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Recently, Vail, Mitchell, and Thompson (1977) published
a history of global sea-level change during the Mesozoic
and Cenozoic which shows an overall decrease in sea level
since the Cretaceous (figure 1). A prominent feature of this
record is the existence of numerous, rapid falls of sea level
of more than 100 meters which occur in less than a million
years. The existence of such falls is controversial. The ra-
pidity of the falls suggests a glacial origin because the for-
mation and destruction of large volumes of continental ice
is the only known mechanism that can change sea level at
the required rate (up to 1,000 centimeters! 1,000 years) (Pit-
man 1979). Present thinking favors the hypothesis that
large continental ice masses are a late Cenozoic feature
(post-middle Miocene) and thus cannot effect sea-level
changes prior to this time. We think it is appropriate to
review briefly the history of polar glaciation during the
Cenozoic to focus attention on some of the assumptions on
which the present scenario is based and to examine its
possible relation to the global sea-level curve of Vail and
others (1977).

Kennett (1977) comprehensively reviewed the evolution
of the antarctic ice cap and the circum-antarctic ocean. The
present scenario for the formation of the antarctic ice cap is
based on a number of factors including the changing po-
sition of the continents around Antarctica during the Ceno-
zoic, changes in deep-sea sediment facies, the presence or
absence of deep-sea unconformities, oxygen isotopic evi-
dence, the distribution of ice-rafted debris, terrestrial glacial
evidence, and biogrographic information.

Almost all interpretations of the glacial history of Antarc-
tica are based on analyses of the deep-sea sedimentary
record because terrestrial glacial evidence for the early and
middle Cenozoic is fragmentary. However, good exposures
have been reported in the latest Cenozoic and have pro-
vided important information on more recent (latest Mio-

cene to Holocene) antarctic glacial evolution (Mayewski
1975).

The most important factor in controlling the devel-
opment of the antarctic ice cap was the northward move-
ment of the Gondwanaland continents away from their
polar position. As a result, the circulation pattern of the
southern ocean progressively changed to one of unimpeded
circum-antarctic flow. At the Eocene/ Oligocene boundary,
when a shallow water passage south of Australia opened,
surface-water temperatures dropped sufficiently to allow
sea-ice development close to Antarctica. The Antarctic Con-
tinent became even more thermally isolated sometime be-
tween 30 million and 22 million years ago as the Drake
Passage opened sufficiently to allow completion of the
circum-antarctic deep water circulation system. At approxi-
mately 15 million years ago a large continental ice cap
formed on Antarctica during a time of apparent global
warming.

Oxygen isotopic analysis of biogenic calcium cabonate
provides the most direct method of estimating paleo-
temperatures. However, an increase in the oxygen-
18:oxygen-16 ( 180: 160) ratio of biogenic carbonate during a
glacial period reflects both an increase in the 180:160 ratio.
of seawater and enrichment of 6 180 in the carbonate be-
cause of a temperature decrease. The isotopic signal ob-
tained from biogenic carbonate is therefore not easily inter-
preted because the isotopic compositon of continental ice
masses is not precisely known.

Shackleton and Kennett (1975) interpreted the Cenozoic
oxygen isotopic data from subantarctic deep-sea sequences
to demonstrate that the antarctic ice cap began to form
rapidly in the early middle Miocene (figure 2). However, it
is very difficult to differentiate the magnitude of ice volume
or temperature effect during the dramatic enrichment in
V80 at approximately 14 million years ago (Savin, Doug-
las, and Stehi 1975). It is generally assumed that a large
pro-portion of the oxygen isotopic signal after the middle
Miocene is caused by fluctuations in the volume of ice
sheets in polar regions. Pre-middle Miocene oxygen iso-
topic data are presumed to provide a direct measure of
oceanic paleotemperatures.

Using these assumptions, Shackleton and Kennett (1975)
suggested that waters around Antarctica approached the
freezing point during the early Oligocene. Keigwin (in
press) has shown that the dramatic isotopic enrichment
recorded by Shackleton and Kennett (1975) at the
Eocene/ Oligocene boundary in DSDP site 277 is caused by a
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ice volume on Antarctica before the Miocene, but some
evidence, such as ice-rafted debris, suggests that inland
glaciation did begin during the Oligocene or perhaps earlier
(Hayes, Frakes et al. 1975). Other independent evidence,
including the distribution of biogenic siliceous and cal-
careous sediment and biogeographic evidence on land and
in the sea, indicates that the Oligocene was a time of ex-
panding glaciation on Antarctica and of cooling coastal
waters, especially during the middle to late Oligocene
(Kennett 1977). Nothofagus (Southern Beech) was present
around Antarctica during the Oligocene but gradually
began to die out during the late Oligocene to early Miocene
(Kemp and Barrett 1975), probably in response to increased
glaciation. A key factor in polar glacial history was the
development of circum-antarctic circulation which resulted
from the movement of Australia northward at about 38
million years ago and the opening of the Drake Passage
sometime during the late Oligocene.

Similar types of evidence from the early Cenozoic sug-
gest that antarctic coastal water temperatures were rela-
tively warm (temperate) and that if any glaciers were
present, they must have been present only as valley glaciers
at high elevations. One of the major hindrances to deter-
mining the time of initiation of antarctic glaciation and its
subsequent history is the critical lack of deep-drilled marine
sequences close to the continent.

In summary, it appears unlikely that large volumes of
continental ice existed prior to the middle Miocene or the
Oligocene at the earliest. Even if the isotopic composition
of continental ice has been underestimated, independent
evidence, although fragmentary, suggests that oceanic and
terrestrial conditions of the antarctic region preclude the
existence of an ice sheet on Antarctica. We note that despite
the inferred middle Miocene buildup of antarctic ice, the
character of individual sea-level cycles through the late
Cenozoic remains similar to that of the middle and early
Cenozoic (figure 1). However, there is a definite change in
the character of the supercycles in the late Cenozoic. Super-
cycle (T,) and the latest Miocene/Pliocene supercycle (T1)

exhibit mid-supercycle peaks of sea level, distinguishing

12

Figure 1. Global cycles of relative sea-level change during
the Cenozoic (after Vail, 1977; 1980).

rapid decrease in temperature of 3° to 4°C as originally
suggested by Shackleton and Kennett (1975). Seasonal sea-
ice formation may have begun at this time, but it was not
until about 26 million years ago that significant confirmed
ice-rafted debris appeared (Hayes, Frakes et al. 1975), signal-
ing the first appearance of calved glaciers at sea level. Some-
time between these two dates, antarctic coastal waters
probably reached freezing point and valley glaciation ex-
panded and reached the coast. Oxygen isotopic evidence,
according to present thinking, does not indicate significant
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Figure 2. Oxygen isotopic data for benthonic and planktonic
foraminifera at DSDP sites 277,279A, and 281 (after Shackleton
and Kennett 1975).
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them from the earlier supercycles that terminate at times of
highest sea level. This change in character may represent
glacio-eustatic effects superimposed upon a longer term
eustatic driving mechanism. Also, this longer term eustatic
driving mechanism has probably remained constant dur-
ing the Mesozoic and Cenozoic, because the character of the
individual sea-level cycles has not changed during this
period (Vail et al. 1977). If continental ice sheets are a late
Cenozoic feature only, then an alternate mechanism must
be found to produce the rapid falls of sea level reported by
Vail and others (1977).

This research was supported by National Science Foun-
dation grant DPP 78-08512.
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foraminifera in surface sediments
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The research reported in this paper is part of a continuing
study of foraminifera in surface sediments from the south-
ern ocean. It covers the planktonic foraminifera of 23 core-
top samples from 21 deep-sea piston and trigger cores
collected in the southwest Atlantic Ocean during cruise
0775 of the ARA Islas Orcadas (see figure). The cores were
collected in an area bounded by 48° to 23°W longitude and
48° to 58°S latitude at ocean depths ranging from 1,500 to
5,000 meters.

The planktonic foraminiferal fauna was rich and com-
posed chiefly of large specimens. Only four top-samples
from piston cores 15, 27, and 34 and trigger core 34 lacked
planktonic foraminifera. This can be explained by the
effects of dissolution, since these samples were collected at
ocean depths ranging between 4,000 and 5,000 meters and
the calcium-carbonate-compensation depth previously cal-
culated for this area is between 2,100 and 3,000 meters
(Malmgren and Cronbiad 1978).

Eleven planktonic foraminiferal taxa were distinguished.
One of these is cosmopolitan (Globigerinita glutinata), two
are typical of cold water (Globigerinit a uvula and Globo-
quadrina pachyderma), and the others are typical of cold-
temperate water (Globigerina bulloides, sensu latu; G. quin-
queloba lingulata; G. quinqueloba quinqueloba; Globorotalia
inflata; G. scitula, forma typica; C. scitula, forma gigantea; G.
truncatulinoides malvinensis; and G. truncatulinoides trun-
catulinoides) (Be 1969; Boltovskoy 1%9; Boltovskoy and
Watanabe 1980; Lena and Watanabe in press).

The sinistral tests of Globoquadrina pachyderma (98.6 per-
cent), Globorotalia truncatulinoides (98.6 percent), and Glob-
igerina bulloides (70 percent) were dominant. These values
agree with the results of others who have studied cold and
cold-to-temperate water areas (Bandy 1960; Be 1%9; Bol -
tovskoy and Watanabe 1979; Malmgren and Cronbiad 1978;
Malmgren and Kennett 1976).

In general, the planktonic foraminiferal fauna of the sur-
face sediments analyzed was typical of subantarctic water,
and the frequencies of the species determined in the sedi-
ments agree with those of the surface water layer (Be and
Tolderlund 1971). The only exceptions were (1) Globo-
quad rina pachyderma, with a high frequency of sinistral tests
of 98.6 percent, a value typical of antarctic waters (Bol-
tovskoy and Watanabe 1979); and (2) Globorotalia inflata,
with a frequency of 26.7 percent, which is almost three
times greater than that previously determined for surface
waters (Be and Tolderlund 1971). The first discrepancy
can be explained by the fact that the samples were col-
lected near the subantarctic limit of the Antarctic Polar
Front Zone, where the antarctic water sinks below the
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