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Figure 2. Paleotemperature curve for Eltanin core 48-22, south-
east Indian Ocean, based on the relationship of species diversity

and surface water temperature.

study was provided by National Science Foundation
grant GV-28305.
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Absolute chronology of Upper
Pleistocene calcareous nannofossil zones

of the southeast Indian Ocean
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Tallahassee, Florida 32306
Five Upper Pleistocene cores taken during USNS

Eltanin cruise 45 were studied for their nannofossil
content. The cores traverse the northern flank of the
southeast Indian Ridge, southwest of Australia
(table).

Absolute dates were established by the combined
use of gamma-ray spectrometry and paleomagnetic
data, the latter provided by Dr. N. D. Watkins (per-
sonal communication).

The excess thorium-230 method using gamma-ray
spectrometry in determining average sedimentation
rates of the last 300,000 years was developed by
Osmond and Pollard (1967). This method has been
refined by others and has been found reliable (Scott
et al., 1972; Cochran, 1973; Cochran and Osmond,
in press).

Paleomagnetic data supported by gamma-ray
spectrometric data shows the Brunhes normal mag-
netic epoch at the top of each core and the Matuyama
reversed magnetic epoch at some length down the
core. All cores generally are of Upper Pleistocene age.

Geitzenauer (1969) presented the first subantarctic
nannofossil zonation of the Pleistocene. Using gamma-
ray spectrometry and the foraminiferal data of
Kennett (1970), he extrapolated approximate abso-
lute ages for the Emiliania huxleyi/Gephyrocapsa
zonal boundary and the Gephyrocapsa/Pseudoemi-
liania lacunosa zonal boundary. Geitzenauer (1972)
refined the Gephyrocapsa/P. lacunosa zonal boundary
by extrapolation between the antarctic radiolarian
zonal boundaries of Hays (1965) and the assumption
of a uniform sedimentation rate.

Absolute ages for nannofossil zones in the equatorial
Pacific were established by Gartner (1973). Constant
sedimentation rates were assumed and ages were
extrapolated from the magnetic stratigraphy. In addi-
tion, the thorium-230/protactinium-231 ratio of Rona

Core locations, length, and water depth.

Latitude Longitude Length Depth
Core	(°S.)	(°E.)	(centi-	(meters)

meters)

	

E45-71	 480 1.5'	114 029.2'	1,100	3,658

	

E45-74	 47033.1'	114 026.4'	1,075	3,804

	

E45-77	 46026.9'	114 026.4'	990	31804

	

E45-79	 45° 3.4'	114 022.0'	910	4,097

	

E45-81	 43057.2'	114 022.0'	1,050	4,256
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Comparison of nannoplankton
zones of Gartner (1973),
Geitzenauer (1972), and this
study. The boundary of each
zone is the mean value taken
from the five cores studied.
The E. annula Zone is equiva-
lent to the P. Iacunosa Zone;
the latter is invalid (Loeblich
and Tappan, 1970). The
ranges of the index species
also are shown to the right
of the nannoplankton zones.

and Emiliani (1969) was used to date the uppermost
E. huxleyi zone.

In this study, the age of the E. huxleyi zonal
boundary was extrapolated from the average sedi-
mentation rates for the last 300,000 years. The
Einiliania an nula / Gephyrocapsa zonal boundary was
dated by interpolation between the 300,000-year
datum point and the Brunhes/Matuyama magnetic
boundary (0.69 million years).

The Emiliania huxleyi Zone is defined by the first
occurrence of Emiliania huxleyi. In the area investi-
gated, this specie first appeared about 100,000 years
± 50,000 and still lives today (figure). The extrap-
olated age corroborates those of Gartner and
Geitzenauer (figure).

The Gephyrocapsa Zone immediately underlies the
E. huxleyi Zone and is defined by the first appearance
of E. huxleyi and the last occurrence of Emiliania
annula. All species of the genus Gephyrocapsa were
lumped together. This genus ranged throughout the
cores becoming most abundant in the above zone
(figure).

The Emiliania annula Zone is defined by the last

occurrence of E. annula (Pseudoemiliania lacunosa)
to the last occurrence of Discoaster brouweri; the
latter boundary was not found (figure). The name
E. annula is used rather than the more popular P.
lacunosa because the latter has been shown to be
invalid (Loeblich and Tappan, 1970). The Gephyro-
capsa/E. annula zonal boundary was determined to
be approximately 400,000 years ± 50,000. This age
agrees with Gartner's (1973) date but is about
100,000 years younger than the date given by
Geitzenauer (1972) (figure). As mentioned earlier,
the boundary in this study was calculated by interpo-
lation between the 300,000-year datum point and the
Brunhes/Matuyama magnetic boundary. To confirm
this date, calculations using average sedimentation
rates of gamma-ray spectrometry resulted in ages no
older than 450,000 years. The 400,000-year age thus
appears reasonable, and as Gartner (1972, 1973)
pointed out, Geitzenauer's estimate seemed too old
by 100,000 to 150,000 years "even if allowance is
made for equatorward compression of this specie's
geographic range prior to its becoming extinct. . .

This study was supported by National Science
Foundation grant Gv-42650.
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Surface ultrastructurcil variation in the
polar planktonic foraminifer

Neogloboquadrina pachyderma
(Ehrenberg)
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The Late Miocene to Recent planktonic foraminifer
Neogloboquadrina pachyderma (Ehrenberg) has been
studied intensively over the past decade mainly be-
cause of its value as a paleoclimaticpaleoceanographic
tool resulting from its importance in the cooler water
masses in both hemispheres and because of its distinct
coiling direction patterns (Bandy, 1967, 1972;
Jenkins, 1967; Ingle, 1967; Kennett, 1967). This
species, which is the only planktonic foraminiferal
species occurring in true polar waters, occurs as far
north as about 25°S. in the Southern Hemisphere and
as far south as about 25°N. in the Northern Hemi-
sphere.

We utilized scanning electron microscopy (sEM)
to examine the range of variation in surface ultra-
structure in over 1 5000 specimens of N. pachyderma
from different water masses and from different inter-
vals of time during the Late Cenozoic. We studied
the ancestry, evolution, and environmental relations
of the species, and its phylogenetic relationships with
the N. dutertrei plexus and N. acostaensis during the
Late Cenozoic (Srinivasan and Kennett, 1974, in
press; Kennett and Srinivasan, in press). The appli-
cation of SEM ultrastructural studies to planktonic
foraminifera enables greater precision in taxonomy
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because it assists in differentiating between phylo-
genetic and phenotypic variations (Srinivasan and
Kennett, 1974).

Two main ultrastructural types are recognized
readily: reticulate forms (fig. 1, 1,m) with relatively
unthickened, pitted, microcrystalline surface and more
thickened crystalline forms (fig. 1, k, n) with test
covered by distinct euhedral calcite rhombs. Inter-
mediate forms link these two types. Reticulate forms
predominate in subantarctic (fig. 1, c, e, f) and arctic
(fig. 1, i) populations while crystalline ultrastructure
is dominant in antarctic (fig. 1, a, b, d, j) and sub-
tropical (fig. 1, g) populations. In subtropical popula-
tions crystalline forms are distinguished from those of
high latitudes by thinner walls, higher pore concen-
tration, and a lack of rosette patterned crusts.

These ultrastructural differences reflect a difference
in the nature of secondary calcification with reticulate
microcrystalline ultrastructure representing an earlier
stage. Differences in dominance of the ultrastructural
types presumably reflects environmental differences
associated with the various water masses. Overall
similarity in ulttrastructure within N. pachyderma
links subtropical populations with temperate popula-
tions from the Late Miocene to the Recent as one
phylogenetitc species that evolved from Globorotalia
continuosa in the late Middle Miocene to early Late
Miocene. It was discovered that changes in the char-
acter of secondary calcification on the test surface of
Recent N. pachyderma are related to water mass
change. This discovery prompted us to test whether
such a relationship could be utilized as a paleoceano-
graphic or paleoclimatic index. As a result, variation
in surface ultrastructure has been examined by SEM
of 23 N. pachyderma populations from the Late
Miocene to the Holocene or latest Pleistocene at Deep
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