson et al. (1986) showed that turbidite 
sands from the central abyssal plain exhibit mineralogical matu
rity by being enriched in quartz and containing relatively few 
lithic grains compared with modern slope deposits. They believe 
that these sands were derived from well-sorted sedimentary sources 
more typical of temperate glacial conditions when the margins 
included glacial outwash streams and beaches. These character
istics suggest a West Antarctic source during the late Miocene 
rather than an East Antarctic source as suggested by Anderson 
et al. (1986). The sequence suggests considerable climatic/cry-
ospheric instability in the sediment source area. Ice-rafted detri
tus, exhibiting a wide size range, was found discontinuously 
throughout the sequence in varying abundances, suggesting 
changes in the intensity of the Antarctic cryosphere during the 
middle and late Miocene. 

In summary, data from Leg 113 drilling support the hypothe
sis that the West Antarctic ice-sheet developed during the late 
Miocene (Mercer, 1976; Ciesielski et al., 1982). Furthermore, 
the sequences indicate considerable instability of this ice-sheet 
until the end of the Miocene. Related oceanic variability might 
have led to the occurrence of a silicoflagellate assemblage indic
ative of environmental stress (McCartney and Wise, this volume). 

Early Pliocene: Further Ice-growth or Ice-sheet 
Instability? 

Further important changes in Antarctic climate occurred close 
to the Miocene/Pliocene boundary or perhaps during the earli
est Pliocene. One of the most noticeable was an increase in sili
ceous biogenic sedimentation rate in many of the Weddell Sea 
sites, leading to an acme of preservation and abundance during 
the early Pliocene (Barker, Kennett, et al., 1988a). This reflects 
a distinct increase in diatom productivity throughout the region, 
probably as a result of an amelioration in climate that reduced 
sea-ice cover and led to a southward migration of the Polar 
Front. Higher rates of siliceous biogenic sedimentation during 
the Pliocene also occurred near the Polar Front to the north of 
the Weddell Sea (Ludwig, Krashenninikov, et al., 1983) and higher 
rates of calcareous biogenic productivity occurred at the same 
time in the South Pacific near the Subtropical Divergence (Ken
nett, von der Borch, et al., 1986). An important climatic shift 
near the Miocene/Pliocene boundary is implied by major changes 
in organic preservation in sediments and the isotopic composi
tion of organic material (Macko and Pereira, this volume). This, 
in turn, suggests a major change in the process of carbon and 
nitrogen recycling through the Weddell Sea. There is considera
ble evidence from lower latitude areas for climatic warming dur
ing the early Pliocene (e.g., Kennett, 1986; Hodell and Kennett, 
1986). However, the early Pliocene planktonic microfossil as
semblages at Leg 113 sites did not seem to have undergone any 
major changes that would imply an Antarctic warming of suffi
cient magnitude to have caused a melting of a large proportion 
of the Antarctic ice-sheets at that time (e.g., Harwood, 1985). 

The abundance of sand-sized, ice-rafted detritus markedly 
increased on Maud Rise at the beginning of the Pliocene (Fig. 
9). Near the East Antarctic margin (Site 693), sediments became 
fine grained, although ice-rafted detritus remained common; 
also, smectite returned as an important clay mineral (Robert and 
Maillot, this volume; Grobe et al., this volume). Near the Ant
arctic Peninsula (Site 696), diatomaceous sediments were largely 
replaced by hemipelagic sediments as fine-grained terrigenous 
material increased markedly, causing higher sedimentation rates. 

From approximately 4.8 Ma (earliest Pliocene) to the present 
day, turbidite deposition virtually ceased at Site 694 (Weddell 
Abyssal Plain) and hemipelagic sediments were deposited (Barker, 

Kennett, et al., 1988a). A thick sequence of turbidites, depos
ited immediately before this change, is considered to have an 
age close to the Miocene/Pliocene boundary based on diatom 
biostratigraphy (Barker, Kennett, et al., 1988a; Gersonde et al., 
this volume). The magnetostratigraphic interpretation indicates 
that the hemipelagic sedimentation began no later than 4.7 Ma 
and probably 4.8 Ma, during the early reversed interval of the 
Gilbert Chron (Barker, Kennett, et al., 1988a). These turbidites 
were probably derived from the West Antarctic rather than from 
the East Antarctic continental margins. The cessation of turbi
dite deposition at Site 694 has been interpreted to represent the 
development of a stable West Antarctic ice-sheet and associated 
ice shelves in the earliest Pliocene (Barker, Kennett, et al., 1988a). 
This in turn starved the Weddell Abyssal Plain of its former ma
jor sediment supply. 

A major question related to the stability of the West Antarc
tic ice-sheet during the late Neogene remains. Ciesielski and 
Weaver (1974) and Ciesielski et al. (1982) suggested that early 
Pliocene warming may have caused instability and partial degla
ciation of the West Antarctic ice-sheet. However, if our interpre
tation of the depositional history of the Weddell Abyssal Plain 
is correct, the West Antarctic ice-sheet may have actually been a 
relatively stable feature on Antarctica during much of the Plio
cene. Alternate scenarios involving ice-sheet instability during 
early Pliocene relative warmth are presented in this volume (Pud-
sey, this volume; Grobe et al., this volume), based on studies of 
sites on the continental margins. 

Recent work on West Antarctic margin sedimentation (Lar-
ter and Barker, 1989) suggests that: (1) provision of sediment to 
the upper continental slope is highly systematic within a single 
glacial/interglacial cycle, which will tend toward cyclicity in the 
creation of turbidites and slumps by load-induced instability. 
Large amounts of unsorted glacial till are provided during gla
cial maxima, little or nothing during glacial minima; (2) once 
the typical inward-sloping Antarctic shelf profile has been cre
ated, by glacial erosion during a particularly intense glacial 
maxima, sediment is not transported beyond the continental 
shelf edge during lesser subsequent glaciations (even during 
maxima) if the grounded ice-sheet does not reach the shelf 
break. Sediment would be deposited within the shelf basin; (3) 
unsorted glacial sediment can maintain much steeper slopes 
without major instability than can well-sorted sediment. 

It is possible, therefore, that the virtual absence of turbidites 
younger than 4.8-4.7 Ma at Site 694 may have resulted from 
mild amelioration of climate in the early Pliocene during which 
the glacially eroded sediments were trapped in the inward-slop
ing shelf basin. Renewed cryospheric development during the 
late Pliocene may have then loaded the upper continental slope 
with freshly eroded, unsorted glacial tills, the greater stability of 
which minimized the incidence and scale of slope failure and 
hence turbidities in the abyssal plain. If the dominant factor is 
the stability of unsorted sediments on the upper continental 
slope, than the inference of an early Pliocene climatic ameliora
tion is unnecessary. 

Additional studies are required, especially to better constrain 
the chronology of events during this time of rapid climate fluc
tuations. 

Late Pliocene: Sea-ice Expansion 
A further step in the development of the Antarctic cryosphere 

occurred during the middle to late Pliocene between about 3 
and 2.4 Ma. At this time, the final major changes occurred in 
Antarctica, leading to environmental conditions like those of 
the present day. The first evidence for change is a regional de
crease in sedimentation rates beginning at about 3 Ma and largely 
resulting from a reduction in the supply of terrigenous sedi
ments to the continental margins of the Weddell Sea. This may 
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have resulted from the permanent grounding of the ice shelf to 
the edge of the continental shelf along much of the Antarctic 
margin (Grobe, 1986; Barker, Kennett, et al., 1988a). The excep
tion is Site 697 in Jane Basin, where hemipelagic sedimentation 
rates remained high. Thus oscillations in the size of the West 
Antarctic ice-sheet were sufficiently large to maintain a supply 
of sediment to the nepheloid layer of the AABW western bound
ary current in the western Weddell Sea (Pudsey, this volume; 
Pudsey et al., 1988) but not to the Weddell Abyssal Plain. Near 
the Dronning Maud Land coast, siliceous biogenic sediments re
mained important in the sequence (Site 693) until about 3.3-3.0 
Ma, at which time they decreased markedly (Grobe et al., this 
volume). This almost certainly reflects an expansion of continu
ous sea-ice cover over this region, limiting light in surface waters 
and hence suppressing diatom productivity. 

Further to the north, in the area of the South Orkney micro-
continent (Site 697), inferred sea-ice expansion was slightly later, 
occurring about 2.5-2.4 Ma during the late Gauss Chron (Ger-
sonde et al., in press; Burckle et al., this volume). From this 
time onward, diatom abundance and quality of preservation in 
the sediments were drastically reduced, and the biogenic opal 
abundance decreased dramatically. Furthermore, an associated 
general increase occurred in the relative abundance of the sea-
ice related diatom Eucampia antarctica. These changes indicate 
that sea-ice covered the region for much of the year. The Filch-
ner/Ronne and Ross Ice Shelves expanded further northward at 
this time (Anderson, 1972; Fillon, 1975). 

This represents the last major cooling trend in the Antarctic 
(Hays and Opdyke, 1967; Shackleton and Kennett, 1975) and 
occurred at the same time as major ice growth in the Northern 
Hemisphere (Shackleton and Opdyke, 1977). Most workers be
lieve that global ice growth in the late Pliocene ( — 2.4 Ma) was 
concentrated in the Northern Hemisphere (Burckle et al., this 
volume). This was at the time of the first extensive ice rafting in 
the open-ocean North Atlantic (Backman, 1979; Shackleton et 
al., 1984). The Weddell Sea sedimentology record, however, 
strongly indicates that major ice growth also occurred on Ant
arctica (Burckle et al., this volume). 

Quaternary Climatic Cycles 
The abundance of biogenic siliceous sediments remained rel

atively low during the Quaternary. One of the more conspicuous 
aspects of late Quaternary sedimentary patterns are the clear 
sedimentary cycles in almost all sites that have been interpreted 
as resulting from climatic cycles (Pudsey, this volume; Grobe et 
al., this volume). Glacial episodes during the late Quaternary 
(Site 697) are marked by sediments with relatively low siliceous 
biogenic components and lower average grain size compared with 
sediments from interglacial episodes. This implies increased sea-
ice cover, reducing diatom productivity, and weaker bottom wa
ter flow during episodes. The converse is true for interglacial 
episodes. 

The Quaternary also contains a thin (up to 2.5 m) layer of 
foraminiferal ooze or a calcareous foraminiferal-rich zone. This 
unusual layer was found throughout the Weddell Sea in almost 
all of the Leg 113 sites shallower than -3000 m (Barker, Ken
nett, et al., 1988a) and in piston cores from other Weddell Sea 
locations (Grobe et al., this volume). The layer consists primar
ily of a concentration of a single planktonic foraminiferal spe
cies Neogloboquadrina pachyderma associated with low-diver
sity calcareous benthic foraminiferal and coccolithophorid as
semblages. There are no records of Coccolithophorids living at 
these latitudes today, nor have they been recorded from the Plio
cene. The exact age within the Quaternary of this layer still 
needs to be determined. Intervals warmer than the present day 
have been inferred from the early Holocene (e.g., Hays, 1965) 
and the early late Quaternary (e.g., Hays et al., 1976). It is not 

clear what conditions led to the accumulation of this layer, but 
the evidence suggests that at some time during the Quaternary, 
surface water conditions in the Weddell Sea were warmer than 
at any time during the previous 5 m.y. (Barker, Kennett, et al., 
1988a). Higher productivity of the calcareous plankton tempo
rarily depressed the CCD in some parts of the Weddell Sea area. 
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