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ABSTRACT

Selected Neogene calcareous nannofossil datums have been determined in seven Ocean Drilling Program (ODP)
sites ranging from 50° to 65°S latitude on the Kerguelen Plateau (southern Indian Ocean) and Maud Rise (Weddell
Sea). Our data reveal that the first occurrence (FO) of Calcidiscus leptoporus/Calcidiscus macintyrei is not a useful
event on Maud Rise, but it is an excellent biostratigraphic marker on the Kerguelen Plateau with an age of about 18.1
Ma. The last occurrence (LO) of Cyclicargolithus floridanus is also a useful datum (11.1-12.2 Ma) in the southern
high latitudes. The FO of Reticulofenestra perplexa is consistently younger toward the lower latitudes (14.4 Ma at
65°S to 12.3 Ma at 55°S) and the age vs. latitude curve established can be used to estimate the age of this datum in
different latitudes of the Southern Ocean.

A biometric study of Reticulofenestra perplexa for Sites 744 and 748 on the Kerguelen Plateau shows that most
specimens range from 5 to 8 µm in length, similar to those of the topotypic material of R. perplexa from Deep Sea
Drilling Project (DSDP) Site 265. The mean size change of the species through time in the 13-8 Ma interval is not
useful for biostratigraphy because there is not a clear trend.

Abundance changes of Reticulofenestra perplexa relative to Coccolithus pelagicus have been studied in six ODP
sites (50° to 65°S latitude) in the Southern Ocean. The patterns of abundance changes are generally similar at these
southern high-latitude sites, and the abundance fluctuations in the 10-8 Ma interval can be interpreted as reflections
of alternating warm and cool events during that time interval.

Because of its ability to tolerate and even thrive in cold surface waters, R. perplexa significantly influenced the
carbonate-compensation depth (CCD) in the Southern Ocean during the Miocene. The disappearance of this species
coupled with the establishment of the Polar Front Zone during the late Miocene-early Pliocene glaciations of East
and West Antarctica left the high-latitude Southern Ocean virtually devoid of nannofossil ooze deposition.

INTRODUCTION

It is well known that the stratigraphic ranges of many
calcareous nannofossil species are truncated toward the
higher latitudes and that many species simply could not live in
the high latitudes. On the other hand, some cool- or cold-
water species did not thrive in the low latitudes, and their
stratigraphic ranges may become shorter toward lower lati-
tudes. The diachroneity of species across latitudes is most
distinct for the Neogene, when the latitudinal thermal gradi-
ents greatly increased as a result of long-term Cenozoic global
cooling.

Until very recently, only fragmentary Neogene sedimen-
tary sections have been recovered from the Southern Ocean
and virtually no magnetostratigraphy has been available for
these sections. Consequently, it has been difficult to deter-
mine the degree of synchroneity or diachroneity of nannofos-
sil datums in these high latitudes. To help fill a critical regional
gap in global paleoceanographic and paleoclimatic reconstruc-
tions, Ocean Drilling Program (ODP) Leg 113 (January-
March, 1987) in the Weddell Sea and Legs 119 (December-
February, 1988) and 120 (February-April, 1988) in the south-
ern Indian Ocean recovered fairly long and complete Neogene
sequences at a number of sites (Fig. 1). Detailed biostratigra-
phies and magnetostratigraphies have been established in
these sedimentary sequences. This offers an unprecedented
opportunity to evaluate the synchroneity or diachroneity of
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the nannofossil datums in the Southern Ocean and to trace the
evolution of climate through time.

The first objective of this study is to synthesize the
biomagnetostratigraphic data from Legs 113, 119, and 120 for
selected Neogene nannofossil species to determine the syn-
chroneity or diachroneity of key datums. Following this, we
examine the application of biometrics to the refinement of the
stratigraphy. Last, we investigate the response of certain
members of the nannofossil assemblages to paleoceano-
graphic change during the late Neogene. The latter two
objectives are explained in more detail below.

One of the most important Neogene nannofossil species in
the Southern Ocean is Reticulofenestra perplexa (Burns)
Wise, a senior synonym of Dictyococcites antarctic us Haq
(see detailed discussions by Wise, 1983, and Wei, 1990). The
biometric study by Backman (1980) indicates that the mean
size change of R. perplexa is useful for locating the Miocene/
Pliocene boundary. As Backman (1980) used samples from
different localities to plot the mean size change of R. perplexa
through the Miocene, difficulties in age correlation among
different sites may have complicated the interpretation of his
results. Thus, the second objective of this study is to analyze
R. perplexa in two continuous sequences at Sites 744 (South-
ern Kerguelen Plateau) and 748 (Central Kerguelen Plateau) to
see whether the mean size change through time is useful for
biostratigraphy in the Southern Ocean.

Calcareous nannoplankton live in the photic zone of oce-
anic waters and are therefore subject to direct climatic control
(Siesser and Haq, 1987). Mclntyre (1967), Mclntyre and Be
(1967), and Mclntyre et al. (1970) have shown that nanno-
plankton species are restricted to waters of definite tempera-
ture ranges. Paleobiogeographic studies also reveal that cal-
careous nannofossil assemblages are latitudinally differenti-
ated, which is believed to be related to latitudinal thermal
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Figure 1. A. Locations of Leg 113 sites in the Weddell Sea. B. Locations of Leg 119 and 120 sites in the southern Indian Ocean.

gradients (e.g., Haq and Lohmann, 1976; Haq et al., 1977;
Roth and Krumbach, 1986; Wei and Wise, 1990a).

It has been noted previously that Reticulofenestra perplexa
is most abundant in the southern high latitudes (Haq, 1980;
Wise, 1983; Wei and Wise, 1990b; Wei and Thierstein, 1991).
This species was found at ODP Site 693 (7 PS) in the Weddell
Sea (Barker, Kennett, et al., 1988) and at ODP Site 739 (67°S)

in Prydz Bay (Antarctica) (Wei and Thierstein, 1991). Retic-
ulofenestra perplexa, therefore, represents the cold-water end
member of Miocene calcareous nannofossil assemblages. Haq
(1980) reported that three distinct abundance peaks of R.
perplexa coincided approximately with isotopically deter-
mined coolings of the Southern Hemisphere, and he suggested
that the fluctuations of the species may reflect waxes and
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Table 1. Locations
sites studied.

Site

689
690
736
737
744
747
748
751

Latitude

64°31.009' S
65°9.629' S

49°24.121' S
50°13.660' S
61°13.656' S
54°48.68' S
58°26.45' S
57°43.56' S

and water depths of

Longitude

03°05.996' E
01°12.296' E
71°39.611' E
73°01.950' E
80°35.463' E
76°47.64' E
78°58.89' E
79°48.89' E

Water
depth
(mbsf)

2080
2914
629
564

2307
1695
1287
1633

x±za/2/(s/y/N), (i)

wanes of the antarctic ice sheet. During the study of subant-
arctic Quaternary calcareous nannofossils, Geitzenauer (1969)
noted that Coccolithus pelagicus dominates the nannofossil
assemblages in samples where warm-water radiolarian species
are most abundant. This is reasonable because modern C.
pelagicus is most abundant in waters of 6°-14°C (Mclntyre
and Be, 1967). When waters of a similar temperature range
expanded to the subantarctic during warmer Quaternary in-
tervals, C. pelagicus became abundant. Consequently, it is
possible to use the abundance change of R. perplexa relative
to C. pelagicus as a paleotemperature change indicator, that
is, increasing abundance of/?, perplexa relative to C. pelagi-
cus indicates decreasing water temperatures, and decreasing
abundance of R. perplexa suggests increasing water tempera-
tures.

The third objective of this study, therefore, is to examine the
abundance change of R. perplexa relative to C. pelagicus for a
half dozen ODP sites ranging from 50° to 65°S latitude to
determine relative temperature changes in the surface waters of
the Southern Ocean during the middle and late Miocene. This is
especially useful as no oxygen isotopic data of Neogene plank-
tonic foraminifers are available from the southern high latitudes.

MATERIALS AND METHODS
Samples from Sites 689 (Weddell Sea), 737, 744, 747, 748,

and 751 (southern Indian Ocean) were analyzed in this study
(Fig. 1 and Table 1). Biostratigraphic and magnetostrati-
graphic information are available for the Neogene interval
concerned at all the above sites except for Site 737, where
only biostratigraphy is available. Age assignments of the
samples (Appendix) are based on sedimentation rate curves
constructed using biomagnetochronology for Sites 689 (Ger-
sonde et al., 1990), 744 (Barron et al., 1991a), and 747, 748,
and 751 (Harwood et al., this volume); and using biochronol-
ogy for Site 737 (Barron et al., 1991a). This is done by
assigning numerical ages to subchron boundaries according to
the time scale of Berggren et al. (1985) and assuming a uniform
sedimentation rate within each subchron. Information on
selected calcareous nannofossil datum levels are taken from
Wei and Wise (1990b) for Sites 689 and 690, Wei and Thier-
stein (1991) for Sites 737 and 744, and Wei and Wise (this
volume) for Sites 747, 748, and 751.

For the biometric study of Reticulofenestra perplexa, the
first 30 or more well preserved specimens of the species
encountered along random traverses of each smear slide were
measured on a Panasonic monitor screen connected to a
Panasonic video camera mounted on a Zeiss Photomicroscope
III. Magnification of the screen images was determined by
measuring a micrometer on the screen. The measurement
error is estimated to be about 0.3 µm. Analyzing 30 or more
specimens allows an estimation of the population mean with a
known confidence level:

where X = the mean of the measurements,
S - the standard deviation of the measurements,
N = the numbers of measurements, and

Zd2 - 1-96 for a 95% confidence interval (McClave and
Dietrich, 1982).

The abundance of Reticulofenestra perplexa relative to
Coccolithus pelagicus was determined by counting 200 or
more specimens of the two species along random traverses of
each slide. As stated above, the temperature preference of/?.
perplexa relative to C. pelagicus is reasonably well known.
The collection of such abundance data should simplify inter-
pretation of the data in terms of paleotemperature changes.
On the other hand, the temperature preference of C. pelagicus
relative to other nannofossil species, such as Cyclicargolithus
floridanus, Calcidiscus leptoporus, Calcidiscus macintyrei,
and Reticulofenestra gelida, is poorly known in the Southern
Ocean. The distribution patterns of C. pelagicus in the sub-
arctic is also problematic in terms of water temperatures
(Gard, 1988). Thus, we make no attempt to determine the ratio
of C. pelagicus vs. these or similar taxa, as some investigators
have done (e.g., Raffi and Rio, 1981).

BIOCHRONOLOGY
There are considerable difficulties in using light microscopy

to distinguish Calcidiscus leptoporus from Calcidiscus- macin-
tyrei consistently, and the first occurrence (FO) of these two
species are virtually the same (Perch-Nielsen, 1985). There-
fore, the FO of this group bears some discussion.

Okada and Bukry (1980) do not specify the marker species
for the CN3/CN4 boundary, but refer instead to Bukry (1973
and 1975). Bukry (1973) used the LO of Helicosphaera am-
pliaperta to define this boundary, whereas Bukry (1975) used
the FO of C. macintyrei instead. As H. ampliaperta is
generally rare or absent in deep sea sediments, the FO of C.
macintyrei has been widely used for the CN3/CN4 boundary
(Perch-Nielsen, 1985), which has been taken to be equivalent
of the NN4/NN5 zonal boundary (Berggren et al., 1985;
Martini and Müller, 1986). Berggren et al. (1985) assigned an
age of 16.2 Ma to the CN3/CN4 boundary.

Calcidiscus leptoporus!C. macintyrei have a rare and
sporadic occurrence at Site 689 and are virtually absent at
ODP Site 690, two extremely high-latitude sites (65°S) in the
Weddell Sea. The FO of C. leptoporuslC. macintyrei at Site
689 was recorded between Samples 113-689B-7H-1, 29-31
cm, and -7H-2, 29 cm (Wei and Wise, 1990b), which has an
age of about 14.2 Ma according to biomagnetochronology
(Gersonde et al., 1990). Because of the sporadic occurrence
or virtual absence of C. leptoporuslC. macintyrei at these
sites, the apparent FO of these taxa must be unreliable and
considerably younger at such latitudes than at lower latitude
sites.

The FO of Calcidiscus leptoporuslC. macintyrei al Site 744
on the Southern Kerguelen Plateau was recorded between
Samples 119-744B-9H-6, 118-119 cm, and -9H-CC (Wei and
Thierstein, 1991), and has a well-constrained age of 18.2 Ma
by biomagnetochronology (Barron et al., 1991a). On the
central Kerguelen Plateau, the datum was recognized between
Samples 120-747A-11H-1, 58-62 cm, and -11H-2, 58-62 cm,
at Site 747; between Samples 120-748B-6H-3, 58-62 cm, and
-6H-4, 58-62 cm, at Site 748; and between Samples 120-751A-
16H-7, 63-65 cm, and -17H-1, 22-25 cm, at Site 751 (Wei and
Wise, this volume). According to the sedimentation rate
curves constructed by Harwood et al. (this volume), the FO of
C. leptoporuslC. macintyrei has ages of 18.0, 18.1, and 18.1

525



W. WEI, S. W. WISE, JR.

Ma

3-

S2
o
Q.

c
o

ü

Site
JZ Latitude
o Water
£- depth (m)

737
50°S
564

747
55°S
1695

751
58°S

1634

748
58°S
1290

744
62°S
2307

689 690
65°S 65°S
2080 2914

7-

8-

9 :

10 -

11 -

12 -

13 -

14 -

15-

16-

17-j

18-j

19 -

2 0 -

21 -

22 -

C2A

C3

C3A

C4

C4A

C5

C5A

C5AA
C5AB
C5AC

C5AD

C5B

C5C

C5D

C5E

C6

C6A

C6AA

P
lio

ce
ne

la
te

 M
io

ce
ne

m
id

dl
e 

M
io

ce
ne

ea
rly

 M
io

ce
ne

\ N

C. floridanus si

FO C. leptoporus/C. macintyrei

Figure 2. Ages of selected Neogene calcareous nannofossil datums at different latitudes in the Southern Ocean.
Information on the datum levels are taken from Wei and Wise (1990b) for Sites 689 and 690, Wei and Thierstein
(1991) for Sites 737 and 744, and Wei and Wise (this volume) for Sites 747, 748, and 751 (see "Material and
Methods" section, this chapter, for details).

Ma at Sites 747, 748, and 751, respectively. These ages are
remarkably consistent for the Central and Southern Kerguelen
Plateau sites (Fig. 2). At the Northern Kerguelen site (737), a
disconformity encompasses the 14-24 Ma interval, prohibiting
the determination of the FO of C. leptoporus/C. macintyrei.

Elsewhere, the reported FO of C. leptoporus/C. macintyrei
does not appear to be very consistent. For example, Lohmann
(1986) reported it in NN2 (ca. 19-23 Ma) at DSDP Sites 588

and 590, in NN5 (ca. 15-16 Ma) at DSDP Site 591, and in NN3
(ca. 17-18 Ma) at DSDP Sites 592 and 593, all in the south-
western Pacific. Knüttel (1986) recorded this event at the
CN1/CN2 zonal boundary (ca. 17 Ma) at DSDP Site 597 in the
Central Pacific Ocean. Knappertsbusch (1989) reported an age
of about 22.4 Ma for the FO of C. leptoporus/C. macintyrei at
DSDP Site 608 in the North Atlantic Ocean, although the
possibility of downhole contamination has been suggested for
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this sequence (J. Backman, pers, comm., 1989). It should be
noted that the sites mentioned above have no magnetostratig-
raphy and the estimated ages may be subject to error due to
diachroneity of other nannofossil datums used to zone the
sediments. At another North Atlantic site (563), the correla-
tion of C. leptoporuslC. macintyrei with magnetochronology
resulted in an age of 17.4 Ma (Parker et al., 1985; Khan et al.,
1985). The 16.2 Ma age assigned to the CN3/CN4 boundary in
the Berggren et al. (1985) time scale is probably too young in
most places. Currently available data reveal that there is not a
clear latitudinal trend of time transgression for the FO of C.
leptoporuslC. macintyrei. Water temperature is probably not
the major factor controlling the FO of these species. It is clear,
however, that the FO of C. leptoporuslC. macintyrei is
virtually synchronous (18.1 ± 0.2 Ma) across the Kerguelen
Plateau, and it provides an excellent biostratigraphic marker
in this region.

LO of Cyclicargolithus floridanus
The LO of Cyclicargolithus floridanus is a secondary marker

for the CN5a/CN5b (NN6/NN7) boundary in the zonation of
Okada and Bukry (1980). Berggren et al. (1985) assigned an age
of 13.1 Ma for this boundary although biomagnetostratigraphic
data were not cited for the LO of C. floridanus. At North
Atlantic DSDP Site 563 (mid latitude), the LO of C. floridanus
falls between Samples 82-563-6-1, 60-62 cm, and -6-2, 60-62
cm (Parker et al., 1985), which is within Subchron C5AN at
about 11.6 Ma (Khan et al., 1985; Miller et al., 1985). Ages given
for the LO of C. floridanus at other localities are quite different.
For instance, Lohmann (1986) reported the LO of C. floridanus
in NN6 (ca. 14 Ma) at DSDP Sites 588, 591-593, and in NN7 (ca.
11-13 Ma ) at DSDP Site 590. Again, these sites do not have
magnetostratigraphy and the ages are dependent on other nan-
nofossil datums.

Previously, Wei and Wise (1990b) and Wei and Thierstein
(1991) distinguished Reticulofenestra hesslandii from C. flori-
danus by the more elliptical form in the former, which is
usually dominant at high latitudes. Reticulofenestra hesslandii
may be synonymous with C. floridanus (see Firth, 1989). For
purposes of this discussion, we ignore any potential taxo-
nomic problems, treat these forms as a group and use the
designation " C floridanus s.l." to help make the comparison
across latitudes. Consequently, the LO of C. floridanus s.l.
falls between Samples 113-690B-5H-2, 30-32 cm, and -5H-3,
30-32 cm; between Samples 113-689B-6H-1, 30-32 cm, and
-6H-2, 29-31 cm (Wei and Wise, 1990b); between Samples
119-744B-6H-CC and -7H-1, 110-111 cm, at Site 744 (Wei and
Thierstein, 1991); between Samples 120-748B-5H-7, 10-11
cm, and -5H-7, 58-62 cm, at Site 748; between Samples
120-751A-11H-6, 5-7 cm, and -11H-7, 5-7 cm, at Site 751;
between Samples 120-747A-7H-4, 58-62 cm, and -7H-5,
58-62 cm, at Site 747 (Wei and Wise, this volume); and
between Samples 114-737B-7R-1, 45-47 cm, and -7R-CC at
Site 737 (Wei and Thierstein, 1991). Based on the biomagne-
tochronology of Gersonde et al. (1990), Harwood et al. (this
volume), and Barron et al. (1991a), the LO of C'. floridanus s.l.
is dated as 12.3 Ma at Site 690, 12.2 Ma at Site 689, 11.1 Ma
at Site 744, 11.6 Ma at Site 748, 11.7 Ma at Sites 751 and 747,
and 10.6 Ma at Site 737 (Fig. 2).

As stated previously, the sedimentation rate curves for the
middle Miocene at Site 737, unlike those at other sites that
have magnetostratigraphic control, were constructed by dia-
tom and radiolarian datums only and the interval was compli-
cated by hiatuses (Barron et al., 1991a). It is possible, there-
fore, that the age (10.6 Ma) assigned to the LO of C. floridanus
s.l. at Site 737 has a rather large error (>l m.y.?). Data from
other sites, however, show that the LO of C. floridanus s.l.

has a relatively consistent age in the Southern Ocean (Fig. 2),
ranging from 11.2 to 12.2 Ma, quite comparable with that at
DSDP Site 563 in the North Atlantic (11.6 Ma; Miller et al.,
1985; Parker et al., 1985). The LO of C. floridanus s.l.,
therefore, appears to be one of the very few Neogene nanno-
fossil datums useful for biostratigraphy in the Southern
Ocean, particularly in the extreme high latitudes.

FO of Reticulofenestra perplexa
Burns (1975) described Reticulofenestra perplexa from

middle Miocene sediments at DSDP Site 265 in the southern
Indian Ocean and gave the range of this species as middle to
late Miocene. Haq (1976) later described Dictyococcites ant-
arcticus from the Miocene sediments of DSDP Site 325 in the
southeastern Pacific, a sequence with poor age control. Sub-
sequently, Backman (1980) reported D. antarcticus in middle
and upper Miocene sediments at DSDP Site 116 in the North
Atlantic. Haq (1980) recorded D. antarcticus (R. perplexa) in
the -13-5 Ma interval (middle through late Miocene) at
DSDP Site 329 in the South Atlantic. Dictyococcites antarcti-
cus, however, is a junior synonym of R. perplexa (Backman in
Heck, 1981; Wise, 1983; Wei, 1990).

The FO of R. perplexa was recognized between Samples
113-690B-4H-2, 130-132 cm, and -4H-3, 28-30 cm; between
Samples 113-689B-3H-5, 139-141 cm, and -3H-6, 29-31 cm
(Wei and Wise, 1990b); between Samples 119-744B-7H-3,
110-111 cm, and -7H-4, 110-111 cm (Wei and Thierstein,
1991); between Samples 120-751A-12H-6, 5-7 cm, and
-12H-7, 5-7 cm, at Site 751; between Samples 120-747A-8H-1,
58-62 cm, and -8H-2, 10-11 cm (Wei and Wise, this volume);
and between Samples 119-737B-7R-1, 45-47 cm, and -7R-CC
(Wei and Thierstein, 1991). According to the biomagnetochro-
nology of Gersonde et al. (1990), Barron et al. (1991a), and
Harwood et al. (this volume), the FO of R. perplexa is at 14.3
Ma at Site 690, 14.2 Ma at Site 689, 12.9 Ma at Site 751, 12.4
Ma at Site 747, and 10.4 Ma at Site 737 (Fig. 2). As stated
above, there is a possibility that the age at Site 737 is too
young due to lack of magnetostratigraphic control. Neverthe-
less, Figure 2 shows a rather consistent latitudinal trend of
time transgression of this datum, with a younger age toward
lower latitudes. Because of a major disconformity in the
middle Miocene interval at Site 748, the FO of R. perplexa
cannot be located, but it can be interpolated at around 13.0
Ma, as suggested in Figure 2.

As Reticulofenestra perplexa is a high-latitude form that
is virtually absent in the low latitudes, it is expected that the
species occurred earlier in the higher latitudes. This latitu-
dinal time transgression does not, however, eliminate the
usefulness of this species datum. The data presented in
Figure 2 shows a consistent trend that allows interpolation
of the age of this datum at other sites in the southern high
latitudes.

LO of Reticulofenestra perplexa
The LOs of R. perplexa were recorded at the sites under

study in Samples 113-690B-4H-3, 28-30 cm, and 113-689B-
3H-6, 29-31 cm (Wei and Wise, 1990b); Samples 119-737A-
19X-1, 45-47 cm, and 119-744B-3H-CC (Wei and Thierstein,
1991); and Samples 120-748B-2H-7, 58-62 cm, 120-751A-
5H-6, 63-65 cm, and 120-747A-3H-4, 34-36 cm (Wei and
Wise, this volume), and in Sample at Site 737 (Wei and
Thierstein, 1991). The overlying samples at all sites except for
Site 747 are either biosiliceous sediments barren of calcareous
nannofossils or else delineate major disconformities. Accord-
ing to the biomagnetochronology of Gersonde et al. (1990),
Barron et al. (1991a), and Harwood et al. (this volume), the
youngest R. perplexa found are 10.0 Ma in age at Site 690, 8.2
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Ma at Site 689, 4.0 Ma at Site 744, 3.8 Ma at Site 748, 6.2 Ma
at Site 751, 3.6 Ma at Site 747, and 5.8 Ma at Site 737 (Fig. 2).

Figure 2 shows that the biosiliceous facies occurs drasti-
cally younger from 65° to 62°S latitude. However, this trend
does not appear to be consistent from 62°S to 50°S latitude. A
similar phenomenon has been observed by Kemp et al. (1975)
for a latitudinal transect drilled by DSDP Leg 28. More
interestingly, Figure 2 reveals that the LO of R. perplexa is
associated with the biosiliceous facies boundary across the
latitudinal transect. Discussions on R. perplexa and its impli-
cation for carbonate compensation depth CCD fluctuations
are presented later in the paper.

BIOMETRICS
Histograms of the size distribution of Reticulofenestra

perplexa for nine samples from Site 744 are shown in Figure 3.
The mean sizes for each sample are also shown and plotted vs.
age. The —300 specimens ofR. perplexa measured in the nine
samples range in size from 4.0 to 10.0 µm. Specimens that
range in size from 5 to 8 µm are most common, and the overall
mean sizes range from 6.2 to 7.0 µm. No clear trend is
apparent for the change in mean size through time.

Figure 4 shows the size distribution and mean size of R.
perplexa for ten samples measured for Site 748. As at Site 744,
most specimens of R. perplexa are about 5-8 µm. The mean
size ranges from 6.2 to 7.1 µm, and there is also no clear trend
of change through time.

The mean sizes of R. perplexa at Sites 744 and 748 are
plotted vs. time in Figure 5 (upper panel) to compare the
differences. The figure indicates that the mean sizes are
similar at both sites. Figure 5 (lower panel) also shows a
comparison of the biometric results of this study with those of
Backman (1980). Overall, the mean size calculated by Back-
man (1980) is smaller (1.0 µm) than that recorded in this study.
Again, no clear trend of mean size change through time is
apparent in the middle to late Miocene interval studied by
Backman (1980). This means that mean size change of R.
perplexa is not useful biostratigraphically within the interval
from 8 to 13 Ma. It appears that the mean size change is
probably controlled by factors other than pure biotic evolu-
tion.

Wei (1990) recently reexamined the topotypic material of
Reticulofenestra perplexa and did a biometric study of the
species in the two DSDP samples (265-16-6, 28-29 cm, and
265-16-6, 35-36 cm). He also measured the sizes of "Dictyo-
coccites antarcticus" in a DSDP sample (329-3-3, 30-32 cm)
from the interval in which Haq (1980) reported abundant
Dictyococcites antarcticus. Results are summarized in Figure
6. The figure shows similar size distribution patterns as those
from the Kerguelen Plateau sites (Figs. 3 and 4). The biomet-
ric results and the scanning electron micrographs of Wei
(1990) clearly show that the size of R. perplexa generally
ranges from 6 to 9 µm rather than ~20 µm as Burns (1975) and
Driever (1988) claimed, and that R. perplexa is a senior
synonym of Dictyococcites antarcticus Haq. The present
study further substantiates the results of Wei (1990) by dem-
onstrating that R. perplexa is a medium-sized coccolith.

ABUNDANCE CHANGE OF RETICULOFENESTRA
PERPLEXA RELATIVE TO COCCOLITHUS

PELAGICUS
Abundance changes of Reticulofenestra perplexa relative

to Coccolithus pelagicus at six ODP sites in the Southern
Ocean are shown in Figure 7. One striking feature is the
similar abundance patterns at all the sites except Site 737,
where the pattern appears to be out of phase compared with
those of other sites. One possibility for this out of phase

pattern is error in the age model constructed on siliceous
microfossil datums without the constraint of magnetostratig-
raphy. The abundance patterns for all other sites can be
generalized as shown in Figure 8. Note that the percentage of
R. perplexa is high for the 12-10 Ma interval. The abundance
drops sharply at about 9.8 Ma, peaks around 9.6 Ma, drops
again around 9.2 Ma, and rises again after 9.2 Ma. The timing
of abundance fluctuations at individual sites departs from the
generalized pattern only slightly, generally <0.5 m.y. This
small difference in timing may be a reflection of a diachronous
timing of environmental change at different sites, but it is also
very likely a result of error in the age models used.

As mentioned previously, Reticulofenestra perplexa is a
cold-water end member of Miocene calcareous nannofossil
assemblages and Coccolithus pelagicus represents warmer
conditions in subantarctic and antarctic waters. The abun-
dance changes of R. perplexa relative to C. pelagicus at the
Southern Ocean sites (Fig. 7) can be interpreted as a reflection
of surface water temperature changes. Specifically, tempera-
ture was relatively low from 12 to 10 Ma, then a warm event
occurred around 10 Ma, followed by a cold event around 9.6
Ma. Another warm event occurred around 9.2 Ma, and finally
cold conditions prevailed for the rest of the late Miocene.

Currently, there are no other paleontological studies for the
southern high latitudes that have enough resolution to show
the temperature fluctuations for the 8-10 Ma interval as
suggested by this study. Neogene oxygen isotopic data for
planktonic foraminifers from the southern high latitudes have
not been available, and only isotopic data on benthic foramin-
ifers are available for the middle and late Miocene at Site 747
(Wright and Miller, this volume). The latter data are plotted in
Figure 9 (bottom) in comparison with the abundance changes
of R. perplexa. Figure 9 shows that increases or decreases in
the abundance of R. perplexa relative to C. pelagicus are
generally coincident with increases or decreases in the oxygen
isotopic values, respectively. This supports the above inter-
pretation on the water temperature history. Oxygen isotope
data alone, however, are ambiguous on temperature interpre-
tations because increases or decreases in oxygen isotopic
values can be caused by increases or decreases, respectively,
in the volume of the ice sheet on Antarctica and by fluctua-
tions in surface-water salinity. The latter may be influenced by
changes in precipitation or the input of glacial melt-waters into
the oceans as discussed by Wei and Wise (1990a).

RETICULOFENESTRA PERPLEXA AND ITS
IMPLICATION FOR CCD FLUCTUATIONS

Because of its persistence (often as the only nannofossil
species) in the extreme high southern latitudes as surface waters
cooled during the late Miocene, Reticulofenestra perplexa
stands out clearly as the cold-water end member of the Miocene
nannofossil assemblages (Haq, 1980; Wise, 1983; Wei and Wise,
1990b). As such, and as a result of its high productivity in these
cold waters, this species may have been largely responsible for
the depression of the CCD and the deposition of carbonate ooze
at high-latitude sites during this interval. It formed a monospe-
cific ooze except during warmer intervals when taxa such as
Coccolithus pelagicus were also present (Fig. 7).

At the extreme high latitude Maud Rise sites (689 and 690),
nannofossil ooze is not continuously present but alternates
with siliceous oozes. The latter facies represents the coldest
intervals when surface-water temperatures fell below the
tolerance limit of R. perplexa. The last R. perplexa ooze falls
within the diatom Asteromphalus kennettii Zone at Site 689
and the Nitzschia praecura Zone at Site 690, and corresponds
to times of brief climatic warming as indicated by the oxygen
isotopic records (Kennett and Barker, 1990). As noted in
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Figure 3. Histograms of size distribution and mean sizes of Reticulofenestra perplexa, Site 744. Error bars are expressed at 95%
confidence level.
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Figure 4. Histograms of size distribution and mean sizes of Reticulofenestra perplexa, Site 748. Error bars are expressed at 95%
confidence level.
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panel). Error bars are expressed at 95% confidence level.

Figure 2, R. perplexa disappeared at approximately 10 Ma at
Site 690, which is the deeper of the two sites on Maud Rise. Its
persistence until 8.2 Ma at the nearby, but shallower, Site 689
can be attributed to a general rise in the CCD above the level
of Site 690 during the cooling that accompanied the glaciations
that affected West as well as East Antarctica (Kennett, 1978).
This rise in the CCD could have been a function of diminished
nannoplankton productivity in the surface waters as well as

the generation of colder, more corrosive deep waters, which
would have promoted the dissolution of calcium carbonate.

Because of its ability to tolerate and even thrive in rela-
tively cold surface waters, we speculate that R. perplexa,
through its productivity, lowered the CCD and by this means,
would have promoted the preservation of other calcareous
microfossil species able to coexist in those waters. It was
eventually driven from the extreme high latitudes during the

531



W. WEI, S. W. WISE, JR.

Sample 28-265-16-6, 28-29 cm

~ 20

8"

8 9 10
Size (µm)

Sample 28-265-16-6, 35-36 cm

20 -i

7 8 9
Size (µm)

Sample 36-329-3-3, 30-32 cm

11

15"

s. 10 -

7 8
Size (µm)

10

Figure 6. Histograms of size distribution of Reticulofenestra perplexa
in Samples 28-265-16-6, 28-29 cm, 28-265-16-6, 35-36 cm, and
36-329-3-3, 30-32 cm (after Wei, 1990).

late Miocene glaciations of Antarctica, however, and became
extinct during the earliest Pliocene. Apparently left without a
cold-water-tolerant end member, calcareous nannofloras es-
sentially vanished from Antarctic waters and nannofossil ooze
deposition ceased in the highest southern latitudes during the
Pliocene. Limited nannofossil ooze was deposited in higher
latitudes of the subantarctic region only during brief intervals
of climate amelioration. This may explain, in part, the virtual
absence of nannofossils in this region during the deglacial
event postulated for Antarctica during the early Pliocene by
Ciesielski and Weaver (1974), Webb et al. (1984), Breza (this

volume), and others. According to Barron et al. (1991b), the
only significant deposition of early Pliocene nannofossils
across the Kerguelen Plateau is confined to a very short
interval between 4.1 and 4.2 Ma.

The establishment of a strong Polar Front Zone during the
late Miocene and the development of an extremely cold
Antarctic surface water mass also would have played an
important role in excluding calcareous nannoplankton from
the region. However, with the extinction of R. perplexa, the
Pliocene/Pleistocene nannofloras may well have been left
without a species tolerant of very cold waters until the
evolution of Emiliania huxleyi during the Pleistocene (Wei and
Wise, this volume). Even this taxon, however, cannot live in
the extreme high southern latitudes (Wei and Wise, 1990b).
Interestingly, this was not the case with the planktonic fora-
minifers. The late Miocene form Neogloboquadrina pachy-
derma developed a tolerance for extremely cold waters.
Today it lives among the ice and is responsible for the
deposition of a monospecific Pleistocene foraminifer ooze at
Maud Rise; it is found along the Antarctic margin (Barker,
Kennett, et al., 1988, and references therein).

CONCLUSIONS
The FO of Calcidiscus leptoporus/Calcidiscus macintyrei

is not useful datum on Maud Rise because these taxa are rare
or virtually absent. It is, however, an excellent biostrati-
graphic marker on the Kerguelen Plateau as it has a rather
consistent age of about 18.1 Ma through a range of different
latitudes (at least from 55° to 62°S).

Except for Site 737, which has rather poor age control
relative to the other sites studied, the LO of Cyclicargolithus
floridanus s.l. at all the Southern Ocean sites examined has a
fairly consistent age, ranging from 11.2 to 12.2 Ma. This age is
quite comparable with the one determined at DSDP Site 563 in
the North Atlantic (11.6 Ma, Miller et al., 1985; Parker et al.,
1985). This is one of the very few biostratigraphically useful
Neogene datums in the Southern Ocean.

The FO of Reticulofenestra perplexa is shown to be
latitudinally time transgressive. It has an age of 14.3 Ma at
65°S, becomes progressively younger toward the lower lati-
tudes, and has an age of 12.3 Ma at 55°S. This trend of younger
ages toward lower latitudes is, however, rather consistent.
Thus, the age vs. latitude curve established in this study
allows one to make useful predictions on the age of this
species datum at different latitudes of the Southern Ocean.

The LO of Reticulofenestra perplexa generally coincides
with the LO of calcareous nannofossils in Miocene sediments
of the southern high latitudes. This level generally becomes
younger toward the lower latitudes, but not all of the data are
consistent with this trend.

The biometric study of Reticulofenestra perplexa for Sites
744 and 748 on the Kerguelen Plateau shows that most
specimens range from 5 to 8 µm in size (length), similar to
those of the topotypic material of/?, perplexa from DSDP Site
265 (Wei, 1990). The mean size change of the species through
time in the 13-8 Ma interval is not useful stratigraphically
because there is no clear trend in the data.

The patterns of abundance changes of Reticulofenestra
perplexa relative to Coccolithus pelagicus are generally sim-
ilar at the southern high-latitude sites. The abundance was
high (near 100%) for the 12-10 Ma interval, and it fluctuates
greatly in the 10-8 Ma interval. These fluctuations can be
interpreted as reflections of alternating warm and cool events
during that time interval.

Because of its ability to tolerate and even thrive in cold
surface waters, R. perplexa significantly influenced the posi-
tion of the CCD in the Southern Ocean during the Miocene.
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The disappearance of this species, combined with the estab-
lishment of the Polar Front Zone during the late Miocene-
early Pliocene glaciations of East and West Antarctica, appar-
ently left the high-latitude Southern Ocean virtually devoid of
nannofossil ooze deposition during the Pliocene/Pleistocene.
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Plate 1. 1, 2. Calcidiscus macintyrei (Bukry and Bramlette) Loeblich and Tappan. (1) Distal view on left, proximal view on
right; magnification = ×6,000; Sample 119-744B-5H-6, 110-111 cm; (2) distal view; ×7,500; Sample 119-744B-5H-6,
110-111 cm. 3. Coccosphere of Calcidiscus leptoporus (Murray and Blackman) Loeblich and Tappan; ×8,000; Sample
120-747A-6H, 58-62 cm. 4-6. Reticulofenestra perplexa (Burns) Wise, Sample 28-265-16-6, 28-29 cm. (4) Coccosphere,
×5,500; (5) ×9,500; (6) ×7,000.
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Plate 2. 1-3. Reticulofenestra perplexa (Burns) Wise. (1) Distal views of two specimens; note the size variation; ×6,500; Sample
119-744B-4H-3, 110-111 cm; (2) proximal views of two specimens; note the size variation; ×5,500; Sample 119-744B-4H-3, 110-111 cm;
(3) coccosphere, ×5,500, Sample 28-265-16-6, 28-29 cm. 4. Coccosphere of Cyclicargolithus floridanus (Roth and Hay) Bukry; ×5,000;
Sample 119-744B-8H-4, 110-111 cm. 5. Overgrown specimen of Calcidiscus leptoporus(?) on left; Reticulofenestra gelida (Geitzenauer)
Backman on right; ×6,500; Sample 119-744B-5H-2, 110-111 cm. 6. Reticulofenestra gelida (Geitzenauer) Backman; ×7,000; Sample
120-747A-7H-6, 58-62 cm.
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