
technique, especially in cores in which a hiatus or variable
sedimentation rate is suspected. Continued progress in the
study of protein diagenesis and amino acid racemization
should provide workers in marine geology with an important
stratigraphic and sedimentologic tool.

We thank D. S. Cassidy, curator of the Antarctic Marine
Geology Research Facility at Florida State University, for
generous help in sampling, and K. A. Kvenvolden, U.S.
Geological Survey, Menlo Park, California, for technical ad-
vice. This work was supported by National Science Founda-
tion grant DPP 76-01005 to California State University (D. A.
Warnke).
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Development of planktonic
biogeography in the southern
ocean during the Cenozoic

J. P. KENNETI-

Graduate School of Oceanography
University of Rhode Island

Kingston, Rhode Island 02881

I have recently synthesized southern ocean paleontological
data (Kennett, in press) to evaluate biogeographic evolution,
through the Cenozoic, of the planktonic realm at high
latitudes of the Southern Hemisphere encompassing water
masses south of about 50'S. (the Subantarctic and Antarctic).
The development of biogeographic patterns has been evalu-
ated within a framework of plate tectonism. Continental and
plate reconstructions have been made at various intervals of
geologic time to evaluate controls on changing circulation
patterns (figures 1 and 2) and, in turn, the effects these have
had on biogeographic evolution. A rather detailed discussion
of the biogeographic development of southern ocean
planktonic groups through the Cenozoic is presented
elsewhere (Kennett, in press). Some highlights of this
development are summarized here:

1. The evolution of planktonic foraminifera and
calcareous nannofossils has occurred primarily outside of the
antarctic and subantarctic regions. Migration of these forms
into subantarctic and antarctic waters often took place much
later than their evolution at lower latitudes.

2. Unlike the calcareous microfossil forms, a high propor-
tion of the evolution of the siliceous groups has taken place
within the antarctic -subantarctic region, producing a con-
spicuous endemic assemblage. This evolution has been most
conspicuous since the early Neogene when the Antarctic
Water Mass and the Antarctic Convergence became well
established. Paleogene siliceous and calcareous microfossil
assemblages seem more cosmopolitan.

3. Diversity in all microfossil groups is relatively low in
high-latitude regions and generally becomes greater with
decreasing latitude. Although the antarctic region has been
the most important siliceous biogenic province in the oceans,
during the Late Cenozoic, species diversity in the siliceous
groups is still lower than in warmer oceanic areas.

4. Evolution during the Neogene appears to have
progressed in siliceous microfossil groups as quickly in ant-
arctic and subantarctic areas as in the tropics. This is not the
case among calcareous microfossils, the evolution of which is
essentially nonexistent in the polar regions. The temperate
latitudes represent staging areas for possible later plantonic
migration into subantarctic and antarctic regions. This
largely has not been the case in the siliceous microfossil
groups.

5. During the Cenozoic, there has been no simple pattern
of evolution toward greater diversity within subantarctic and
antarctic assemblages. This suggests that the antarctic
ecosystem is still unstable. If stability increases as a
biogeographic province ages (Dunbar, 1977), then diversity
might be expected to increase. This has not happened in the
southern ocean. Subantarctic planktonic foraminiferal
assemblages of late Quaternary age do exhibit a higher diver-
sity than those of early Quaternary and Pliocene age, but
other microfossil groups show no such simple pattern.
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Figure 1. Reconstruction of the Southern Ocean and sug-
gested bottom-water circulation 53 million years ago, during
the Early Eocene. (No Circum-Antarctic Current exists. A
spreading ridge has formed between Australia and Antarc-
tica, heralding the beginning of northward drift of Australia.
India has now moved north off the map. Spreading ridges and
connecting fracture zones are shown as jagged lines; the
dashed line In the South Atlantic represents the fracture
zone. Reconstructions are compiled from those produced for
different sectors by Weissel and others, 1977; Sclater, Abbott,
and others, 1977; and Sclater, Hollinger, and others, 1977.)

6. Antarctic and subantarctic planktonic foraminiferal
species exhibit high intraspecific polymorphism, probably in
response to the high seasonality characteristic of the polar
regions. These species more commonly become similar in
shape, whereas tropical-subtropical populations tend to be
more morphologically distinctive. Considerable polymorph-
ism in Antarctic diatoms has also been reported (Kozlova,
1970).

7. The development of biogeographic patterns in the
Southern Ocean is intimately linked with the development of
the water-mass system through the Cenozoic, which, in turn,
was in response to plate tectonism (figures 1 and 2).

8. Paleogene and Neogene planktonic biogeographic pat-
terns are fundamentally different when all microfossil groups
are considered. Close to the Paleogene -Neogene transition,
global patterns began to change toward present patterns.

9. The first major Cenozoic biogeographic change in the
Southern Ocean occurred close to the Eocene-Oligocene
boundary (38 million years ago), when antarctic planktonic
foraminifera developed polar characteristics with low diver-
sity and simpler morphologies, and calcareous nannofossil
assemblages became drastically less diverse. This event was
associated with one of the most important paleoceanographic
changes in the world ocean, when a rapid drop in tem-
perature of surface and bottom waters seems to have been

Figure 2. Reconstruction of the Southern Ocean and sug-
gested surface-water circulation 36 million years ago, during
the earliest Oliogocene. (A substantial ocean has now formed
between Australia and Antarctica, although the southward
extension of the continental South Tasman Rise and
Tasmania continued to block deep circumantarctic flow be-
tween these two continents. The Drake Passage remains
closed between South America and Antarctica. Spreading
ridges and connecting fracture zones are shown as jagged
lines. A shallow, surface-water connection Is, by this time,
established over the South Tasman Rise, possibly leading to
cooling and sea-ice formation in the Ross Sea region. The
warmer east Australian current is losing Its previous in-
fluence on west Antarctica, contributing to the thermal iso-
lation of Antarctica. Reconstructions are compiled from those
produced for different sectors by Weissel and others, 1977;
and Sclater, Abbott, and others, 1977; and Sclater, Hollinger

el al., 1977.)

triggered by the initiation of major sea-ice formation adjacent
to Antarctica (Kennett, 1977).

10. Oligocene microfossil assemblages of all groups, from
tropical to polar areas, contain more cosmopolitan forms and
exhibit lower diversity than during most other Cenozoic inter-
vals. This pattern, which was related to particular paleo-
ceanographic and climatic conditions, was not repeated dur-
ing the Neogene.

11. Circumantarctic provinciality should have become
established late in the Oligocene in association with the
development of the Circumantarctic Current.

12. The distinctive antarctic biogenic realm characterized
by an abundance and dominance of siliceous forms began to
form at the time of the Paleogene -Neogene transition (ap-
proximately 20 million years ago) as the Antarctic Water
Mass expanded and the Antarctic Convergence began to
develop. Further reduction occurred in the distribution of
calcareous planktonic microfossil assemblages in this region.
A sharp separation was established at the Antarctic Con-
vergence between dominantly siliceous assemblages to the
south and calcareous assemblages to the north.
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13. Biogeographic changes during the Neogene primarily
have been in scope rather than styfe. For instance, major
changes have occurred in biogenic productivity and inferred
oceanic upwelling; in the geographic range of individual
biogeographic provinces; and in the diversity of assemblages
within these provinces. A steep diversity gradient between
polar and tropical areas developed close to the beginning of
the Miocene. This gradient has since been an essentially per-
manent feature.

14. Modern antarctic microfossil assemblages developed
their basic characteristics by the early Pliocene; since then
further changes have been biogeographically less important.

15. Although the Quaternary was a time of maximum
global terrestrial and oceanic cooling for the Cenozoic, no
major biogeographic crisis occurred in the marine realm.
This is because global cimate changed in many steps over a
long time, during the Cenozoic, each step having
biogeographic repercussions.

This research was supported by National Science Founda-
tion grants DPP 77-06687 and OCE 76-81489.
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Cenozoic microfossil datums in
antarctic to subantarctic deep-sea

sedimentary sequences

J . P. KENNErF

Graduate School of Oceanography
University of Rhode Island

Kingston, Rhode Island 02881

The southern ocean, here considered to represent the ap-
proximate present-day positions of the subantarctic and ant-
arctic water masses, represents an enormous area of the
earth's surface. Biostratigraphic information from this region
is important for a complete understanding of global
biogeographic and biostratigraphic patterns during the
Cenozoic and of the paleoceanographic and paleoclimatic
controls of dynamic changes that are known to have occurred
in the planktonic realm.

The high-latitude regions of the Southern Hemisphere are
marked by an almost complete lack of marine sedimentary
sections on land. The antarctic continent lacks useful marine
sequences; a few shallow marine sediment sections occur on
and around the antarctic continent but essentially lack
planktonic m icrofossils. Therefore, information about the
marine Cenozoic microfossil succession must be gained from
deep-sea sediments. Piston-coring programs have provided
the most useful biostratigraphic information on Quarternary-

Pliocene sections (see figure). This biostratigraphy has been
very successfully tied to the magnetostratigraphy, providing a
detailed dated sequence of microfossil events. In fact it was
the southern ocean area where magnetostratigraphy was first
successfully applied to the enhanced correlation and dating of
biostratigraphic successions (Goodell and Watkins, 1968;
Hays and Opdyke, 1967; Opdyke et al., 1966). Although most
piston cores taken in the southern ocean are of Quaternary
and Pliocene age, only a few are older and have provided
brief glimpses of Tertiary and Late Cretaceous planktonic
biogeography of the region (Margolis and Kennett, 1970,
1971; Quilty, 1973).

The development of any reasonable understanding of
southern ocean biostratigraphy by necessity thus awaited
deep-sea drilling operations, which began in 1972. Four
deep-sea drilling legs involving the Glomar Challenger have
provided much new information on the Cenozoic. Cruises 28
and 29 south of Australia and New Zealand provided the
most complete sequences, while cruises 35 and 36, although
important, were less successful because of poorer drilling
conditions. Numerous biostratigraphers have analysed the
materials, and the results have been for the most part
published in the initial reports of each of the expeditions.
Before now (Kennett, in press), no attempts have been made
to synthesize this body of information which consists of two
categories: (a) biostratigraphic ranges of individual
microfossil species for correlation purposes within and out-
side of the southern ocean; and (b) biogeographic informa-
tion related to general distribution patterns, relative impor-
tance of major planktonic microfossil groups and diversity
patterns throughout the Cenozoic. My contribution (Kennett,
in press) is a compilation of biostratigraphic datums (first and
last appearances) of the major planktonic microfossil groups
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