When viewed as a stereopair at x 880 (figures
2a, 2b) the ultrastructural detail appears as a delicate, thin, rigid screen that is nearly gauze-like in
quality. The surface has countless small, irregular
pits that appear as small, regularly spaced, equally
sized holes of a screen. At x3,420 (figures 5, 6),
the surface loses some of its delicate, thin, gauzelike quality. And what appears as homogeneous,
regularly spaced holes at lower magnification are
seen at X 13,120 to be heterogeneous, irregular,
surface pits (figure 7).
Facilities were provided incidental to National
Science Foundation grant BMS 74-20046 and to
National Aeronautics and Space Administration
grant NGR 05-010-035 to Preston Cloud, Biogeology Clean Laboratory, University of California,
Santa Barbara.
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Figure 7. Detailed structure of the lower bar and corner
protuberance, lower left corner of figure 3 (approximately
x 13,120).

apical bridge system tubes are attached to the tubes
of the square basal ring. Also, the outside portion
(the "nonwindow" side) of the tubes of the square
basal ring usually has more of these surface features
than the inner side (the "window" side). Therefore,
the inner side of these tubes frequently appears
smoother than the outer side (figures 5a, 5b*).
Nanopeaks are found at the intersections of
nanodivides. Three to five nanodivides commonly
radiate from a nanopeak. In some specimens the
nanopeaks and nanodivides have no pattern
(figures 4a, 4b*), and in others the pattern appears
to be roughly circular (figures 6a, 6b*). On the
tubes, away from corners and junctions, the nanodivides tend to be parallel. Consequently, at these
areas there are few intersections and thus few
nanopeaks. This appears to be the reason why
there are more nanopeaks at corners of specimens
and in areas where tubes of different orientations
meet. On corner protuberances of some specimens
there are areas where the nanopeaks and nanodivides have little relief; these areas appear
smoother than the rest of the corner protuberance
(figures 4a, 4b).
Nanovalleys—those small, low areas between
nanodivides—usually have three to five sides and
have surfaces that are conchoidal.
Ukrastructural details are on the surface features
and on the surface of tubes. Dark, thick lines in
the center of these tubes (figures 1, 2, 3) extending
into the corner protuberances (figures 4, 5, 6) could
be interpreted as the hollow center of these tubes.
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Tetralithus copulatus Deflandre
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Species of the genus Tetralithus are used extensively in late Cretaceous (Maastrichtian and Cam265

panian) calcareous nannoplankton zonations. Nannofossil ooze samples from two Indian Ocean Deep
Sea Drilling Project sites (leg 22, site 217; leg 25,
site 249) contain well-preserved floras that include
abundant specimens of Tetralithus copulatus Deflandre. Site 217 is in the Bay of Bengal; site 249 is on
the Mozambique Plateau.
Deflandre (1959, page 138) described T. copulatus
as a microfossil consisting of four calcite blocks
arranged in the form of a cross, bearing an angular
calcite deposit on one face, and remains of a coccolith on the opposite surface. The species, which
ranges between 10 and 12.5 microns in diameter,
first was found in French Maastrichtian sediments.
This species is mentioned infrequently in subsequent literature. In the past I assumed that specimens illustrated by Deflandre were artifacts produced by the superposition of poorly preserved
placoliths and tetraliths (such as T. obscurus) during
sedimentation and diagenesis, or during micro-
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scope slide preparation. Coworkers generally ha4
held similar opinions concerning the validity oE'
this species. My reluctance to regard this specie
as valid was in part fueled by initial results of a
detailed analysis of the genus Tetralithus by S. W
Wise, Jr., and me (Wind, 1975).
Proximal parts of specimens of T. copulatus COfl
sist of two monocyclic shields, each constructed o
between 18 and 20 elements. The proximal shield
is about 11.5 microns in diameter; the distal shield
12.5 microns. Elements of the proximal shield are
radial and nonimbricate. Distal shield elements are
clockwise inclined and sinistrally imbricate. The
distal half of many specimens is dominated by a
massive angular calcite cross. In distal view, the
cross appears as a perfect square with asymmetrical notches set in the four corners. Under a light
microscope, slightly sinuous sutures can be seen to
run diagonally from thecorner indentations. The
upper surface of the cross is ornamented with a

Figure 1. Tetralithus copulatus Deflandre from the
Indian Ocean. (a) to (e):
specimen photographed
on both scanning electron
microscope (SEM) and
light microscope. (a) and
(b): distal and lateral views
SEM micrographs (x3,350).
(C) to (e): distal view;
phase-contrast, plain light,
polarized light (x 1,600).
Sample DSDP 25-249-17-4,
25-27. (f) to (h): isolated
distal part of T. copulatus
photographed on both,
SEM and light microscope.
(f) and (g): phase-contrast,
plain light (x1,600). (h):
SEM micrograph (x3,300).
Sample DSDP 25-249-17-4,
25-27. (i): lateral view: SEM
micrograph (x4,300).
Sample DSDP 25-249-18-4,
24-26. (j): proximal view;
SEM micrograph (x4,300).
Sample DSDP 25-249-17-4,
29-31. (k) and (I): specimen
photographed in mobile
mount; distal and lateral
views; phase contrast
(x 1,600). Sample DSDP
25-249-18-6, 24-26. (m) to
(p): distal view; phasecontrast, plain light low
focus, plain light high
focus, polarized light
(x 1,600). Sample DSDP
25-249-21-3, 29-31.
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diminutive cycle of four calcite crystals. The cross
may be as wide as the shields (as in figure 1, m to p)
and extend distally for as much as 8 microns.
Features of the proximal surface are often obscured by overgrowths and detritus. A thick-rayed
central cross is evident on the specimen illustrated
in figure lj. The arms appear to be parallel to the
axes of the tetralithic distal structure.
In addition to specimens with large distal structures, many forms with smaller distal processes
have been observed (figure 1, a to e, i, k, and 1).
Small and medium-size distal structures consist of
low, petal-like calcite crystals (figure 1, a and b) in
the central areas. In forms with large distal structures, all of the small calcite crystals, with the exception of the four small central elements, are
united into four prominent, well-formed calcite
rhombs. The large size of the crystals observed on
these specimens is atypical for coccoliths. The
crystals observed on T. copulatus appear to be the
largest crystals secreted by calcareous nannoplankton.
The presence of well-preserved, bonafide coccolith shields excludes this species from the genus
Tetralithus. It appears that Deflandre was less than
enthusiastic about placement of this species in
Tel ralithus. More research is required before the
problem of true generic affinity of this form can
be resolved. At the moment, it appears that this
form may represent a new species of Markalius or
serve as the type for a new genus.
Late Campanian specimens from site 249 possess
nearly the full range of distal structure sizes: from
small-centered placoliths to large tetraliths bearing
only the barest remnants of shield structure preserved. In samples from the latest Campanian
through the Maastrichtian, however, specimens
from individual samples show little variation in
proximal structure size. In addition, the mean distal structure size gradually diminishes, so that by
late Maastrichtian, distal structures are almost nonexistent (figure 2). The distal structure of late
Maastrichtian specimens of this species does not
even extend above the level of the surrounding
distal rim.
Specimens of T. copulatus in site 217 samples
exhibit the same distal structure size reduction
trend observed in site 249 material (figure 2). Poor
preservation of older material from site 217 prevents determination of earlier trends in this species.
It is not yet possible to explain why this species
has not been observed and reported from other
localities. The large size, extreme brightness in
phase-contrast and polarized light illumination,
and easily recognizable features make it unlikely
that this form simply has been overlooked during
previous research. There is some suggestion that
September/October 1975

paleolatitude (and resulting paleotemperatures)
may have served to restrict the range of this species. T. copulatus is common in samples from sites
217 and 249 (approximate paleolatitudes 30° and
40°S.), but is absent in samples of the same age from
the more poleward Falkland Plateau (Deep Sea
Drilling Project leg 36, site 327A).
Further study of Indian Ocean and southern
Atlantic Ocean material may shed light on the factors limiting the paleogeographic distribution of
this species, as well as explain reasons for the trend
toward reduced distal structure size. Precise measurements of well-preserved specimens of this species will be taken. Resultant statistical parameters
for populations in individual samples will be compared with other samples from the same drilling
site and with contemporaneous samples from other
sample localities. Regional comparison of population parameters at currently recognized and newly
proposed late Cretaceous nannoplankton biostratigraphic datums (Wind and Wise, 1975) may mdi-
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Figure 2. Generalized stratigraphic occurrence of varied
morphologies of Tetralithus copulatus Deflandre in samples
from DSDP sites 217 and 249.
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cate evolutionary trends and/or response of this
species to environmental stresses. Spaciotem poral
modification will be compared with late Cretaceous
oceanographic and climatic changes discussed by
Worsley (1971) to detect possible correlation.
This research was supported by National Science
Foundation grant o pp 74-20109.
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Correlation of planktonic
foraminiferal curves from
southeast Indian Ocean sediments
using oxygen isotope stratigraphy
DOUGLAS

F. WILLIAMS

Graduate School of Oceanography
University of Rhode Island
Kingston, Rhode Island 02881

Little is known about the magnitude and the tim ing of major water-mass movements in the southeast Indian Ocean over the last 500,000 years.
Faunal analyses of planktonic foraminifera in five
piston cores (Eltanin cruise 48) taken beneath the
present subtropical convergence and at the boundary of transitional and northern subantarctic
water masses reveal a consistent pattern in the
faunal changes. Since planktonic foraminifera are
sensitive to certain water-mass properties, faunal
changes in the fossil assemblages should reflect
changes in water-mass positions. Determining if
these water-mass changes are synchronous worldwide is critical to discovering what driving
mechanisms are responsible for long-term, global
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climatic changes characteristic of the Pleistocene.
Paleomagnetic stratigraphy of deep-sea sediments
with micropaleontological control has been important in testing the synchronous nature of events
recorded by microfossils in deep-sea sediments.
However, the timing of events within the Brunhes
Epoch must be extrapolated from the BrunhesMatuyama boundary. Oxygen isotope stratigraphy
independently dated by paleomagnetic stratigraphy (Shackleton and Opdyke, 1973) and
thorium/uranium dating (Broecker and van Donk,
1970) now can be applied confidently to deep-sea
sediments and associated events within the last
700,000 years.
Three methods were used to infer the watermass changes: coiling ratio of Neogloboquadrina
pachyderma; a total faunal index composed of transi tional and subantarctic assemblages; sea surface
temperature estimates based on a steady decrease
in species diversity of Recent planktonic foraminifera with latitude (Williams and Johnson, 1975).
The consistency obtained by all three methods in
each of the cores is illustrated in a plot for core
E48-22 (figure 0. Oxygen isotope analyses of Gbborotalia truncatulinoides in core E48-22 through
glacial stage 6 reveals that the faunal and temperature changes are reflected by the same changes in
the oxygen is curve. The isotopic analyses
were performed using a VG Micromass 602C mass
spectrometer on approximately 20 specimens from
each sample after phosphoric acid extraction at
50°C.
Correlation of the oxygen isotope curve in E4822 through glacial stage 6 with the oxygen isotope
curve and time scale in V28-238 from Shackleton
and Opdyke (1973) establishes the timing of the
paleoceanographic events in each of the cores
(figure 2). Six major advances of the Australasian
Front from 48° to 40°S. have occurred in the last
500,000 years. This study also substantiates that
Gboborotalia crassaformis was replaced by G. truncatulinoides in the vicinity of 40°S. approximately
300,000 years before present, as independently
dated by Kennett (1970) and by Vella and Watkins (in press) using paleomagnetic stratigraphy.
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Bender for financial support through National
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