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38. PALEOGENE AND EARLY NEOGENE OCEANOGRAPHY OF THE SOUTHERN INDIAN

OCEAN: LEG 119 FORAMINIFER STABLE ISOTOPE RESULTS!

Enriqueta Barrera? and Brian T. Huber?

ABSTRACT

Oxygen and carbon isotopic records of monogeneric and monospecific benthic and planktonic foraminifer samples
from Sites 744 and 738 drilled on the southern end of the Kerguelen Plateau during ODP Leg 119 reveal the evolution of
polar Indian Ocean water masses from the early Paleocene to the middle Miocene. Results from Site 738 are from sedi-
ments of early Paleocene to late Eocene age and those from Site 744 are late Eocene to middle Miocene. They suggest
that intermediate waters at this location did not originate in the high latitudes during the early Eocene. Surface and
near-surface waters cooled gradually after the maximum warming at 56 Ma, when surface waters were about 18°C. In-
termediate waters cooled after 52 Ma. The highest temperatures (lowest 5'%0 values) of the Cenozoic occurred from 56
to 52 Ma. The records of equatorial Pacific Site 577 and Weddell Sea Site 690 resemble that of the polar Indian Ocean in
this interval. The well-documented §'3C excursions toward positive values in the late Paleocene and negative values in
the early Eocene are represented by foraminifers increases of 1.5%q and following decreases of about 3%.

Most of the cooling in the Paleogene occurred in the middle and late Eocene. A 2°C decrease of surface water at
about 38.4 Ma heralded the beginning of extensive glacial conditions in Antarctica in the early Oligocene. At Site 744,
the global 6'®0 shift just above the Eocene/Oligocene boundary is 1.15%e, and occurred gradually in sediments dated at
36.5-35.9 Ma. Ice-rafted debris was deposited beginning at 36.1 Ma for about the next 2 m.y. This simultaneous occur-
rence of the global §'%0 shift with ice-rafted debris is evidence for early Oligocene glaciation in East Antarctica. More-
over, early and late Oligocene Cibicidoides §'%0 values between 2 and 2.2%o indicate intermediate water cooling and a
small ice-volume effect.

Production of cold dense bottom water in Antarctica was intensified with continental cooling and glaciation in the
early Oligocene. Comparison of Oligocene and early Miocene isotopic data from high-latitude and low-latitude deep-

sea sites indicates that there were probably at least two sources of bottom waters at this time.

INTRODUCTION

One of the objectives of Ocean Drilling Program (ODP) Leg
119 was to document the regional climate and oceanography of
polar waters in the southern Indian Ocean near Antarctica dur-
ing the Tertiary. Sediments containing well-preserved foramini-
fers of Paleogene and early Neogene age were drilled at two sites
on the southern end of the Kerguelen Plateau (Fig. 1). At Site
738 (62°42.54'S, 82°47.25'E; water depth 2253 m) a sequence
of Turonian to Quaternary sediments was recovered while the
sedimentary record at Site 744 (61°34.66'S, 80°35.46' E; water
depth 2317 m) spans the late Eocene to the late Miocene (Fig.
2). The high-latitude locations and the proximity to the margins
of East Antarctica (Fig. 1) make these sites ideal monitoring sta-
tions of climatic events and associated oceanographic changes
within surface to intermediate water depths in the surrounding
Antarctic Ocean. Site 744 also contains an expanded section of
the Eocene/Oligocene transition with ice-rafted debris that pro-
vides the means to study events associated with the onset of Oli-
gocene glaciation in Antarctica in great detail. We report the re-
sults of oxygen and carbon isotope analyses of monogeneric
and monospecific benthic and planktonic foraminifers of Paleo-
gene to late Miocene age from these southernmost Indian Ocean
sites. Paleodepths have been estimated, using normal subsidence
rates for oceanic crust (Detrick et al., 1977) as follows: 1,000 m
in the earliest Paleocene; 1,350 in the early Eocene; 1,800 in the
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earliest Oligocene; and approximately 2,050 m in the earliest
early Miocene. Based on comparison of isotopic compositions
of benthic and planktonic foraminifers, we draw conclusions re-
garding the response of the polar water column (at surface to in-
termediate water depths) to climatic changes in the high south-
ern latitudes, and infer sources of the intermediate waters.

At present, these sites on the southern end of Kerguelen Pla-
teau are located between the Polar Front, which is more than
1500 km to the north, and the Antarctic Divergence at about
65°S (Fig. 1). The Polar Front separates the cold Antarctic sur-
face waters from the warmer Subantarctic surface waters. The
Antarctic Divergence separates the Antarctic Coastal Current
flowing west along the Antarctic margins from the Antarctic
Circumpolar Current (ACC) flowing east in a zone north of the
Antarctic Coastal Current. Site 738 is beneath the southern part
of the Antarctic Circumpolar Current. The southern Kerguelen
Plateau rises 2-4 km above the adjacent ocean basins to the east
and west, and more than 3000 m above the narrow passage to
the south that separates it from Antarctica (Fig. 1). The cold
and very dense Antarctic Bottom Water (AABW) flows along
this passage.

These oceanographic features of the Antarctic ocean devel-
oped as a response to changes in tectonic configurations and cli-
mate of Antarctica. Evidence from oxygen isotopic studies, and
floral and faunal studies has revealed that early Paleogene polar
temperatures were significantly warmer than today (Shackleton
and Kennett, 1975; Savin et al., 1975; Kennett and Stott, 1990;
Axelrod, 1984; Kemp, 1978). Warmer polar temperatures imply
that oceanographic processes and the structure of the water col-
umn in the southern high latitudes were also different. Surface
water temperatures declined during the second half of the Pa-
leogene, and colder conditions more similar to the present ones
were established in the Oligocene (Shackleton and Kennett, 1975;
Kennett and Shackleton, 1976; Kennett, 1977; and others). In

693



E. BARRERA, B. T. HUBER

African-
Antarctic
5 Basin

EAST ANTARCTIC
% , ICE SHEET
%

Figure 1. Locations of ODP Sites 738 and 744 on the southern Ker-
guelen Plateau and in relation to the Polar Front Zone. Contours indi-
cate bathymetry in meters.

the early Oligocene, continental glaciation developed, and cold
dense bottom waters produced during sea ice formation began
to originate in Antarctic coastal regions (Kennett and Shackle-
ton, 1976; Kennett, 1977; Barrett, 1989;).

It has been suggested that prior to high-latitude cooling, bot-
tom waters formed by the sinking of warm saline plumes pro-
duced by evaporation in low- and mid-latitude shelf areas (Cham-
berlain, 1906; Brass et al. 1982). Recently, Kennett and Stott
(1990) have suggested that deep waters in the southern South
Atlantic during most of the Eocene originated in the low lati-
tudes. According to Kennett and Stott (1990), intermediate wa-
ters were of Antarctic origin. Woodruff and Savin (1989) con-
cluded that early Miocene intermediate waters in the Indian
Ocean were warm and saline derived from a Tethyan source.
The recovery of Paleocene to Eocene foraminifer sediments at
Site 738 provides the opportunity to investigate isotopically if
intermediate waters in the southern Indian Ocean were formed
on the Antarctic margins. Moreover, we also examine the nature
and sequence of oceanographic events near the Eocene/Oligo-
cene boundary when the presence of significant glaciation on
Antarctica has been inferred (Keigwin and Keller, 1984; Miller
and Thomas, 1985; Keigwin and Corliss, 1986). Ice-rafted de-
bris associated with the global §'30 shift of about 1% recog-
nized at Site 744 just above this transition represents direct evi-
dence for the build-up of significant continental ice in the early
Oligocene.
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PREVIOUS ISOTOPIC STUDIES

Pioneering paleoclimatic studies by Emiliani (1956) docu-
mented the warm polar climate of the early Tertiary from ben-
thic foraminifer '#0/'%0 ratios in deep-sea sediments. This was
based on the idea that oxygen isotopic compositions of deep-sea
benthic foraminifers reflect temperatures in the high latitudes
where bottom waters form (Emiliani, 1956). Yet, the early Ter-
tiary climate and paleoceanography of the high latitudes have
not been isotopically studied in detail. Isotopic records for Ant-
arctic waters have been generated for sediments recovered dur-
ing Leg 29 in the southwestern Pacific Ocean (Shackleton and
Kennett, 1975), and more recently for Weddell Sea sediments
drilled during Leg 113 (Kennett and Stott, 1990; Stott et al.,
1990). Antarctic climates have more commonly been inferred
from analyses of benthic foraminifers from lower-latitude deep-
sea sediments.

A global increase in §'%0 values of benthic foraminifer from
low- and mid-latitude sites was recorded in lower Paleocene sed-
iments reaching a maximum near the Foraminiferal Zone P3/P4
boundary at about 60 Ma (Oberhansli and Toumarkine, 1985;
Shackleton, 1986; Miller et al., 1987a; Kennett and Stott, 1990).
Prior to this study, there were no isotopic data of early Paleo-
cene planktonic foraminifers from high-latitude sites, but fau-
nal and floral evidence from mid- and high-latitude locations
indicate cooling occurred from the early to the late Paleocene
and that warming occurred subsequently at the Paleocene/Eo-
cene boundary (Haq et al., 1977; Wolfe, 1978). The increase in
high-latitude temperatures from the late Paleocene to the early
Eocene was reflected in a global decrease in deep-sea benthic
foraminifer 6'%0 of about 1.5%o reaching a minimum between
about 56 and 54 Ma values (Shackleton et al., 1984; Miller et
al., 1987b; Kennett and Stott, 1990; Katz and Miller, 1991; and
others). However, most of the isotopic change occurred near the
Paleocene/Eocene boundary (Shackleton, 1986). If this 1.5%e
change were entirely due to temperature, then deep waters
would have warmed by about 6°C to reach temperatures close to
14°C (Shackleton and Kennett, 1975; Shackleton et al., 1984;
Shackleton, 1986; Miller et al., 1987b). Paleotemperature esti-
mates of early Eocene surface waters near Antarctica are close
to 18°C based on analysis of planktonic foraminifers (Shackle-
ton and Kennett, 1975; Stott and Kennett, 1990). With the warm-
ing of the poles, the latitudinal thermal gradient was severely re-
duced at this time (Shackleton and Boersma, 1981).

Subsequent to the early Eocene 6'*0 minimum, benthic fora-
minifer and high- and mid-latitude planktonic 8'80 values in-
creased by about 2% during the middle and late Eocene (Shack-
leton and Kennett, 1975; Oberhansli et al., 1984; Shackleton et
al., 1984; Kennett and Stott, 1990; and others). A marked $'*0O
increase of about 1% was observed in lowermost middle Eocene
sediments (Shackleton et al., 1984; Shackleton, 1986; Oberhansli,
1986; Miller et al., 1987a). The beginning of this event was cor-
related to Magnetochron C22 at about 52.6-52 Ma and ending
in Magnetochron C21 at about 49 Ma (Katz and Miller, 1991). A
5'%0 increase of lesser magnitude was reported near the middle/
late Eocene boundary (Oberhansli et al., 1984; Oberhansli and
Toumarkine, 1985; Keigwin and Corliss 1986). In the latest late
Eocene, this trend of increasing 4'%0 was punctuated by a small
decrease in benthic foraminifer and mid- and high-latitude
planktonic foraminifer values (Savin et al., 1975; Shackleton
and Kennett, 1975; Shackleton et al., 1984; and others).

The largest Paleogene increase in benthic §'®0 values (1-
1.5%o0) was recorded just above the Eocene/Oligocene boundary
at the base of Chron 13N with an estimated age of 35.9 Ma
(Oberhansli et al., 1984; Miller et al., 1988). Unlike earlier Eo-
cene increases in benthic $'%0 values which have been attributed



to declines in temperature, the early Oligocene 0 enrichment
has been interpreted as a combination of both high-latitude
cooling and increased ice mass in Antarctica (Matthews and
Poore, 1980; Keigwin and Keller, 1984; Keigwin and Corliss,
1986; Miller et al., 1987a). Two arguments have been proposed
for ice-volume in the earliest Oligocene. (1) Concomitant with
the 80 enrichment of benthic foraminifers, §'%0 of planktonic
foraminifers globally increased by a smaller amount (Matthews
and Poore, 1980; Keigwin and Keller, 1984; Poore and Matth-
ews, 1984; Keigwin and Corliss, 1986). Based on the assumption
that surface water temperatures in the tropics have remained
constant, this global '®O enrichment of seawater must reflect in-
creased ice volume (Matthews and Poore, 1980; Poore and Matth-
ews, 1984; Keigwin and Corliss, 1986). (2) Calculated paleotem-
peratures of deep waters in the early Oligocene, based on the as-
sumption that the world had no significant mass of ice to affect
seawater §'*0, were as low or lower than present temperatures
(Keigwin and Keller, 1984; Miller and Thomas, 1985, Miller et
al., 1987a). Such low temperatures of deep water are inconsis-
tent with the idea that polar temperatures in the early Oligocene
were warmer than at present (Keigwin and Keller, 1984). Based
on similar arguments, the global '*0O enrichment in benthic for-
aminifers near the early/late Oligocene boundary is inferred to
reflect the effect of ice volume on sea water 6'%0 and decreasing
deep-water temperatures (Keigwin and Keller, 1984; Miller and
Thomas, 1985). Recent sedimentologic evidence points to exten-
sive Oligocene glaciation in Antarctica (Barrett, 1989). Lower
Oligocene glaciomarine sediments and upper Oligocene diamic-
tites interbedded with glaciomarine sediments drilled in the south-
western Ross Sea indicate glacial conditions followed by inter-
mittent grounding of a continental ice sheet at sea level during
the late Oligocene (Barrett, 1989).

The most remarkable features of the global Paleogene car-
bon isotopic record are the high planktonic and benthic fora-
minifer §'*C values in the late Paleocene between about 61 and
58 Ma (Oberhansli and Toumarkine, 1985) and the subsequent
sharp decline in values in lower Eocene sediments (Shackleton
and Hall, 1984). The later event occurred in sediments corre-
lated with magnetozones C24R to C24N with age estimates be-
tween about 58.5 and 56 Ma (Miller et al., 1987b). These §'*C
events occurred while global temperatures were increasing. Con-
stancy in the surface-to-bottom §*C gradient (Miller, et al.,
1987b) indicates that 6'*C changes were not caused by changes
in productivity as proposed by some authors (Shackleton and
Hall, 1984; Shackleton 1987). These 6'3C and 6'®0 fluctuations
may be linked to the extensive volcanism near the Paleocene/
Eocene boundary which may have increased carbon dioxide lev-
els in the atmosphere and caused global warming (Owens and
Rea, 1985).

Indian Ocean stable isotope records of Paleogene age were
generated by Oberhansli (1986) for Deep Sea Drilling Project
(DSDP) Sites 217, 237, 220, and 253. The early Paleogene rec-
ords are based on analysis of bulk carbonate, whereas the Oli-
gocene record is of monospecific foraminifers. In general, the
Paleogene Indian Ocean patterns of 6'®0 and §"°C variations are
similar to global patterns discussed above. Ours, however, is the
first comprehensive study of the Paleogene Indian Ocean based
on analyses of foraminifer samples.

In the following sections, we present the early Paleocene to
middle Eocene records and results suggesting that the source of
intermediate waters in the early Eocene was in the low latitudes.
Then, we present late Eocene to Miocene records, and discuss
the results of isotopic and sedimentological studies of the Eo-
cene/Oligocene transition, and implications of Antarctic glacia-
tion for deep water origin and circulation.

FORAMINIFER STABLE ISOTOPE RESULTS

MATERIAL AND METHODS

Samples

Samples from Site 738 and 744 that were analyzed in this
study are listed in Tables 1-4. Foraminifer samples from Site 738
consist of the planktonic species Chiloguembelina spp., Acarinina
primitiva, Globigerinatheka index, Subbotina spp., Subbotina
linaperta, Subbotina angiporoides, and Globorotaloides suteri
and the benthic taxa Gavelinella beccariiformis, Nuttallides tru-
empyi, and Cibicidoides spp. At Site 744, isotopic analyses were
performed in the planktonic species Chiloguembelina cubensis
and Globorotaloides suteri, and the benthic taxa Nuttallides
spp., Stilostomella subspinosa, and Cibicidoides spp. These taxa
were selected based on: (1) their abundance in sediment sam-
ples, (2) their stratigraphic range, and (3) because their isotopic
compositions are inferred to reflect conditions at different depths
in the water column. Isotopic results of Stilostomella subspinosa
and Nuttallides spp. are not included in our discussion of iso-
topic time series because of the uncertainty regarding their iso-
topic fractionations and/or the limited data set.

Late Eocene and younger foraminifer specimens were deemed
well preserved based on Scanning Electron Microscope (SEM)
observations of broken surfaces and interior surfaces of tests.
Where present, overgrowth crystals on interior surface cham-
bers were small and volumetrically insignificant (see Barrera et
al., this volume). We did not conduct a thorough study of the
preservation of foraminifer calcite of older samples. SEM ob-
servations were made of a few selected specimens at various in-
tervals and overgrowth crystals were noted, in general increasing
in size with increasing age. The wall structure of some Paleo-
cene and early Eocene specimens show evidence of replacement
by secondary calcite. In general, we expect §'*C values of fora-
minifers in deep-sea sediments with low organic matter to be
less affected by dissolution-reprecipitation because the carbon
reservoir in pore waters is significantly smaller than in the car-
bonate. Oxygen isotopic compositions can be significantly modi-
fied by dissolution-reprecipitation processes if exchange occurred
(1) at high temperatures, and/or (2) with interstitial waters de-
pleted in 80 from other diagenetic reactions in the sediments
(Garrison, 1981). Burial depths at Site 738 are less than 400 m,
and in situ temperatures measured in the upper 200 m of section
near Site 738 range between —2° and + 2°C (Barron, Larsen, et
al., 1989). No analyses of pore water §'30 values are available.
Although we cannot rule out the possibility that isotopic signa-
tures of Paleocene to middle Eocene foraminifer tests partially
replaced by diagenetic calcite have been modified, the similarity
of absolute §'80 values and trends to those observed at other
deep-sea sites, as subsequently discussed, suggests that measured
values are not very different from original foraminifer values.

Analytical Methods

Samples were disaggregated by stirring in water heated to
40°-50°C and ultrasonically cleaned in tap water before sieving
them through a 63 um screen. Most planktonic foraminifer sam-
ples were picked from the 150-250 um size fraction. Specimens
of Chiloguembelina cubensis were taken from the larger-than
125 pum fraction. Benthic foraminifers were picked from the
larger-than 250 um fraction. Prior to isotopic analysis, foramin-
ifer specimens were ultrasonically agitated in distilled water to
remove adhering particles.

Isotopic analyses were performed at the Stable Isotope Labo-
ratory of the University of Michigan, Ann Arbor, MI. Analyses
are reported in & notation as per mil deviations from the Peedee
Belemnite (PDB) standard. Samples were reacted with anhy-
drous phosphoric acid at 55°C in an on-line gas extraction line
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Table 1. Oxygen and carbon isotope ratios of foraminifer taxa from Hole 744B.

Core, section Depth Nanno Ant. foram Age SELECTED FORAMINIFER TAXA
interval (cm) (mbsf) biozone biozone T R
--------------------------------------------------------------- Cibicidoides Nuttal lides

spp. spp

& 180 8 13C & 180 5 13C
119-744B
4H-5,60-62 28.11  CN5b-CN10 Unzoned 9.27 2.75 0.94 2.56 0.75
4H-6,60-62 29.61 CN5b-CN10 Unzoned 9.41 2.72 0.82
5H-4,60-62 36.11  CN5b-CN10 Unzoned 10.04 2.77 0.86
5H-5,60-62 37.61 CN5b-CN10 Unzoned 10.19 2.78 1.26
5H-7,60-62 40.61 CN5b-CN10 Unzoned 10.47 2.90 1.24 2.46 -0.05
6H-1,60-62 41.11  CN5b-CN10 Unzoned 10.52 2.26 0.73
6H=-4,60-62 45.61 CN5b-CN10 Unzoned 10.96 2.51 1.36
6H-5,70-72 47.11 CN5b-CN10 Unzoned 1.1 2.9 0.47
7H-2,70-72 52.21 CN5b-CN10 Unzoned 11.60 2.59 0.86
7H-3,70-72 53.71 CN5b-CN10 Unzoned 12.40
TH-4,70-72 55.21 CH1-CN5a Unzoned 13.69 : % i) 1.38 1.88 1.19
7H-5,70-72 56.71 CN1-CN5a Unzoned 14.00 1.47 1.46 1.62 1.27
7H-6,70-72 58.21 CN1-CN5a Unzoned 14.20 1.85 1.79
7H-7,70-72 59.71 CN1-CN5a Unzoned 14.80
8KH-1,95-100 60.11  CN1-CN5a Unzoned 14.90 1.10 1.41
8H-2,95-100 61.61 CN1-CN5a Unzoned 15.30
8H-3,95-100 63.11 CN1-CN5a Unzoned 15.70 1.78 1.76
8H-4,95-100 64.61 CH1-CN5a Unzoned 16.15 1.53 1.05
BH-5,60-62 66.11 CN1-CNSa Unzoned 16.60 2.01 1.5 1.46 1.60
84-6,60-62 67.61 CN1-CN5a Unzoned 17.20 1.51 1.71
9H-1,73-78 69.59 CN1-CN5a Unzoned 17.30
9H-3,58-60 72.59 CN1-CN5a Unzoned 17.50 1.87 1.44 1.83 1.28
9H-4,58-60 74.09 CN1-CN5a Unzoned 17.80 1.95 1.54
9H-5,58-60 75.59 CN1-CNSa Unzoned 17.95 1.76 1.25
9H-6,58-60 77.09 CN1-CN5a Unzoned 18.10 1.97 1.40 1.79 1.07

coupled to the inlet of a VG602E mass spectrometer, or were re-
acted individually at 70°C in a Kiel device and analyzed in a
Finnigan 261 mass spectrometer. Compositions of isotopic mea-
surements made relative to standard CO, gas are related to PDB
values through numerous analyses of National Bureau of Stan-
dards Reference Material #20 (Solnhofen limestone), which is
taken to have a §'®0 value of —4.14% and a 6'*C value of
— 1.06%q (Craig, 1957). Standard replicates have a precision of
+0.05%o for 8'°0 and §'*C. Water temperatures in Paleogene
oceans were calculated using the equation of O’Neil et al. (1969)
as recast by Shackleton (1974) and assuming that the oxygen
isotopic composition of the oceans was — 1%y relative to Stan-
dard Mean Ocean Water (SMOW) before the growth of the ice

cap.
STRATIGRAPHY AND LITHOLOGY

Age determinations of sediments at Site 744 are based on the
integration of calcareous and siliceous plankton biostratigraphic
data with magnetic polarity data and 3’Sr/%Sr isotope stratigra-
phy (Barron et al., this volume; Barrera et al, this volume) using
the chronology of Berggren et al. (1985a, 1985b). Calcareous
datums (Wei and Wise, this volume; Huber, this volume) tied to
the chronology of Berggren et al. (1985b) were used to assign
ages to sediments at Site 738 (Barron et al., this volume). Cal-
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careous datums were also calibrated with the magnetic polarity
stratigraphy of lower Paleocene sediments at Site 738 (see Hu-
ber, this volume). Because of poor regovery in the upper Paleo-
cene to lower middle Eocene section at Hole 738C, absolute age
assignments are uncertain.

Lower Paleocene to lower Eocene sediments at Site 738 are
calcareous chalks with relatively minor amounts of foraminifer
and nannofossils and numerous chert nodules. As in other deep-
sea sections of this age, recovery was not continuous because of
the high abundance of chert layers in this interval and the par-
tial silicification of the chalk by opal-CT and quartz. Neverthe-
less, the isotopic record for this interval, as discussed in a subse-
quent section, is fairly detailed. The lower to middle Eocene
section is a calcareous nannofossil coze that grades downcore
into chalk. Layers of porcellanite chert and concretions are also
found in this interval. The middle Eocene to lower Oligocene se-
quence is a calcareous nannofossil ooze. At Site 744, a similar
lithology characterizes the section from the upper Eocene to up-
per Miocene, where foraminifers constitute a few percent of the

sediment.

FORAMINIFER ISOTOPIC SYSTEMATICS

Most Holocene deep-water benthic foraminifer species tests
are in neither oxygen nor carbon isotopic equilibrium with am-



bient seawater (Shackleton, 1974; Woodruff et al., 1980; Belan-
ger et al., 1981; and others). Interspecific differences in oxygen
and carbon fractionation of well-preserved older benthic fora-
minifers appear to remain about the same through time, imply-
ing that species departure from equilibrium are approximately
constant (Savin et al., 1981; Shackleton et al., 1984). Estimates
of depletion in '*O relative to equilibrium values by species of
Cibicidoides (the taxa most commonly used in isotopic pale-
oceanographic studies) ranges from 0.5 to 0.7%0 (Woodruff et
al., 1980; Belanger et al., 1981; Savin et al., 1981; Shackleton et
al., 1984). §'3C values of Cibicidoides are similar to those of dis-
solved bicarbonate in ambient seawater (Belanger et al., 1981;
Graham et al., 1981; Shackleton et al., 1984). Calculated iso-
topic differences between the different taxa analyzed in this
study are listed in Table 5. Standard deviations of these differ-
ences are high resulting from fair reproducibility of some of the
data. Based on these differences and the magnitude of the re-
ported departure of Cibicidoides spp. from equilibrium precipi-
tation (Shackleton et al., 1984), adjustments listed in Table 6
were made to the benthic foraminifer data in two of the figures,
as noted in the text. No adjustments were made to the benthic
6"*C data in our figures. Although previous studies have re-
ported that '3C values of these taxa are similar to those of dis-
solved bicarbonate (Shackleton et al., 1984), we have noted that
there are significant differences among 6'*C values of the vari-
ous taxa analyzed in this study (Table 5). Therefore, the same
taxon is used in the comparison of benthic '°C records between
sites.

Carbon isotope values of Holocene planktonic foraminifers
are in disequilibrium with ambient bicarbonate §'*C but are
very close to that of total dissolved CO, (Williams et al., 1977).
Planktonic foraminifer '#0/'¢O ratios appear to be in or close
to equilibrium (Williams et al., 1979). The ranking of plank-
tonic 6'*C and §'%0 values is interpreted to represent the carbon
isotopic composition and temperature of the water where the
foraminifer calcified its test. The surface-dweller species should
have the lowest §'®0 and the highest §'3C values. These reflect
the high temperatures of surface waters, and the nutrient deple-
tion and/or high 6'*C values of surface water from the removal
of 12C by plankton productivity. On this basis, Chiloguembelina
cubensis and species of Acarinina have been determined to be
surface-dwelling taxa (Keigwin and Corliss, 1986; Shackleton et
al., 1985). Subbotinids, chiloguembelids, and globorotaloids usu-
ally measure the highest 6'¥0 and lowest §'*C values indicating a
subsurface habitat below the shallow-dwelling species, and
probably below the thermocline (Shackleton et al., 1985; Bo-
ersma et al., 1987). At present, the seasonal temperature con-
trast of surface water is high in the high latitudes. In the Paleo-
gene, it is possible that the shallow-water species may have only
grown during the warmest part of the year or summer. The tem-
perature of near-surface waters may have remained more or less
constant throughout the year and thus be representative of sur-
face temperatures during winter when the thermocline disap-
peared, as it does today. Isotopic differences among planktonic
foraminifers can be interpreted either in terms of the vertical
stratification of the water column or in terms of the seasonal
temperature contrast.

RESULTS

Oxygen and carbon isotope results of benthic and planktonic
foraminifers from Holes 744B, 744A, 738B. and 738C are tabu-
lated in Tables 1-4. Adjustments to correct for estimated dis-
equilibrium precipitation of benthic foraminifers are listed in
Table 6 and have only been applied to the data plotted in Figures
3A and 8. Values discussed in the text have not been adjusted
unless noted. In the discussion in the following sections, iso-
topic compositions of benthic foraminifer taxa are taken to re-

FORAMINIFER STABLE ISOTOPE RESULTS

flect conditions in the intermediate water mass in the southern
Indian Ocean. Isotopic compositions of the planktonic fora-
minifer species Globorotaloides suteri and species of Subbotina
and Paleocene and early Eocene chiloguembelinids reflect con-
ditions of their inferred habitat in near-surface waters below the
thermocline, whereas those of species of Acarinina and Chilo-
guembelina cubensis are indicative of conditions close to those
of surface waters.

Early Paleocene to Late Middle Eocene Records

Oxygen Isotope Results

The §'8Q values of G. beccariiformis and N. truempyi in-
creased by about 1% in the early Paleocene to a maximum at
322.1 mbsf (Antarctic Foraminiferal Zone AP4) in lower upper
Paleocene sediments (Fig. 2). Isotopic ratios ('%0/!'0) of these
species at the late Paleocene maximum were about 0.5%e (Fig.
2). Across the Paleocene/Eocene boundary, N. truempyi 8'*0
values decreased to a minimum of — 1% in lower Eocene sedi-
ments at 274.77 mbsf (Antarctic Foraminiferal Zone AP6a) with
an estimated age of about 55.6 Ma (Fig 3A). At this time, inter-
mediate waters reached temperatures close to 13°C. %0 values
of early Eocene Cibicidoides spp. exhibit the same pattern as
those of N. truempyi but were lowest (— 0.8%o) at 53.8 Ma (Ant-
arctic Foraminiferal Zone AP6b) (Figs. 2 and 3A). After about
51 Ma (in Antarctic Foraminiferal Zone AP7), benthic foramin-
ifer 6'%0 began a long-term trend of increasing values for the
rest of the Paleogene (Figs 2 and 3A). Pronounced Eocene 'O
enrichments occurred from just above the early/middle Eocene
boundary to the middle Eocene at about 47 Ma (across the tran-
sition of Antarctic Foraminiferal Zone AP7/AP8) and across
the middle to late Eocene boundary, where Cibicidoides spp. at-
tained values close to 1%.

Oxygen isotopic ratios of Subbotina spp. and Acarinina spp.
varied little in the late Paleocene (Figs. 2 and 3A). Based on one
data point, temperatures of high-latitude surface waters did not
decreased in the early late Paleocene as those at of intermediate
waters. Planktonic 6'%0 followed the same trend of the benthic
taxa across the Paleocene/Eocene boundary reaching minimum
values near 56.6 Ma (Antarctic Foraminiferal Zone AP6a). Af-
terward, the 80 enrichment of the planktonic taxa was nearly
continuous in lower and middle Eocene sediments.

Carbon Isotope Results

Carbon isotope ratios of N. fruempyi and G. beccariiformis
were low from the early to the early late Paleocene and subse-
quently increased rapidly by more than 1.5% in the late Paleo-
cene to peak values greater than 2% (at about 59 to 60 Ma,
312.3 and 321.9 mbsf, respectively) (Figs. 2 and 3B). From the
late Paleocene maximum, N. fruempyi 6'*C values declined to
an early Eocene minimum close to —0.5%0 at 55.6 Ma (274.7
mbsf) at the same time that the §'®*0 minimum was recorded.
Subsequently, benthic foraminifer §'*C reached values close to
1%o in the late early Eocene and remained at this level through
the early middle Eocene.

813C values of the planktonic taxa varied similarly to benthic
63C values in the Paleocene to early Eocene interval (Figs. 2
and 3B). After the early Eocene minimum, 6'*C of Subbotina
spp. increased gradually by about 0.5%0 and remained in.the
range of 1-1.3%o in middle Eocene sediments. '*C/'2C ratios of
early and middle Eocene Acarinina are highly variable and do
not appear to follow the same trend as near-surface and inter-
mediate waters.

Surface to Intermediate Water Gradients

During the transition from the temperate Paleocene to the
warm early Eocene, there was a change in the thermal stratifica-
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Table 2. Oxygen and carbon isotope ratios of foraminifer taxa from Hole 744A.

Core, section Depth Nanno Ant. foram Age SELECTED FORAMINIFER TAXA

interval (cm) (mbsf) biozone biozone Y o e s e W i M S RS A R M B AR SR e S e SR S e

--------------------------------------------------------------- Cibicidoides Stilostomella Globigerinita Chiloguembelina Globorotaloides
spp. subspinosa juvenilis cubensis suteri

119-744A

10H-1,95-100 81.13  CN1-CN5a Unzoned 18.80 2.19 1.38 2.60 0.58

10H-2,95-100 82.63 CN1-CNSa Unzoned 19.02 2.16 1.06 2.87 0.36 2.29 1.58
10H-3,95-100 84.13 CN1-CN5a Unzoned 19.24 2.08 1.30 2.34 0.56 2.06 1.7
10H-4,95-100 85.63 CN1-CN5a Unzoned 19.45 2.33 0.27 1.82 1.70
10K-5,95-100 87.13 CN1-CNSa Unzoned 19.67 2.12 1.35 2.25 0.85 1.96 1.98
10H-6,95-100 88.63 CN1-CN5a Unzoned 19.89 2.02 1.18 2.48 0.66 1.90 1.83
10K-CC 90.06 CN1-CN5a Unzoned 20.10 1.77 1.14 2.32 0.54 1.81 1.7
11H-1,100-101 90.63 CN1-CN5a Unzoned 20.18 2.01 1.20 2.25 0.60 1.79 1.34
11H-2,100-101 92.13  CN1-CN5a Unzoned 20.40 1.84 1.24 237 0.37 1.84 1.55
114-3,100-101 93.63 CN1-CN5Sa Unzoned 20.70 1.68 0.82 2.19 0.16 1.55 1.1
11H-4,95-100 95.13  CN1-CN5a Unzoned 21.00 1.82 0.85 2.04 0.21 1.23 1.49
11H-5,95-100 96.63 CP17-CP19 Unzoned 24.00 1.78 1.07 2.24 0.49 1.84 1.3
11H-6,95-100 98.13  CP17-CP19 Unzoned 24.30 2.18 1.44 2.13 0.57 2.03 1.55
11H-CC 98.46 CP17-CP19 Unzoned 24.51 2.27 1.35 2.48 0.58 2.09 1.31
124-1,95-100 100.17  CP17-CP19 Unzoned 25.62 1.99 1.17 2,15 0.31 0.11 1.07 1.67 1.49
12H-2,96-101 101.67 cP17-cP19 Unzoned 26.60 1.95 0.99 2.06 -0.03 1.86 1.58 1.74 1.27
12H-3,95-100 103.17 CP17-CP19 Unzoned 26.70 1.85 1.36 2.15 0.23 1.12 1.96 1.63 1.45
12H-4,95-100 104.67 CP17-CP19 Unzoned 26.80 1.53 1.18 1.99 -0.38 1.68 1.56 1.56 1.45
12H-5,95-100 106.17  cP17-CP19 Unzoned 27.20 1.91 0.84 2.30 0.18 1.7M 1.24 1.52 1.00
12H-6,95-100 107.67 CP17-CP19 Unzoned 27.35 2.50 0.01 1.85 1.02
12R-CC 109.07 CP17-CP19 Unzoned 27.50 1.77 0.74 2.30 -0.16 1.62 1.1 1.68 0.81
13K-1,95-100 109.67 CP17-CP19 AP14 27.57 2.00 1.01 2.84 0.28 1.85 1.50 1.85 1.16
13H-2,95-100 111.17  cP17-CP19 AP14 27.72 2.09 0.95 2.55 0.28 1.26 0.93
13H-3,95-100 112.67 cP17-CP19 AP14 27.88 2.05 0.51 2.32 -0.28 1.94 0.93
13H-4,95-100 114,17  cCP17-CP19 AP14 28.04 2.15 0.91 2.88 -0.22 1.94 1.16
13H-5,95-100 115.67 CP17-CP19 AP14 28.20 2.36 0.93 2.48 -0.58 2.09 0.98
134-6,95-100 117.17  cP17-CP19 AP14 28.50 2.16 0.84 2.49 -0.15 2.07 1.46
13H-cC 118.20 cP17-cP19 AP14 30.00 1.96 0.78 2.58 0.19 1.77 1.40 2.20 1.22
14H-1,95-100 119.17  CP17-CP19 AP13 30.90 2.20 0.98 2.30 0.01 1.64 1.41 2.31 1.13
14H-2,95-100 120.67 CP17-CP19 AP13 32.30 2.17 1.00 2.25 0.07 2.18 1.22
14H-3,95-100 122.17  CP17-CP19 AP13 32.50 2.16 0.83 2.27 0.22 1.74 1.06 1.83 1.13
14H-4,95-100 123.67 CP17-CP19 AP13 32.70 2.1 0.97 2.44 0.16 1.52 1.32 2.01 1.19
14H-5,95-100 125.17 CP17-CP19 AP13 32.90 1.89 0.81 2.44 0.16 1.66 1.22
14H-6,95-100 126.67 CP16 AP13 33.28 1.95 1.23 2.15 0.31 1.46 1.66 1.88 1.34

14H-CC 127.70 CcP16 AP13 33.55 2.01 0.83 2.20 0.06 1.57 1.68 2.04 1.36

dYHENH L9 ‘vigydve ‘g
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Core, section Depth Nanno Ant. foram Age SELECTED FORAMINIFER TAXA

interval (cm) (mbsf) biozone biozone (M ¥ )csmsasesnsnsiisdiasennsniiasasinsnsacissontasesssssdnaiadine Semsasdanesasdesidagessensseni
--------------------------------------------------------------- Cibicidoides Stilostomella Globigerinita Chiloguembelina Globorotaloides
spp. subspinosa juvenilis cubensis suteri

5 180 5 13C 5 180 & 13C & 180 8 13C i 180 § 13C 5 180 5 13C

15H-1,95-100 128.67 CP16 AP13 33.80 2.23 0.84 1.57 1.33 1.93 1.24
15H-2,95-100 130.17 CP16 AP13 34.02 2.13 1.27 1.73 1.62 2.05 1.09
15H-3,95-100 131.67 cP1é AP13 34.25 2.15 0.99 1.43 1.94 1.09
15H-4,95-100 133.17 CP16 AP13 34.47 2.06 1.07 2.00 1.04
15H-5,95-100 134.67 CP16 AP13 34.70 2.26 1.17 1.34 1.7 2.15 1.00
15H-6,95-100 136.17 CP16 AP13 34,86 2.18 1.12 1.39 1.54 2.08 0.98
15H-CC 137.53 CcrP16 AP13 35.01 2.17 1.34 1.23 1.62 2.17 1.01
16H-1,89-94 138.11 cP16 AP13 35.07 2.22 1.30 1.56 1.82 1.93 1.7
164-2,95-100 139.67 CP16 AP13 35.24 2.52 1.49 1.55 1.73 2.31 1.25
16H-3,95-100 141.17 cP1é AP13 35.41 2.10 1.26 2.47 0.34 1.56 0.05 2.28 1.15
16H-4,95-100 142.67 CP16 AP13 35.57 1.7M 0.98 2.50 0.04 1.73 2.00 2.02 1.22
16H-5,95-100 14617 CPi1é6 AP13 35.73 2.21 1.49 2.16 -0.13 2.02 2.02 2.42 1.28
16H-6,95-100 145.67 cP1é AP13 35.90 2.16 1.43 2N 0.45 2.08 1.32
16H-CC 146.70 cP1é AP13 36.04 1.59 1.29 2.16 -0.13

17H-1,28-33 147.01 CP16 AP13 36.08 1.46 1.32 1.90 1.03 1.97 1.60 0.90
17H-CC 147.53 crP16 AP13 36.15 1.53 1.30 1.93 0.32 0.99 1.93 1.54 1.07
18H-1,95-100 148.57 crP16 AP13 36.30 1.44 0.54 1.80 -0.17 1.45 1.15
18H-2,95-100 150.07 cr1é AP13 36.51 1.06 0.81 0.88 1.75 1.27 1.09
18H-3,95-100 151.57 cr1é AP13 36.7 1.33 1.05 1.38 0.19 1.54 1.28
18H-4,95-100 153.07 cP16 AP13 36.92 1.14 1.04 1.50 0.04 1.42 1.30
18H-5,95-100 154.57 cP16 AP13 37.12 0.85 0.89 1.48 0.15 0.58 1.72 1.45 1.08
18H-6,95-100 156.07 cr1é AP13 37.33 1.22 0.96 1.62 -0.02 0.91 1.86 1.43 1.27
18H-CC 157.10 CP16 AP13 37.48 1.80 1.00 1.73 0.32 1.12 1.84 1.45 1.30
19H-1,90-95 158.07 CP16 AP12 37.61 1.27 1.24 1.45 0.09 0.91 1.86 1.13 1.13
194-2,90-95 159.57 crié AP12 37.82 1.33 1.23 1.37 0.10 0.83 1.89 1.60 1.25
19H4-3,90-95 161.07 cri1é AP12 38.02 1.01 1.51 1.50 0.35 1.01 2.15 1.47 1.44
19H-4,90-95 162.57 crPi5b AP12 38.18 0.81 1.10 1.20 0.21 0.72 2.10 1.03 1.44
194-5,90-95 164.07 CP15b AP12 38.31 0.84 1.34 1.38 0.26 1.13 1.09 1.36 1.42
19H-6,90-95 165.57 CP15b AP12 38.43 0.95 1.28 1.37 0.36 0.54 1.96 1.26 1.30
19H-CC 166.07 CP15b AP12 38.48 1.18 1.15 0.36 1.93

20H-1,95-100 167.57 CP15b AP12 38.60 0.93 1.38 0.52 1.98

20H-2,95-100 169.07 CP15b AP12 38.73 0.71 0.90 1.1 -0.07 0.38 1.84 1.08 0.97
20H-3,95-100 170.57 CP15A AP12 38.88 0.90 1.38 1.27 0.41 0.38 2.03 1.17 1.37
20H-4,95-100 172.07 CP15A AP12 39.12 1.29 1.29 1.46 0.57 0.54 2,22 1.27 1.57
20H-5,95-100 173.57 CP15A AP12 39.36 1.21 1.44 1.54 0.68 0.54 2.22 1.10 1.43
20H-6,95-100 175.07 CP15A AP12 39.59 1.28 1.22 1.40 0.39 0.32 1.92 1.22 1.23

STINSHY HdOLOSI HTAVLS YFTJIININVIOL
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Table 3. Oxygen and carbon isotope ratios of foraminifer taxa from Hole 738B.

Core, section, Depth  Wanno. Ant, foram. Age SELECTED FORAMINIFER TAXA

interval (cm) (mbst) Biozone Biozone My ) e s et et ikt i b s b S B A S ER R e AL SRS P = rpeiach i Tttt e

------- sssssssssssssmessrsssssscacmssssscssscsssssssnssssssss Ciblcidoides spp. Stilostomells Wuttallides  Chiloguembel ine Acarinine Globorotaloldes Subbotinas Subbotina Globigerinatheka
subspinosa truempyi spp. primitiva suteri angiporoides Linaperts Andex

180 &13C & 180 & 13c 6180 & 13C 6180 5§13 & 180 & 13C & 180 & 13C 180 §13C 5 180 8 13C & 180 5 13¢C

119-7388

3H-4,90-95 18.42 cPiSb/cPié AP13 L. Olig. 2.27 1.45

3H-5,90-95 20.42 CP1Sb/CP16 AP13 L. olig. 1.40 1.28

3H-cC 23.00 cPISb/CP16 AP13 L. olig. 1.7 1.36 1.95 0.15 1.9 1.51 1.61 1.82 1.22 1.67

4H-1,90-95 23.92 cPisb/cPib AP13 36.00000 1.3 0.87 1.00 .32 1.56 1.64

&H-1,90-95 23.92 CPISb/CP1G AP13 36.00000 1.44 1.19 1.60 1.40

4H-2,90-95 25.42 CP15b/cP1b AP13 36.26109 1.28 0.84 1.47 -0.15 0.78 1.9 1.40 0.94

&H-3,90-95 26.92 CPASB/CP1G AP13 3652219 0.93 0.97

4H-3,90-95 26.92 CPISb/CP16 AP13 3s.52219 1.06 0.%9 1.26 0.12 0.83 2.m 1.3 1.34

4H-4,90-95 28.42 CPISb/CP16 AP13 36.78328 1.21 0.9 1.38 1.27

&H-4,90-95 28.42 CP15b/CP1b AP13 36.78328 0.92 0.80 1.48 0.16 1.10 2.09 1.50 1.54

4H-5,90-95 29.92 CP1Sb/CPI6 AP13 37.04438 1.10 0.99 1.32 1.25

4H-5,90-95 29.92 CP1Sb/CP1b AP13 37.04438 0.82 0.85 1.25 1.45

4H-6,90-95 31.42 cPisb/cPib AP13 37.30548 1.09 0.72 1.37 0.05 1.05 1.96 1.40 1.7

4H-T,90-95 32.84 CPI5b/CPI6 AP13 37.55265 1.30 0.99 2.15 0.44 1.19 1.99 1.49 1.2

SH-1,90-95 33.42 cPiSb/CcP16 AP13 37.65381 1.48 1.29 1.85 0.41 1.32 1.37 1.5 .

SH-2,90-95 34.92 CP1Sb/CP1s AP13 37.91470 1.19 1.461 1.5 1.30

5H-3,90-95 36.42 CPISb/CPIG AP12 38. 17565 1.22 1.30 1.58 0.13 1.53 1.25 1.46 1.52 1.7 1.52

SH-4,90-95 37.92 cPiSb/CP16 API2 38.43652 0.83 0.94 0.99 1.06

5H-5,90-95 39.42 CP15a API2 38.69739 1.15 1.20 1.21 1.20 1.3 1.61

5H-6,90-95 40.%2 CP15a AP12 38.846880 0.91 1.16 1.28 .21

SH-7,10-15 41.12 CP15a AP12 38.88192 0.94 1.26 1.3 1.20

SH-CC £2.00 CP15a AP12 38.95046 1.41 1.39 1.48 0.62 0.94 1.90 1.49 1.68 1.29 1.69 1.48 1.89

6H-1,90-95 42,92 CP15a AP12 39.02001 1.1%9 1.18 1.46 1.14

6H-2,90-95 k.42 CP15a API2 39.13343 1.24 0.79 1.38 -0.12 0.51 1.92 1.25 0.78

bH-4,90-95 47.42 CP15a AP12 39.36025 1.51 0.41 1.49 0.40

6H-5,84-89 LB.92 cPi5a AP12 39.47366 1.4 0.85 1.35 0.72

6H-6,84-89 50.36 cP15a AP12 39.58254 1.34 0.88 1.35 0.69

6H-CC 51.50 CP15a Liars 39.66873 1.02 0.68 0.51 0.45 2.16 1.03 1.68 1.1 1.00 2.03
TH-CC 61.00 CP15a AP12 40.38701 1.03 1.08 1.52 0.01 0.96 0.84 1.57 1.04 1.59 1.50 1.53 1.87
BH-CC 70.50 cPi5a AP 41.40259 0.9 0.94 1.44 =0.17 1.03 1.49 0.43 2.45
H-CC 80.00 CP1én APYY 41.75470 0.73 1.04 1.12 0.00 0.67 0.62 1.13 1.20 0.95 1.60 0.47 2.46
10H-CC B85.00 CPida APID &1.94002 0.63 2.51 1.3 1.47 0.9 1.44

1H-CC 95.37 CPika AP1D 42,32438 -0.23 2.14 0.02 2,44

¥F49NH 'L ‘g9 ‘vigudvd ‘9
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Core, section,
interval (cm)

12K-1,87-92
124-3,87-92
124-5,87-92
15%-CC
17x-cc
18x-2,88-93
18x-cC
19%-2,50-95
19%-4,90-95
19%-6,CC
19%-cC
20%-2,90-95
20%-4,5%0-95
20%-6,90-95
20x-cc
21%-1,90-95
21%-3,90-95
21x-cc
22x-2,90-95
22%-4,90-95
22x-ct
23%-1,90-95
23x-cc
24%-2,90-55
24x-cC

Depth

98.3%9
101.3¢9
104.02
127.1%
146.80
149.20
156.50
158.92
161.92
164.92
166.20
168.62
m.ez
174.62
175.80
176.72
179.72
185.40
187.82
190.82
195.00
195.92
204.60
207.02
214,30

Wanno,
(mbsf) Blozone

CPl4m
CPide
cPitm
cP13
cP13
cP13
cP13
cP13
P13
cP13
cP13
CP13
cP13
P13
cP13
P13
cr13
cP13
cP13
cP13
cP13
cP13
cP13
P13
cP13

Ant. foram,
Biozone

AP1D
AP10
AP10
AP10

Age

(m.y,) <meeeeneens

42.21238
42.55642
42.85802
45.17559
46.31168
46.38332
46.60128
46.67354
46.76311
46.85268
46.89090
46.96316
47.05273
47.14230
4717753
47.20500
&7.2945T
AT 44T
4769445
L8, 17262
48.83887
4898551
50.%8460
50.44532
51.22962

SELECTED FORAMINIFER TAXA

Ciblcidoides spp. Nuttallides Chiloguembel ina Acarinina Globorotsloides Subbot ina Subbot ina
truespy | pp. primitiva suteri angiporoides linaperts
5180 5 13 5 180 5 13C & 180 & 13c & 180 5 13c § 180 513c §180 5 13c o 180 & 13¢C
-0.01 1.13 0.20 0.56 0.15 2.36
0.05 0.88 0.05 2.04
0.53 0.93 0.2 0.56 0.07 2.26
0.43 0.80 0.17 2.02
0.35 0.93 0.20 0.49 0.22 0.49
0.3 0.44 0.28 1.64 0.46 1.12
0.08  -0.03
0.28 0.18 0.23 2.26
0.52 0.74 o.o7 zn 0.44 .27
0.12 1.57
0.39 0.32 0.22 1.713
0.14 0.08 -0.40 2.26
0.28 0.2 0.03 .n 0.49 .10
-0.19  -0.07 -0.17 2.18 0.39 1.05
-0.10 1.8
0.09 0.34
0.04 0.14 -0.07 2.08
0.33 0.57 0.17 0.25 =0.531 1.97 0.27 1.05
0.16 0.29 -0.06  -0.01 -0.23 2.01 0.23 0.90
-0.%0 2.02 0.13 1.29
-0.14 0.10 -0.47 2.12 0.02 1.05
-0.01 1.75 0.00 1.10
-0.56 1.53
-0.37 0.84 -0.16 0.69 -0.97 2.88 0.13 1.29
-0.34 0.%2 0.03 1.38

Globigerinatheka

index
& 180 & 13¢
0.06 2.36
0.12 2.0
0.3 2.53
0.01 2.21

SITNSTY AdOLOSI HTAVLS dHAININVIOL
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Table 4. Oxygen and carbon isotope ratios of foraminifer taxa from Hole 738C.

Core, section,
interval (em)

Depth  Nernno. Ant. foram Age
(mbsf) biczone biozone

--------- sesemsessssseseasseiessssssssssssscsesssssaeees Cibicidoides spp. Nuttallides Gavelinella  Chiloguembelina Subbotina Acarinina
EEREEESSS= truempyi bec:arilfomig spp. linaperta primitiva
5 180 513c & 180 8 13C § 180 & 13C 5180 813¢ &5 180 5 13C 5 180 5 13c
119-738C
2R-1,124-129 197.86 cP13 APT 49.29  -0.21 0.84 0.48 0.75
2RrR-CC 206.20 cP12 APT 50.34 -0.41 0.84
3R-1,59-6 206.79 cP12 AP7 50.42 -0.52 1.23 -0.58 2.23
3r-cC 215.90 cp12 APT 51.40 -0.50 1.20 -0.63 0.70
4R-1,90-95 216.82 cePi2 APT 51.50  -0.52 1.13 -0.67 0.81
4R-3,90-95 219.82  cri2 APT 51.82 -0.66 0.74 -0.33 1.80
4R-CC 225.60 cP12 APT 52.45 -0.67 0.74 -0.87 2.08
5R-2,73-78 227.85 CP10/CP11 APT 52.64 -0.67 1.02
SR-CC 235.20 CP10/CP1Y1  APT 52.95 -0.88 0.89 -0.57 1.99
6R-1,84-89 235.06 CP10/CP1Y APT 52.9%9 -0.86 2.04
éRr-CC 244.80 CP10/CP11  APT 53.36 -0.82 0.83
7R-1,88-93 245.66 CP10/CP11  APT 53.40 -0.75 0.79 -0.65 0.81
TR-3,23-28 247.83 CP10/CP11 APSD 53.49
TR-CC 254.40 CP10/CP1Y APSDL 53.77  -0.B4 0.55 -0.72 0.26
TR-CC 254.40 CP10/CP1Y1  APSDL 53.77 -0.90 0.13
BR-1,90-95 255.32 cp10/CP11 APED 53.81 -0.96 0.63
BR-CC 266,10  cP9 APéa 564,47 -0.78 0.62
9R-1,25-30 264.36 cP? APéa 54.50 -0.48 0.51 -0.77 0.03
9R-CC 273.80 CP9 APba 55.51 -0.62 0.35 -0.58 0.22
9R-CC 273.80 cP? APba 55.51 -0.65 0.09
10R-1,95-100 27677 cP? AP6a 55.61 -0.98 =0,72
10R-1,95-100 276.7TT  cpP? APéa 55.61 -0.72 -0.18 -0.72 -0.30
10R-2,95-100 276.25 cP? APSa 55.77
10R-3,98-102 277.80 CP9 APéa 55.94 -0.47 0.12 -0.59 -0.19
10R-3,98-102 277.80 CP9 APéa 55.94 -0.45 0.03
10R-CC 283.40 cP9 APéB 56.54 -0.25 0.32 -0.43 0.06
11R-1,115-118 284.52 CPB APS 57.80 -0.14 0.99 -0.12 0.40
11R-2,115-118 2856.02 cpP8 APS 57.87 -0.30 0.81
11R-CC 293.00 cpP8 APS 58.22 0.08 1.26 -0.18 0.90 0.01 0.04
13r-cC 312.30 cP&/CPT APG 59.20 -0.10 1.95 -0.29 1.88
13r-CC 312.30 CP&/CPT  AP4 59.20 0.03 1.90 0.57 2.48
14R-CC 321.90 CP6/CPT  AP4L 59.76 0.02 2.43 0.02 2.38
14R-CC 321.90 cPb/CPT AP&L 59.76 0.07 2.16
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15R-1,90-95 322.82 cPb/CPT APL 60.24 -0.49 3.53
15R-CC 331.60 CPS AP& 61.33 0.50 1.64 -0,42 3.57
15R-CC 331.60 cP5 APL 61,33 ' 0.42 1.66 0.50 1.41

16R-1,55-60 33217 CPS AP4 61.40 -0.55 0.91 0.26 1.95

16R-2,T4-T6 333.86 CP5 AP 61.70 0.13 0.99 -0.29 1.88 -0,54 2.75
16R-2,7476 333.86 CPS APG 61.70 0.16 1.14 0.22 1.08 -0.11 0.57 0.03 1.81

16R-4,90-95 337.02 CP4 AP 62.27 o.n 0.68 0.19 0.68 -0.65 2.52
16R-4,90-95 337.02 P4 AP 62.27 0.00 0.7 0.22 0.74 -0.01 1.62

16R-5,90-93 338.52 CP4 AP2 62.44 -0.03 0.98 0.13 0.79

16R-6,90-93 340.02  CP& AP2 62.53 0.22 0.57

16R-CC 341.30 cP4 AP2 62.61 0.19 1.10 0.19 0.86

17R-1,90-95 342.22  cpé AP2 62.66 0.03 0.71 -0.10 0.62 -0.31 1.67 0.17 1.40

17R-2,90-95 343,72 cPé AP2 62.69 0.06 0.85 -0.08 0.64

17R-3,90-95 345.22  cpé AP2 s2.77 0.12 0.7 0.16 0.84 -0.28 1.88

17R-4,88-93 346.72  CP4 AP2 62,84 -0.23 0.82 +0.13 1.26

17R-5,90-95 348.22 CP4 AP2 63.00 0.19 0.98 0.02 0.72 -0.43 1.72 0.16 1.3

17R-7,65-70 350.47  CP& AP2 63,14 0.12 0.80 0.02 0.78 o.21 1.26

17R-CC 350,90 cP4 AP1b 63,16 0.20 0.87 0.17 1.37

18R-1,94-96 351.61  CP& AP1b 63.20 -0.21 0.76 0.25 1.56

18R-2,94-96 353.11  cP4 AP1b 63.26 -0.20 0.77 -0.06 0.82 0.16 1.42

18R-CC 360.50 cP2/CP3 AP1b 63.52 0.01 1.14 -0.12 0.7 0.13 1.58

19R-2,88-90 362.90 cpz/cP3 AP1b 63.85 -0.26 1.09

19R-3,88-90 364.90 CP2/CP3 AP1b 64,17 -0.49 0.84

19R-CC 370.20 cPib AP1b 65.04 -0.16 1.61

20R-1,102-104 in.2s  cpib AP1b 65.21 -0.32 1.40 -0.46 1.25

20R-2,118-120 372,90 cPib AP1b 65.49 -0.31 1.44 -0.26 1.3

20R-3,90-92 374.12  cPib AP1n 65.69 =0.40 1.56 -0.20 1.62

20R-5,34-35 377.23 cP1b APln 65,19 -0.61 2.13 -0.45 1.33 -0.52 1.08

20R-5,34-35 377.23 crib APla 66.19

20R-5,90-92 377.80 cPla AP 66.27 -0.20 1.62

21R-CC 380.70  NC23 A. may. 66.54 -0.49 1.50
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Table 5. Mean values of intertaxa isotopic differences.

Cibicidoides spp. Gavelinella beccariformis
6150 8]3C 6130 5"3C
Nuttallides truempyi 003 + 021 0.28 £ 0.15 0.0+ 021 -0.21 = 0.27
N =19 N=19 N=22 N =22
Stilostomella subspinosa  —0.35 £ 0.22 0.88 + 0.24
N=355 N =55

No:_e: Value_s are means of the difference between 5'%0 of the taxon in column and the taxon
in row in the same sample. N = the number of samples used in the calculation.

Table 6. Adjustment for isotopic disequilibrium
of benthic foraminifers.

580 slic
Cibicidoides spp. 0.5 0.0
Nurtallides truempyi 0.5 0.0

Gavelinella beccariiformis 0.5 0.0
Stilostomella subspinosa 0.0 0.0

Note: Adjustments made as noted in figure
captions to compositions of benthic
foraminifer taxa to correct for isotopic
disequilibrium.

tion of the water column between intermediate and near-sur-
face/surface water depths as reflected in the difference between
§'80 values of benthic and planktonic foraminifers (Figs 3A and
4). In contrast to the variable shallow-water foraminifer 650
values which may reflect primarily seasonal temperature changes,
the less variable values of benthic foraminifer and deeper-dwell-
ing planktonic species reflect the relatively constant conditions
of their habitat. Changes in the difference between 5'0 values
of benthic foraminifers and Subbotina spp. indicate that on the
average the near-surface to bottom temperature difference was
large in the Paleocene and earliest early Eocene (Figs. 3A and
4). It was small from 55 to about 51 Ma, and increased slightly
after 51 Ma. In general, the surface to bottom difference also
decreased from about 55.5 to 51 Ma (Fig. 4).

The 6'3C difference between surface or near-surface and in-
termediate waters reflects the removal of '>C in the surface wa-
ters by productivity and the addition at depth of '*C from the
oxidation of organic matter. It can vary with the level of pro-
ductivity in surface water or modifications in the properties of
the deeper water. In the geologic record, the §'°C gradient can
be inferred measuring the difference between the *C/'*C ratios
of planktonic and benthic foraminifers. The inferred gradient
can also be influenced but to a much smaller extent by other
factors such as changes in the season or the depth of calcifica-
tion of the planktonic foraminifer. At Site 738, the 6'*C differ-
ence between near-surface to intermediate water was between
0.5 and 1% in the Paleocene, with the lower values in the older
part of the record (Fig. 4). Near the maximum warming, this
difference (Subbotina minus Nuttallides) decreased and prelimi-
nary §'%0 and 6"*C data of Chiloguembelina spp. from Site 738
suggest the almost complete elimination of isotopic gradients
(Figs. 3A and 3B) similar to that reported for the Maud Rise
Site 690 at about this time (Kennett and Stott, 1990). In the po-
lar Indian Ocean in the early Eocene from about 55 Ma, the
near-surface to bottom $'3C difference became more variable
and values fluctuated closer to 0.5% before increasing to about
1%o in the early middle Eocene (Fig. 4). The surface to bottom
83C difference was low, close to about 1%, from about 54 to 51
Ma, relative to earlier values of about 2%o.

The changes in the §'*C and 6'*0 gradients can be correlated
with changes in climate at this high-latitude location. In gen-
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eral, with the warming of the poles in the early Eocene, the gra-
dients decreased, whereas they were higher during colder peri-
ods (Figs. 3 and 4). The decrease in foraminifer isotopic differ-
ences can be interpreted in terms of changes in the vertical
thermal stratification of the water column. The decrease in the
5130 difference between the benthic and planktonic taxa to val-
ues close to zero indicates that the thermal stratification of the
water column from the thermocline to intermediate-water depths
was low or nonexistent during the early and earliest middle Eo-
cene (Fig. 4). At this time the surface to bottom 8*C difference
was also small. The isotopic difference between surface and
near-surface waters did not significantly change during the Pa-
leocene/Eocene transition and in the earliest early Eocene. A
slight decrease in this difference occurred during the late early
Eocene after 54 Ma with the increase of surface-water §'%0.
Hence, the reduction of isotopic differences between the surface
and intermediate waters does not appear to have resulted from
differential changes within the upper level of the water column
because surface and near-surface waters varied sympathetically
most of the time. The changes in the gradient could represent a
decoupling of intermediate waters from the behavior of the up-
per layers of the water column.

The pattern of change in §'%0 values of the foraminifer taxa
suggests that intermediate waters may have formed at a different
location than the polar regions in the early Eocene. We note
that §'%0 of the planktonic taxa had a minimum near 56 Ma
and increased gradually thereafter. Intermediate waters, as re-
flected by 680 of N. truempyi were warm from about 56 to 54
Ma and began a gradual cooling after 52 Ma. The data of Cibi-
cidoides imply that a 6'0 minimum was reached at approxi-
mately 54 Ma. If the trend in the planktonic data reflects the cli-
mate in the southern high latitudes and intermediate waters were
formed there, §'30 values of the benthic foraminifer should ex-
hibit the same pattern as the planktonic data. The reduction of
the surface to bottom §'%0 difference with the increase in plank-
tonic values and the decrease in benthic values suggests that in-
termediate waters in the polar Indian Ocean may have origi-
nated at a lower-latitude location in the early Eocene.

Comparison of Benthic Foraminifer Isotopic Records

Comparison of absolute benthic §'3C values from time-series
records has been used to infer the source of deep waters in dif-
ferent ocean basins (Miller et al., 1987b; Woodruff and Savin,
1989; Katz and Miller, 1991; Kennett and Stott, 1990). Along
their path, deep water masses incorporate CO, from the dissolu-
tion of carbonate and the oxidation of organic matter with low
53C values. Consequently, older waters have higher CO, con-
tent and lower 6'°C values of bicarbonate than younger waters
close to their origin. In Figure 5, §'3C values of N. fruempyi
from Sites 738 (1200 m paleodepth), 577 (2000 m paleodepth)
(Miller et al., 1987b) in the equatorial Pacific, and 690 (2000 m
paleodepth) (Kennett and Stott, 1990) in the Weddell Sea area
are compared. In general, the records from these three sites ex-
hibit similar trends from the late Paleocene to the early Eocene,
although there are greater similarities between the patterns at
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Figure 2. Oxygen and carbon isotope ratios of benthic and planktonic foraminifer taxa from Holes 744B, 744A,
738B, and 738C plotted vs. depth in the sediment. For the upper Eocene section of Hole 738B, only isotopic com-
positions of Cibicidoides spp. are shown. Those of the other taxa analyzed in this study are listed in Table 3. Mag-
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planktonic foraminifer stratigraphy from Huber (this volume).
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Figure 3. A. Oxygen isotopic compositions of foraminifer taxa from the lower Paleocene to middle Eocene section of Site 738.
Adjustments listed in Table 6 have been applied to the benthic foraminifer data. Symbols are as in Figure 2. Paleotemperature
estimates using the equation of O'Neil et al. (1969) are based on an average seawater 6'30 value of — 1%s. B. Carbon isotopic
values. Microfossil zonation boundaries are drawn based on sample datum levels not on absolute ages.

Sites 738 and 577. 6'3C values at Site 690 prior to 55 Ma were
considerably higher than at Sites 577 and 738. After this time,
Maud Rise deep waters became more similar to Indian Ocean
intermediate waters. 6'3C values at Site 738 were higher than at
Site 577 except between about 62.5 and 61.5 Ma and between 59
and 58 Ma. However, the reversals at these times could result
from discrepancies in biostratigraphical resolution. Isotopic ra-
tios ('*C/2C) of Cibicidoides spp. from Site 702 (2000 m paleo-
depth) (Katz and Miller, 1991) in the South Atlantic are consis-
tently higher than those of Nuttallides at Site 577. This has been
cited as evidence for a high-latitude source of intermediate wa-
ters in the South Atlantic basins (Katz and Miller, 1991).
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Absolute §'0 values of N. truempyi from Site 690 prior to
55 Ma were in general more enriched than those from Sites 738
and 577 (Fig. 5), probably resulting from colder waters at the
Maud Rise produced on the Antarctic margins. Indian Ocean
5180 values were lower than those from the Pacific prior to 61
Ma when both locations exhibit the highest values of the Paleo-
cene. Indian and Pacific Ocean records of late Paleocene and
early Eocene age prior to 55 Ma appear to have been similar, al-
though small stratigraphic errors in age assignment in this inter-
val can alter this conclusion. During the early Eocene after the
maximum warmth, §'®0 values at Sites 738 and 690 are more
similar and on the average lower than those from the Pacific
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(Fig. 5). At this time, Indian Ocean 6'*C values also become
more similar to those from the Maud Rise and more enriched
than Pacific values. (Similar conclusions are reached by com-
paring isotopic values of Cibicidoides from Sites 690 and 738
not shown in Fig. 5). These patterns are consistent with the idea
proposed by Kennett and Stott (1990) that deep waters at the
Maud Rise were produced in the low latitudes in the early Eo-
cene. Maud Rise waters appear to have become as old and warm
as those in the Indian and Pacific Oceans at this time. Further-
more, these patterns also suggest that intermediate waters in the
Indian Ocean before the early Eocene were different from the
Maud Rise waters of probable Antarctic origin. Warm saline
waters, perhaps produced in the eastern Tethys, may have flowed
at intermediate depths into the high-latitude Indian Ocean even
before the early Eocene. Reconstructions of early Paleogene
carbon and oxygen isotope distributions at different paleodepths
in the Indian Ocean are needed to trace the intermediate water
mass to its source.

Latitudinal Gradient in the Early Eocene

In Figure 6, the mean of §'%0 values of shallow-dwelling
planktonic foraminifer species of Acarinina and Morozovella
from lower Eocene deep-sea sediments from Foraminifer Zones
P6 to P8 have been plotted against estimated paleolatitudes.
These taxa consistently yield the lowest (warmest) §'*0 values
(Shackleton and Boersma, 1981; Shackleton et al., 1985;

Boersma et al., 1987). The shaded area is an envelope through
the 6'8%0 data of Holocene shallow-dwelling planktonic species
(indicated by crosses) from various published sources compiled
in Savin et al. (1985). The Holocene data was adjusted by 1% to
compensate for the estimated average §'®0 composition of sea
water in the early Eocene.

The mean of §'%0 values from Site 738 is close to those of
Antarctic Sites 690 and 277. The mean values of these three
southern high-latitude sites are in the range of those measured
from mid- and low-latitude sites, showing as previously dis-
cussed by others, the very shallow or negligible latitudinal gra-
dient of the early Eocene (Savin, 1977; Shackleton and Bo-
ersma, 1981). We are assuming the magnitude of the present 180
enrichment of low- and mid-latitude surface sea waters relative
to surface sea water in the high-latitudes was the same in the
early Eocene. All of early Eocene data points for the mid-lati-
tudes fall within the shaded area defined by the Holocene data,
implying that surface water temperatures at these locations were
similar to today’s. Early Eocene data for the tropics are very
limited but the few data points indicate slightly colder tropical
surface waters by several degrees than at present. The largest
difference between the modern and the early Eocene world is in
the southern high latitudes, Holocene shallow-dwelling fora-
minifers are 80 enriched by several per mils relative to their
early Eocene counterparts. Provided that surface seawater §'0
in the Antarctic ocean was similar to that of average seawater, as
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Figure 5. Comparison of (A) oxygen isotopic compositions and (B) carbon isotopic compositions of Nuttallides tru-
empyi from Sites 577, 690, and 738. Isotopic data for Site 577 are from Miller et al. (1987b) and for Site 690 are Ken-

nett and Stott (1990).

it is today (Craig and Gordon, 1965), estimated temperatures
based on '*0/'%0 ratios of Acarinina from Site 738 were close to
18°C during the maximum warmth in the early Eocene (Fig. 3A).

Late Eocene to Early Miocene Records

Oxygen Isotope Results

Isotopic compositions of most foraminifer taxa that were an-
alyzed from the upper Eocene to upper Miocene section at Site
744, and of Cibicidoides spp. from the upper Eocene section at
Site 738 are plotted in Figure 2. §'®0 and 8'3C values of Cibici-
doides spp., Globorotaloides suteri, and Chiloguembelina cu-
bensis from upper Eocene sediments at Site 744 and from con-
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temporaneous sediments at Site 738 exhibit similar trends and
absolute values, allowing easy correlation of these records be-
tween sites. For this reason, we restrict our discussion to the re-
cords from Site 744,

The general trend of increasing §'®0 values in the middle and
late Eocene was punctuated at about 39 Ma (170.57 mbsf) by a
short reversal when 8'*0 of Cibicidoides spp. and G. suteri de-
creased slightly by about 0.3% to values close to 0.9 and 1.2%,,
respectively (Figs. 2 and 7). 6'%0 values of these taxa were higher
by about 0.2%p between 38 (159.57 mbsf) and 36.5 Ma (150.07
mbsf) and then jumped sharply by 1.15%o just above the Eo-
cene/Oligocene boundary. This '*0 enrichment occurred in sed-
iments estimated to have been deposited between 36.5 and 35.9
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Figure 6. Comparison of latitudinal gradient of §'%0 values of shallow-dwelling planktonic foraminifers of Holocene age (crosses) and early Eocene
age (squares). The shaded area is an envelope through the Holocene data published in Savin et al. (1985). The numbers identify the sites of the early
Eocene data which are from Shackleton and Kennett (1975), Shackleton et al. (1985), Boersma et al. (1987), Stott et al. (1990), and this study.

Ma (145.67 mbsf). 6'80 values of C. cubensis increased by 0.5%
at about 38.3 Ma (164.07 mbsf) to values close to 1% and then,
by 1.15%0 between 36.5 and 35.9 Ma.

After the sharp 4'®0 increase above the Eocene/Oligocene
boundary, values of Cibicidoides spp. remained between about
2 and 2.2%o in the early Oligocene, and closer to 2%s after 28
Ma (114.17 mbsf) in the late Oligocene (Figs. 2 and 7). In the
Miocene, Cibicidoides spp. §'*0 values increased slightly until
about 19 Ma and then varied between 2 and 1.5%, into the early
middle Miocene. §'%0 values of G. suteri varied similarly to
those of Cibicidoides spp., decreasing to about 2% in the early
Oligocene and to about 1.8%o in the late Oligocene. Early Oli-
gocene '80/'€0 ratios of C. cubensis were close to 1.5%o.

Carbon Isotope Results

Cibicidoides spp. 8'*C values decreased gradually by about
0.9%o in upper Eocene and lower Oligocene sediments until
about 36.3 Ma (148.57 mbsf) (Figs. 2 and 7). A 0.8%o rise oc-
curred between 36.3 and 36.15 Ma (147.53 mbsf). Afterward,
they decreased gradually in the early Oligocene. Similar §3C
patterns as observed near the Eocene/Oligocene boundary at
Site 744 have been documented in less detail in benthic records
from Sites 253 and 219 in the Indian Ocean (Oberhansli, 1986:
Keigwin and Corliss, 1986) and Site 362 in the South Atlantic
(Keigwin and Corliss, 1986). The pattern is not recorded in the
planktonic records of Site 744 or other sites, suggesting that the
change affected only deep waters. The 5'3C increase in the early
Oligocene has been attributed to the enhanced production of
young deep waters with the cooling of Antarctica (Oberhansli

and Toumarkine, 1985). The data presented here support this
hypothesis.

At many sites, surface planktonic and benthic foraminifer
83C decreased from the early to the late Oligocene, and in-
creased from the late Oligocene into the early Miocene (Shack-
leton and Kennett, 1975; Keigwin and Keller, 1984; Shackleton
et al., 1984; Miller and Thomas, 1985). At Site 744, foraminifer
8'3C values followed this general trend (Figs. 2 and 7).

Surface to Intermediate-Water Isotopic Gradients

Associated with the decrease in Cibicidoides §'®0 in the late
Eocene at about 39 Ma (170.57 mbsf), the §'*0 differences be-
tween surface and intermediate waters, and between near-sur-
face and intermediate waters at Site 744 were reduced until ap-
proximately 35.5 Ma (142.67 mbsf) (Fig. 8). These changes oc-
curred while intermediate waters warmed and during subsequent
cooling of the entire water column. The thermal stratification
between intermediate and near-surface waters was high in the re-
mainder of the Oligocene (Fig. 8). It is not apparent to us what
caused the reduction of the stratification in the late Eocene and
earliest Oligocene. )

The 6"*C values of intermediate waters became more positive
than that of near-surface waters in the earliest Oligocene begin-
ning at 36.15 Ma (147.53 mbsf) and remained so until about
34.02 Ma (130.17 mbsf) (Fig. 8). This is the only instance in the
record of the polar Indian Ocean from the southern Kerguelen
Plateau when such.a change is apparent. This reversal in the
6"3C stratification of intermediate-to-surface waters is coinci-
dent with the presence of ice-rafted debris in the sediment. Its
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Figure 7. Oxygen and carbon isotopic composition of foraminifer taxa from the upper Eocene to lower Miocene section at Site
744 plotted vs. sediment age. Microfossil zonation boundaries are drawn based on sample datum levels not on absolute ages.

beginning coincides with the first appearance of ice-rafted
debris, and it ends close to the level where the last ice-rafted de-
bris was found in sediments of Hole 744A (Fig. 5). We speculate
that the high §'*C values of Cibicidoides at this time could re-
flect the increased production of young oxygenated waters on
Antarctica.

THE EOCENE/OLIGOCENE TRANSITION

The Eocene/Oligocene transition at Site 744 (Fig. 9) is char-
acterized by (1) the increase of planktonic foraminifer 5'%0 val-
ues in the late Eocene at about 38.4 Ma, (2) a gradual decrease
in the percent of carbonate beginning in uppermost Eocene sed-
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iments, (3) an '*0 enrichment of 1.15%o just above the Eocene/
Oligocene boundary, and (4) the presence of ice-rafted debris
coinciding with the isotopic shift (Fig. 9). This is the first re-
ported simultaneous occurrence of the global 8'80 shift with
ice-rafted debris. Moreover, the events occurring during Eocene/
Oligocene transition in deep-sea sections were recorded in great
detail in the section at Site 744. This transition in most deep-sea
sections is characterized by hiatuses or breaks in the record near
the Eocene/Oligocene boundary (Kennett et al., 1972; Luyen-
dyk and Davies, 1974; Keigwin and Corliss, 1985; Keller et al.,
1987). Hiatuses near the boundary are also present in the south-
ern high-latitude sections recovered at Sites 277 and 690 (Shack-
leton and Kennett, 1975; Kennett and Stott, 1990). At Site 744,
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there is no apparent break in the sedimentary record below or
above the Eocene/Oligocene boundary, or above the §'30 shift
based on evidence from magnetobiostratigraphy (Barron et al.,
this volume). This permits evaluation of the nature of the
change recorded in the §'®0 shift and conditions before and
after.

The 880 increase of C. cubensis about 2 m.y. before the
boundary §'®0 shift represents a decline of surface water tem-
peratures by approximately 2°C. (Ice-volume effect is neglected
because the synchronous shift in benthic §'%0 values is small.)
This change was likely significant in affecting the climatic and
glacial regime of Antarctica. The cooling of surface waters re-
flects the northward migration of an ancestral polar front over
this area at this time, implying cooling on the continent. The
presence of ice-rafted debris in sediments deposited several mil-
lion years later, requires that the right oceanographic conditions
must have developed by then so that icebergs could have trav-

elled to the southern Kerguelen Plateau. Sancetta (1979) pro- -

posed based on sedimentological evidence that a convergence or
polar front at about 60°S had developed in the southern Indian
and southwest Pacific Oceans by early Oligocene time, but dis-
appeared in the late Oligocene. At Site 744, the first detectable
amount of opaline material consisting of diatoms and radiolari-
ans was found in sediments deposited at 38.5 Ma (167 mbsf)
(Ehrmann, this volume) just below this 80 enrichment. More-
over, late Eocene planktonic foraminifer assemblages of low di-

versity and taxa with cold water affinity were succeeded by even
less diversified assemblages in the early Oligocene (Huber, this
volume) indicating a change to a more stressful environment. A
marked decline in the abundance of carbonate in the sediment is
indicative either of changes in the supply at the surface or disso-
lution at the seafloor. A decrease in the abundance of carbonate
to values below 90% was noted between Sample 119-744A-18H-2,
95-100 cm, and Sample 119-744A-18H-1, 95-100 ¢cm (Table 7,
Fig. 9). Below this level, carbonate content in upper Eocene sed-
iments is greater than 92%. Moreover, siliceous microfossils in-
creased in abundance in sediments between these samples, and
remained dominant to the upper part of Core 119-744A-16H.
The presence of solution features in planktonic and benthic for-
aminifer tests beginning in Sample 119-744A-18H-1, 95-100 c¢m,
lends support to the argument for increased dissolution at the
seafloor.

The foraminifer '*0 enrichment of 1,15% is observed in sed-
iments estimated to have been deposited between 36.5 and 35.9
Ma, which gives a duration-of at least 0.6 m.y. to this event (Fig.
9). The shift begins in sediments at the top of magnetic reversal
13 and ends at the base of Chron 13N (Fig. 2). This global in-
crease in planktonic and benthic foraminifer §'%0 values has
been attributed to both a decrease in high-latitude temperatures
and an increase in ice volume (Keigwin and Corliss, 1986; Miller
et al., 1987b; and others). At Site 744, ice rafted-debris occur in
sediments deposited during the §'®0 shift and at its maximum
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Figure 9. Oxygen and carbon isotopic compositions of foraminifer taxa and percent carbonate from the upper Eocene to lower Oligocene section of
Site 744. The arrows in the §'*0 plot point to foraminifer samples with ice-rafted debris. Oxygen isotope ratios of Cibicidoides have been adjusted
by the amount listed in Table 6. Carbonate data are tabulated in Table 7; symbols are as in Figure 7.

(Fig. 9), directly linking the isotopic change to glaciation in
Antarctica. The presence of ice-rafted debris on the southern
Kerguelen Plateau implies that these sediments must have been
delivered there by icebergs. Debris-laden icebergs result from
calving of ice streams and outlet glaciers at sea level (Anderson,
1985). Icebergs of this type can also be produced from the calv-
ing of ice shelves containing sediment frozen at the bottom
(Hambrey, this volume). Production of icebergs by either mode
indicates that a substantial mass of ice must have been present
on Antarctica. Moreover, ice-rafted debris are found in sedi-
ments deposited before the maximum '®0 enrichment. This pat-
tern of sedimentation and 6'*0 shows that an ice cap had begun
to form in East Antarctica several million years before 36 Ma
when the highest 6'®0 values were measured, and that glacial
build-up occurred over less than 1 m.y. The effect of ice build-
up on the oxygen isotopic composition of seawater should be
greater during the later stages of ice-cap growth when the iso-
topic composition of precipitated snow is more %0 enriched rel-
ative to that of seawater. Therefore, the maximum '®O enrich-
ment may be equated with the existence of a large ice sheet. The
sharp increase in Cibicidoides spp. §'*C values coinciding with
the first appearance of ice-rafted debris may reflect the produc-
tion of cold dense waters at the Amery Shelf during sea ice for-
mation, or perhaps underneath an ice shelf. Evidence for the
vigorous production of bottom waters on Antarctica in the ear-
liest Oligocene is also found in the difference between 680 of
benthic foraminifers from low-latitude and high-latitude sites,
which is discussed below.

At Site 744, ice-rafted debris was found within the zone of
maximum 80 enrichment (Erhman, this volume) and for about
2 m.y. after, whereas Cibicidoides spp. 680 values remained
high during at least the early and late Oligocene (Fig. 9). The
presence of ice-rafted debris in the Kerguelen Plateau sediments
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indicates very dynamic glacial processes on Antarctica either
during the formation or retreat of an ice cap. At these times
more debris-laden icebergs should be produced (Anderson, 1985).
Oceanographic factors must also play a role in determining the
sites of accumulation in the deep sea. The disappearance of ice-
rafted debris in lower Oligocene sediments may indicate that the
large ice cap had a short life in the earliest Oligocene and soon
receded from the coast. Conversely, oceanographic factors could
have prevented the accumulation of debris in the southern Ker-
guelen Plateau. Nevertheless, measured Oligocene Cibicidoides
spp. 6'%0 values of 2%o or more must reflect a combination of a
small ice effect and lower water temperatures at Site 744. This
small ice cap grew to large proportions in the earliest late Oligo-
cene when Cibicidoides §'*0 values at Site 689 were about 3.5%e
(Kennett and Stott, 1990) and foraminifer %0 values in low-
latitude sites recorded synchronous enrichments (Keigwin and
Keller, 1984; Miller and Thomas, 1985). Unfortunately, a hiatus
spans the length of these events at Site 744 (Barron et al., this
volume).

IMPLICATIONS FOR OLIGOCENE DEEP WATER
ORIGIN AND CIRCULATION

It has been proposed that the establishment of the thermoha-
line circulation and the psychrosphere occurred in the early Oli-
gocene with the refrigeration of Antarctica and the formation
of sea ice (Shackleton and Kennett, 1975; Kennett and Shackle-
ton, 1976). More recently, Kennett and Stott (1990) have sug-
gested that deep water circulation in the Oligocene oceans was
driven by temperature as well as salinity differences from at
least two sources located in the high and low latitudes. Based on
inversions of benthic foraminifer isotopic data from Sites 689
and 690 closely situated at different depths in the Weddell Sea
area, they propose that Oligocene water masses at shallow depths



Table 7. Percent carbonate abundance at selected
levels of Hole T44A.,

Core, section, Depth  Carbonate
interval (cm) (mbsf) (")
13H-CC 118.20 188.3
14H-2, 80-82 120.50 391.1
14H-7, 15-17 127.35 7.1
14H-CC 127.55 186.2
15H-1, 60-62 128.30 287.1
15H-3, 105-106  131.75 275.0
15H-CC 137.40 71.3
16H-1, 92-93 138.12 287.1
16H-1, 89-94 138.12 bg7.7

16H-2, 95-100  139.67 bgs.4
16H-3, 95-100  141.17 b76.1
16H-4, 95-100  142.67 bgo.5
16H-4, 145-150  143.15 #63.3
16H-5, 95-100 144,17 bgs.0
16H-6, 95-100  145.67 b831.0

16H-CC 146,90 279 3
16H-CC 146,90 b60.3
17H-1, 28-33 147.01 b93.9
17H-CC 147.17 291.5
17H-CC 147.53 bg6.2
18H-1, 91-92 148.51 289.6

18H-1, 95-100  148.57 bg6.2
18H-2, 95-100  150.07 b92.8
18H-3, 95-100 151.57 5.1
18H-5, 95-100  154.57 b93.9
18H-CC 157.10 293.5
19H-2, 95-100  159.57 b91.9
19H-4, 145-150  163.05 938
19H-5, 134-135  164.44 292.9
19H-6, 95-100  165.57 b92.4
19H-CC 165.60 %94.1
20H-1, 95-100  167.57 b92.4
20H-4, 97-98 172.02 293.6

20H-CC 176.32 295.1
3 Data from Barron, Larsen, et al.
(1989).

Y Data from this study.

in the southern South Atlantic Ocean as well as bottom waters
of the ocean basins originated in Antarctica, whereas intermedi-
ate and deep water masses had a Tethyan source. To investigate
this possibility we have compared the §'®0 record of Cibicidoi-
des from Sites 738, 744 and 689 to those of the same species
from low- and mid-latitude Sites 574 and 77 (2650 and 2900 m
paleodepth), and 522 (2700 m paleodepth), and of mixed ben-
thic foraminifer species from Sites 525 (1400 m paleodepth), 527
(3000 m paleodepth), and 529 (2300 m paleodepth). The loca-
tions of these sites are shown in Figure 10. (5'0 values from the
last three sites, which have been adjusted for disequilibrium ef-
fects by Shackleton et al. (1984), have been adjusted to reflect
the composition of Cibicidoides by subtracting 0.5%0.) These
data have been plotted in Figure 11 using the published ages
based on the chronology of Berggren (1985a, 1985b). These are
the most complete benthic foraminifer records available for the
Oligocene and those from the greatest water depth in the Pa-
cific. Unfortunately, there are no middle or late Eocene records
of intermediate and deeper waters for the Pacific that consti-
tuted most of the world’s oceans at the time.

Middle and late Eocene 480 values from Site 527 are not
very different from those of Sites 738, 744, and 689 in the mid-
dle and late Eocene (Fig. 11). In the early Oligocene beginning
at the '®0 enrichment, there is great similarity among 6'%0 val-
ues of the low-latitude sites, but these are on the average about
0.5%o lower than those of Sites 744 and 689. For example, aver-
ages for the early Oligocene interval 35-30 Ma are: 1.57 + 0.17,
N = 28 for Site 522; 1.58 + 0.17, N = 13 for Site 529; 1.60 +
0.30, N = 9 for Site 574; 1.57 + 0.23, N=21 for Site 77; 2.12
+ 0.12, N = 15 for Site 744; and 2.26 + 0.18, N = 22 from
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Site 689. This difference persisted in the late Oligocene and into
the Miocene (Fig. 11). In the early Oligocene (30 to 35 Ma), av-
erage 6'2C values are: 0.77 + 0.24, N = 24 at Site 522; 0.47 +
0.23 at Site 574; 0.65 + 0.23, N = 26 at Site 77; 0.93 + 0.27, N
= 10 at Site 744; and 0.7 + 0.19, N = 22 for Site 689. Unlike
today, Pacific deep waters were not '3C depleted relative to other
basins. In the late Oligocene, average §'°C values of equatorial
Pacific deep waters did not change, but the difference between
intermediate waters in the polar Indian Ocean (1.08 + 0.24, N
= 9) and deep waters in the South Atlantic (1 + 0.39, N = 13)
decreased. North Atlantic Deep Water (NADW) produced inter-
mittently in the Oligocene (Miller and Tucholke, 1983; Miller and
Fairbanks, 1983) increased §'*C of bicarbonate in the South At-
lantic. However, we note that 6'>C values of deep waters in the
South Atlantic are higher than those in the equatorial Pacific in
the early Miocene when there is no evidence of NADW produc-
tion (Woodruff and Savin, 1989).

Calculated §'80 values of carbonate precipitated in equilib-
rium with modern deep waters (Ostlund, 1987; O’Neil et al.,
1969) with those at the Oligocene paleodepth of the Pacific and
Atlantic sites are very close, but about 0.4%o different from that
precipitated near Site 744. Therefore, the Oligocene isotopic dif-
ferences are not unlike those observed today. Site 744 is cur-
rently under the circumpolar deep water that is colder by a few
degrees than Pacific and South Atlantic deep waters. By the
early Oligocene, a prototype of the modern Antarctic water
mass had likely developed with the opening of an intermediate
water connection between Antarctica and Australia and possible
deep water circulation across the Drake Passage (Le Brecque
and Rabinowitz, 1977). These oceanographic changes may ac-
count for the observed increase in isotopic differences relative to
the late Eocene. An alternative but less probable scenario is that
the flow of Antarctic bottom waters in southern high-latitude
oceans was restricted to the ocean basins close to the continent
by topographical features. But the ridges that divided the Indian
Ocean into separate basins below 2000 m had subsided by the
Oligocene (Sclater et al., 1977).

Unfortunately, the available isotopic data are insufficient to
reconstruct oceanic circulation patterns and to either prove or
disprove the low-latitude origin of deep waters in the South At-
lantic and Pacific Oceans in the Oligocene. For the relatively
warm early Miocene, Woodruff and Savin (1989) have presented
isotopic evidence for the formation of the southern oceans in-
termediate waters in the Indian Tethys, whereas deep waters
were of Antarctic origin. The Miocene data also suggest that a
water mass of Antarctic origin progressively filled the bottom
and deep water depths of the equatorial and North Pacific
Oceans after 16 Ma (see Figs. 10 and 11 in Woodruff and Savin
(1989)). A reduction in the 6'°C difference between South At-
lantic and Pacific deep waters also occurred at about this time.
Deep and intermediate waters in the Pacific may have had an-
other source before this time, probably located in the low lati-
tudes, or were a mixture of waters derived from low- and high-
latitude sources. We suggest that the production of cold dense
waters on the Antarctic margins increased in the early Oligocene
when there were competing sources for deep water formation,
but was only greatly intensified in the middle Miocene with the
build-up of Antarctic continental ice when additional sources
disappeared or decreased.

The intensification of Antarctic bottom water production in
the early Oligocene appears to be linked to the presence of wide-
spread hiatuses in the southwestern and southeastern Indian
and southwestern Pacific Oceans (Kennett et al., 1972; Luyen-
dyk and Davies, 1974; Keller et al., 1987). Oligocene sedimenta-
tion, however, proceeded uninterrupted in the northwestern In-
dian Ocean. In the rest of the Indian Ocean, hiatuses are found
in sequences deposited at shallow and deep-water depths, a pat-
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Figure 10. Locations of deep-sea sites from which data are plotted in Figure 11. Map from Barron et al. (1981).

tern which has been interpreted indicative of strong surface and
deep water currents (Luyendyk and Davies, 1974; Davies and
Kidd, 1977). Near the Eocene/Oligocene boundary, the centers
of deep-sea carbonate deposition shifted to the equatorial Pa-
cific and South Atlantic Oceans where the carbonate compensa-
tion depth (CCD) dropped sharply (Van Andel et al., 1977; Hsii
et al., 1984; Moore et al., 1984). The lowering of the CCD in
these basins has been attributed to the influx of young oxygen-
ated bottom waters of Antarctic origin (Berger, 1973). An alter-
native but not unrelated explanation is that increased productiv-
ity of calcareous plankton in the open oceans was caused by the
higher continental fluxes of nutrients during low sea stands (Van
Andel et al., 1977) which resulted from continental glaciation.
It is possible that such fractionation in the chemistry of bottom
waters in these basins was caused by differences in water mass
sources. More detailed isotopic study of Oligocene sediments
from different ocean basins are needed to reconstruct the ocean-
ography of this interesting epoch.

CONCLUSIONS

Oxygen and carbon isotope records of foraminifer samples
from Sites 738 and 744 on the southern Kerguelen Plateau pro-
vide insights into climatic and oceanographic events on the Ant-
arctic Indian Ocean from the early Paleocene to the Miocene.

Intermediate and surface-water temperatures inferred from
oxygen isotopic compositions of foraminifers were relatively low
in the early Paleocene. The surface-to-bottom thermal stratifi-
cation was high at this time. After increasing by about 6°C
(1.5%o0 change) from an early late Paleocene minimum (about
8°C), the highest temperatures of intermediate waters in the po-
lar Indian Ocean were recorded in the period from approxi-
mately 56 to 54 Ma (~ 13°C). Waters at these depths cooled
markedly after about 52 Ma. Synchronous with the maximum
warmth, carbon isotopic compositions of benthic foraminifers
reached the lowest values of the Paleogene. Surface and near-
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surface waters were also warmest at about 56 Ma (~ 18°C for
surface waters) and subsequently declined gradually during the
early and middle Eocene. The decrease of the isotopic differ-
ences between surface/near-surface to intermediate waters from
56 to 52 Ma, while surface waters cooled, suggests that interme-
diate waters may not have formed in Antarctica at that time.

Comparison of benthic foraminifer records from Site 738
with those from Pacific Site 577 and southern South Atlantic
Site 690 shows that prior to 56 Ma, intermediate waters in the
Indian and Pacific Oceans were warmer and >C depleted rela-
tive to intermediate waters in the Weddell Sea. Weddell Sea wa-
ters were likely of Antarctic origin. In the remainder of the early
Eocene, the records from these three sites are similar. Although
this similarity could be interpreted to reflect a single source for
intermediate waters in these basins, the source could have been
located at any latitude. Kennett and Stott (1990) have proposed
the low-latitude formation of intermediate waters at Site 690
during most of the Eocene. However, the data available at present
are insufficient to resolve the issue of the source of intermediate
waters in the Indian Ocean.

Most of the cooling of the polar Indian Ocean during the
Paleogene occurred in the middle and late Eocene. Oxygen iso-
topic compositions of benthic and planktonic foraminifers in-
creased by about 1%o from the earliest middle Eocene to about
47 Ma. The upper middle Eocene record of Site 738 was sparsely
sampled at this time but oxygen isotopic values appear to have
increased by nearly 1% within this interval.

The global '*0 enrichment just above the Eocene/Oligocene
boundary is recorded at Site 744 (about 1.1%e change) coinci-
dent with the presence of a considerable amount of ice-rafted
debris in the sediments, This simultaneous occurrence directly
links the isotopic shift to significant glaciation in Antarctica. In
fact, a 700-m-thick package of lower Oligocene diamictites was
recovered at Site 739 in Prydz Bay, which implies that the Lam-
bert Glacier/Amery Ice Shelf Complex was grounded 140 Km
beyond the edge of the present ice sheet (Barron et al., this vol-
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Figure 11. Comparison of oxygen isotope records of species of Cibici-
doides and mixed benthic (as noted) from several deep-sea sites. The ad-
justment applied to the mixed benthic species data from Sites 527 and
529 (from Shackleton et al., 1984) is discussed in the text. Data sources
are: Keigwin and Keller (1984) for Site 77; Miller and Thomas (1985) for
Site 574; Miller et al. (1988) for Site 522; Kennett and Stott (1990) for
Site 689.
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ume). The isotopic increase occurred gradually in sediments dated
at 36.5-35.9 Ma, whereas ice-rafted debris was deposited begin-
ning at 36.1 Ma, when Cibicidoides values were about 1.5%.
This pattern indicates that extensive Antarctic glaciation oc-
curred before seawater §'80 was significantly affected by ice-vol-
ume. The presence of diamictites and glacial marine sediments
of latest middle Eocene to late Eocene age recovered at Prydz
Bay Site 742 (Barron et al., this volume) corroborates this con-
clusion.

The major pulse of early Oligocene glaciation in East Ant-
arctica was preceded by a 2°C decline in surface water tempera-
tures at about 38.4 Ma, which we infer to reflect the migration
of a polar front over the southern end of the Kerguelen Plateau.
A notable increase in the relative abundance of biogenic silica
(Erhman, this volume) occurred at about the same time as the
late Eocene cooling. Further cooling and establishment of a po-
lar front occurred in the early Oligocene as evidenced by a fur-
ther increase of biogenic siliceous sediments (Barron et al., this
volume). The decrease of surface-water temperatures in the late
Eocene may have been significant in affecting the glacial regime
in Antarctica leading to the major glaciation episode in the
early Oligocene. It is possible that with the same amount of pre-
cipitation over the continent, lower temperatures enhanced the
accumulation of ice.

Cibicidoides §'*0 values close to 2%o imply that extensive
glacial conditions persisted in Antarctica during the Oligocene.
This is supported by evidence from diamictite sequences of early
Oligocene age in Prydz Bay (Barron et at., this volume) and late
Oligocene age in the Ross Sea (Barrett, 1989). Although the vol-
ume of ice varied, §'30 values suggest that Antarctica was never
free of ice during the Oligocene.

The production of cold dense waters in the Antarctic mar-
gins was intensified with continental cooling and glaciation in
the early Oligocene. Comparison of benthic foraminifer records
from low- and high-latitude sites shows relatively uniform 5'*0
values in the Eocene. After the global '*O enrichment in the
early Oligocene, 5'%0 values from low-latitude sites decreased
by about 0.5% (to about 1.5%), while values from high-latitude
Sites 689 and 744 remained close to 2%o. This §'30 difference
between sites at these two locations persisted during the Oligo-
cene and in the early Miocene. We propose that these differ-
ences reflect the flow of cold dense waters produced during sea
ice formation to the sites close to Antarctica, whereas lower-lati-
tude sites were bathed by more locally produced waters.
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