
centimeters. Dating of the basal sediments of these cores in
which nodules occur (Ciesielski et at., 1978) reveals the base
of the cores to be late Miocene to Quaternary. Age-date deter-
minations for basal sediments of the nodule-bearing cruise 7
cores (Ciesielski and Wise, 1977a) range from Eocene to
Quaternary, with the nodule occurrence horizons ranging
from the core tops to a depth of 1,039 centimeters.

In a previous paper, Glasby (1978) states that "only DSDP

hole 328 taken at a depth of 5,105 in the Argentine Basin
has the sort of distribution of nodules in the sediment column
from Oligocene to Pleistocene in age that one would expect if
nodules had been forming at their present level of abundance
throughout the world's ocean since the Mesozoic." This
survey strongly confirms Glasby's suggestion that the forma-
tion of abundant nodules on the seafloor is related to the
onset of high bottom-current velocities, which can scour away
sediment, creating low sedimentation conditions favorable for
nodule growth (Barker et at., 1976; Ciesielski and Wise,
1977b). According to Glasby, the strong bottom currents have
been operating in this region over a much longer time than in
the Pacific because of the early opening of the Drake Passage.
The central role of the Drake Passage in establishing high
bottom-current velocities (and therefore high nodule abun-
dances) in the vicinity of the Argentine Basin and South
Georgia Basin over a long geological time-scale is therefore
emphasized. The importance of these bottom currents in con-
trolling the distribution of manganese nodules and crusts in
the Verna Channel to the north recently has been emphasized
by Debrabant and Maillot (1978), Ledbetter et at. (1978), and
Melguen et at. (in press).

Core descriptions were partially supported by National
Science Foundation contract C-1059.
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Modern zoogeography of antarctic
planktonic microfossils

J . P. KENNETT

Graduate School of Oceanography
University of Rhode Island

Kingston, Rhode Island 02881

B iogeograph ically the southern ocean, particularly those
antarctic waters south of the Antarctic Convergence, is one of
the most highly distinctive marine ecosystems on earth: it is
one of the most biologically productive marine systems and it
possesses a distinctive endemic assemblage. I have reviewed
southern ocean distributions of the microfossil zooplankton
groups as a whole, namely the planktonic foraminifera,
radiolaria, and the pteropods (Kennett, in press). Several
contributions have described and discussed the southern
ocean distribution patterns of each of these microplankton
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groups. Planktonic foraminifera from plankton samples have
been summarized by Be (1969) and in surface sediments by
Kennett (1969), Echols and Kennett (1973), and Malmgren
and Kennett (1973). Radiolarian distributions in surface
sediments and plankton have been discussed by
Petrushevskaya (1968; 1971), Lozano and Hays (1976), and
Dow (1976). Pteropods have been summarized by Be and
Gilmer (1977). From these data I summarized major
biogeographic patterns exhibited within and between the ant-
arctic and subantarctic water masses (Kennett, in press).

Antarctic zoogeography of planktonic microfossils.

1. The Antarctic Convergence represents a major
biogeographic barrier to planktonic foraminifera and
radiolaria as reflected in both the living plankton and in sur-
face sediments. Major changes in both planktonic
foraminifera and radiolaria occur close to the Antarctic Con-
vergence with respect to species composition, relative fre-
quencies, and morphotypic (ecophenotypic) variation.

2. Antarctic planktonic foraminiferal radiolarian
assemblages are distinctly different from subantarctic
assemblages north of the Antarctic Convergence.

3. The antarctic biogeographic province is marked by an
abundance of siliceous biogenic forms including the
radiolarians. Antarctic deep sea sediments are, in general,
rich in biogenic silica except in areas south of the Antarctic
Divergence, where glacial marine sediments dominate.

4. Calcareous microfossils are normally poorly repre-
sented and are often absent in deep sea sediments, although
carbonate oozes occur on certain shallow water areas such as
the Kerguelen-Gaussberg Rise.

5. Antarctic and subantarctic planktonic microfossil
assemblages are circum -Antarctic in distribution.

6. The Antarctic Divergence, which approximates present
day sea-ice limits, appears to exert no major influence on
faunal compositions compared with the Antarctic Con-
vergence. However, south of the Antarctic Divergence diver-
sity and number of specimens decrease noticeably as a result
of lower biogenic productivity and, perhaps, of dilution by
glacial marine sediments.

7. Planktonic microfossil diversities in antarctic waters are
considerably lower than in subantarctic areas and substan-
tially lower than in tropical regions.

8. Antarctic planktonic foraminiferal assemblages in sur-
face sediments are monospecific and consist entirely of
Neogloboquadrina pachyderma. In northern antarctic waters, sub-
antarctic species appear and become progressively important
toward the north.

9. The antarctic radiolarian assemblage is clearly domi-
nated by Antarctissa strelkovi; of secondary importance is Ant-
arctissa denticulata. These two forms may intergrade as a dine.

10. The antarctic radiolarian fauna is largely endemic and
has little in common with arctic-subarctic faunas. Major
differences also exist between antarctic and subantarctic
assemblages. The antarctic fauna has evolved in relative iso-
lation. Although N. pachyderma is the sole bipolar planktonic
foraminifer, antarctic and arctic assemblages are represented
by different morphotypes.

11. Antarctic planktonic foraminifera and radiolaria are
characterized by heavy, thick shells, whereas shells of subant-
arctic morphotypes are often delicate.

12. Highly depleted planktonic microfossil assemblages
are reported in the large antarctic embayments and the Ross
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and Weddell Seas. Both diversity and specimen abundance of
radiolarians and surface sediments are highly reduced.

Subantarctic zoogeography of planktonic microfossils.

I. The subantarctic province is bounded to the south by
the Antarctic Convergence and to the north by the Subtropi-
cal Convergence, both of which are substantial biogeographic
boundaries.

2. Calcareous phytoplankton and zooplankton dominate
within the subantarctic biogeographic province. A corr-
esponding southward change from carbonate-rich to
siliceous-rich biogenic sediments closely coincides with the
position of the Antarctic Convergence.

3. Subantarctic planktonic foraminiferal assemblages can
be subdivided into southern and northern groups. About six
species occur in the southern group and nine in the northern
group.

4. Subantarctic planktonic foraminiferal species are not
endemic to the subantarctic region. All of these forms also oc-
cur in subtropical and even tropical areas where they all
evolved.

5. As with the planktonic foraminifera, the radiolarian
fauna exhibits close affinities with temperate assemblages.
Even warm subtropical elements are present.

6. The subantarctic radiolarian assemblage does not dis-
play the endemism exhibited by the antarctic radiolarian
assemblage, reflecting the greater biogeographic importance
of the Antarctic Convergence than the Subtropical Con-
vergence.

This research was supported by National Science Founda-
tion grants OPP 75-15511 and OCE 76-81489.
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Reduction in the South Pacific
zone of high bottom current

activity during the last 3 million
years

MICHAEL T. LEDBETTER and T. C. HUANC

Graduate School of Oceanography
University of Rhode Island

Kingston, Rhode Island 02881

A zone of high bottom current activity has been identified
in the subantarctic sector of the South Pacific using bottom
photographs (Hollister and Heezen, 1967), sedimentation
rates (Goodell and Watkins, 1968), and the presence of lag
deposits of ice-rafted debris (Ledbetter and Watkins, in
press). An increase in bottom current activity during the
Matuyama (0.7-2.43 million years ago) was inferred from a
study of textural and compositional parameters from six cores
within this zone (Huang and Watkins, 1977). We have at-
tempted to learn if the temporal velocity increase was accom-
panied by an increase in the areal extent of the zone of high
bottom water velocity.

We have chosen the apparent accumulation rate of
manganese micronodules (MMN) as our index of bottom cur-
rent activity. Increases in MMN accumulation rates in cores
have been attributed to increases in bottom current activity
during deposition (Kennett and Brunner, 1973; Ledbetter
and Watkins, in press). The origin of MMN is not well under-
stood: Immel and Osmond (1976) conclude that at least some
MMN in Southern Ocean cores were diagenetically formed
after deposition, in particular where conditions are less ox-
idizing than average. The core sections in the South Pacific
having high accumulation rates of MMN are mostly associated
with the laminae produced by high bottom current activity
(Huang and Watkins, 1977) and presumably represent highly
oxidizing conditions. Nevertheless, we believe that in zones of
high bottom water velocity, the accumulation rate of MMN is
enhanced more by the reduction in sedimentation rate than
by the increase caused by remobilization of manganese dur-
ing diagenesis. Therefore, in the South Pacific where bottom
water activity is high we use the MMN accumulation rate in 23
Eltanin piston cores (see figure, a) to define fluctuations in the
areal extent of the dynamic zone.

The mean apparent accumulation rate of MMN was deter-
mined for three magnetic epochs: Brunhes (0.7 million years
ago), Matuyama (0.7-2.43 million years ago), and Gauss
(2.43-3.32 million years ago). The mean MMN rates for each
period were plotted and the values contoured (figure, b, c,
and d). The contour interval was arbitrarily chosen to express
adequately temporal fluctuations of the limit of the dynamic
zone. The inferred high-velocity zone had its widest extent in
the Gauss period (figure, d), when the northern limit was in
the vicinity of 50'S. The exact limits cannot be determined
because of a lack of cores with Gauss-age sediment. The
Matuyama is characterized by a more restricted high-velocity
zone between 58° and 68°S. (figure, c). The high-velocity
zone during the Brunhes (figure, b) is further restricted to a
narrow zone between 61° and 65°S.

The expansion of the zone of high bottom water velocity
during the Gauss represents increased bottom water produc-
tion, which may be responsible for erosional unconformities
observed in Gauss and Matuyama core sections in the same
area (Fillon, 1975; Huang and Watkins, 1977). Widespread
unconformities of the same age also have been reported in the
southeast Indian Ocean (Kennett and Watkins, 1976;
Watkins and Kennett, 1971, 1972). The increased bottom
water production may be linked with a pronounced Pliocene
cooling trend in the Southern Ocean (Ciesielski and Weaver,
1973; Keany, 1978; Shackleton and Kennett, 1975) which
coincides with the first Patagonian glaciation 3.5 million
years ago (Mercer, 1976).

Since the MMN zone continually decreases in areal extent
through the Matuyama and Brunhes epochs, we infer that
bottom water production in the South Pacific has decreased
since the onset of the Northern Hemisphere glaciation 3.2
million years ago (Schackleton and Opdyke, 1977). Addi-
tionally, the decrease in inferred bottom water production oc-
curred after a significant cooling of antarctic water 3.5
million years ago (Keany, 1978). Clearly, more work is
needed to determine the timing of the changes in bottom
water velocity in order to understand how bottom water pro-
duction is coupled to major regional and global climatic
changes. The evidence available at this time implies that
climatic deterioration did not result in increased production
of bottom water.

This work was supported by National Science Foundation
grant DPP 77-09491.
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