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Abstract
The earliest Oligocene (¾33.5 Ma) is marked by a major step in the long-term transition from an ice-free to
glaciated world. The transition, characterized by both cooling and ice-sheet growth, triggered a transient but extreme
glacial period designated Oi-1. High-resolution isotope records suggest that Oi-1 lasted for roughly 400,000 yr (the
duration of magnetochron 13N) before partially abating, and that it was accompanied by an ocean-wide carbon isotope
anomaly of ¾0.75‰. One hypothesis relates the carbon isotope anomaly to enhanced export production brought about
by climate-induced intensification of wind stress and upwelling, particularly in the Southern Ocean. To understand how
this climatic event affected export production in the Southern Ocean, biogenic silica (opal) and carbonate accumulation
rates were computed for the sub-polar Indian Ocean using deep-sea cores from ODP Site 744, Kerguelen Plateau. Our
findings suggest that net productivity in this region increased by several fold in response to the Oi-1 glaciation. In addition,
calcareous primary producers dominant in the Late Eocene were partially replaced by opaline organisms suggesting a
trend toward seasonally greater surface divergence and upwelling in this sector of the Southern Ocean. We attribute these
changes to intensification of atmospheric=oceanic circulation brought about by high-latitude cooling and the appearance
of a full-scale continental ice-sheet on East Antarctica. Higher terrigenous sediment accumulation rates support the idea
that wind-induced changes in regional productivity were augmented by an increased supply of glacial dust and debris that
provided limiting micro-nutrients (e.g., iron-rich dust particles). We speculate that the rapid changes in biogenic sediment
accumulation in the Southern Ocean and other upwelling-dominated regions contributed to the ocean-wide positive carbon
isotope anomaly by temporarily increasing the burial rate of organic carbon relative to carbonate carbon. The changes
in burial rates, in turn, may have produced a positive feedback on climate by briefly drawing down atmospheric pCO2 .
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1. Introduction
The ecology of the Southern Ocean is inextricably linked to the evolution of Antarctic icesheets. Because the ice-sheets act as an enormous heat sink,
they help sustain a steep planetary thermal gradient and thus vigorous zonal winds. In the Southern
Ocean, these winds drive surface divergence and upwelling of nutrient-rich thermocline waters. In addition, through erosion and transport, the ice-sheets
deliver to marginal seas large quantities of terrigenous debris (ice-rafted and wind-blown), an important
source of potentially limiting micro-nutrients to phytoplankton such as Fe (Martin, 1990) and possibly Zn
(Morel et al., 1994). Because of these climate-driven
processes, the surface waters of the Southern Ocean
support expansive seasonal bands of phytoplankton
productivity as solar radiation and water column stratification peak during austral summers (Berger and
Wefer, 1990). In the absence of a full-scale ice-sheet,
it is likely that the ecology of the Southern Ocean
would be much different than present.
The Cenozoic transition from ice-free to full
glacial conditions was a long-term process characterized by periods of gradual change or quiescence
punctuated by abrupt steps. One of the more dramatic steps occurred during the earliest Oligocene,
roughly at 33.5 Ma, when a full-scale (>50% modern) continental ice-sheet suddenly appeared on east
Antarctica, and regional sea surface temperatures decreased by >4ºC (Kennett and Shackleton, 1976;
Poore and Matthews, 1984; Miller et al., 1987; Barrett, 1989; Ehrmann, 1991; Zachos et al., 1994,
1996). This event is generally attributed to increasing thermal isolation of the Antarctic continent as a
result of plate motions and reorganization of ocean
gateways beginning in the Early Eocene (Kennett
and Shackleton, 1976; Lawver et al., 1992). The
opening of the Drake Passage to intermediate depths
around 36–37 Ma followed by the development of a
circumpolar current and polar front around Antarctica (¾33.5 Ma) helped cool the continent by diverting warm western boundary currents away from
the high southern latitudes. Under these gradually
changing boundary conditions, climate conditions on
Antarctica became increasingly unstable with small
ephemeral ice-sheets appearing throughout the Late
Eocene. This trend continued until the earliest Oli-

gocene (¾33.5 Ma) when a climatic threshold was
apparently surpassed allowing for the rapid expansion of large ice-sheets (e.g., Crowley and North,
1988).
The sequence and scale of climatic events associated with this transition were initially identified
and defined using records of deep-sea oxygen isotope changes and of the deposition of glacial-marine
sediments on the Antarctic margin and in nearby
seas. Subsequent studies found that the transition to
colder climate during the Early Oligocene culminated in a short-lived but deep glaciation designated
Oi-1 (Miller et al., 1991). To improve the resolution
of this particular event, an investigation was recently
undertaken to generate high-resolution (¾104 yr)
benthic foraminiferal Ž18 O and Ž13 C time series for
two pelagic sites, Ocean Drilling Program (ODP)
Site 744 in the Southern Indian Ocean and Deep
Sea Drilling Project (DSDP) Site 522 in the South
Atlantic (Zachos et al., 1996) (Fig. 1). These time series showed that the transition into Oi-1 was, in fact,
quite rapid, mostly occurring in <100,000 yr, and
that the deep ‘extreme’ conditions of Oi-1 persisted
for the duration of magnetochron C13N or ¾400,000
yr before abating slightly (Fig. 2). The time series
also resolved the presence of two short-term maxima
within Oi-1, termed Oi-1a and Oi-1b, as well as the
presence of two positive carbon isotope anomalies.
The rapid cooling of the sub-polar seas and
appearance of a full-scale continental ice-sheet on
Antarctica was, by most standards, a major climate
event, one that should have had a significant impact
on Southern Ocean ecology. In theory, wind stress
and the upwelling of nutrient-rich waters should have
increased, thereby stimulating higher productivity
(Kennett et al., 1975; Diester-Haass, 1992; Zachos et
al., 1996). Moreover, increased erosion by ice-sheets
should have increased the flux of terrigenous material to the oceans, including ice and wind transport
of rock flour, that is today a primary source of limiting micro-nutrients (e.g., Fe) to the Southern Ocean.
Together, these changes should have noticeably elevated the fertility of the Southern and global oceans.
Evidence of changes in Southern Ocean sea
surface hydrography and fertility during the latest
Eocene–Early Oligocene has been documented in
earlier studies of microfossil abundances, stable isotopes, and sediment accumulation rates (Baldauf and

K.A. Salamy, J.C. Zachos / Palaeogeography, Palaeoclimatology, Palaeoecology 145 (1999) 61–77

63

Fig. 1. A paleogeographic reconstruction of the Early Oligocene Earth with the locations of sites considered in this study. Site 744 is
located on Kerguelen Plateau (61º34.660 S, 82º47.20 E) at a water depth of 2,307 m. Site 522 is located in the Cape Basin (26º6.840 S,
5º7.380 W) at a water depth of 4441 m.

Barron, 1990; Barrera and Huber, 1991, 1993; Breza
and Wise, 1992; Diester-Haass, 1992, 1995, 1996;
Diester-Haass et al., 1993, 1996; Lazarus and Caulet,
1993; Diester-Haass and Zahn, 1996). In this paper,
we document in great detail — at a single location —
how the production and preservation of biogenic sediments responded to the rapid changes in cryospheric
activity documented for the Late Eocene and Early
Oligocene. Our principal goal here is to test the
hypothesis that the onset of large-scale cryospheric
activity in the earliest Oligocene directly affected the
dynamics and ecology of the Southern Ocean. We
also hope to understand how local changes in sediment fluxes and productivity may have contributed
to regional and global-scale changes in ocean chemistry.

2. Site location, hydrography and core
description — ODP Site 744
ODP Hole 744A was drilled on the southern slope
of the Kerguelen Plateau (61º34.660 S, 82º47.250 E)
at a water depth of 2307 m down to a sub-bottom

depth of 176.1 m (Fig. 1). Hole 744A was chosen
for this investigation largely due to two distinctions:
(1) its close proximity to Antarctica and, (2) its relatively shallow paleodepth of 1800 m (Barrera and
Huber, 1993), which is above the estimated level of
the Carbonate Compensation Depth (CCD) for the
Oligocene. Located approximately 1500 km south of
the present-day Antarctic Polar Frontal Zone (APFZ)
and 750 km north of the Antarctic Divergence, the
site is within the main flow of the wind-driven
Antarctic Circumpolar Current (ACC) known as Circumpolar Deep Water. The biological, chemical and
physical characteristics of surface waters over the
site are strongly influenced by nutrient-rich waters
that well up annually along the Antarctic Divergence
between the eastward flowing ACC and the westward coastal counter-current. In addition, due to its
bathymetric elevation and distance from Antarctica,
the plateau has been geographically isolated from
the influence of continentally derived terrigenous
materials traveling in bottom currents or downslope
in sediment flows since its early development in
the Late Cretaceous (>80 Ma) (Mutter and Cande,
1983; Lawver et al., 1992). These attributes make
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Fig. 2. High-resolution (¾10,000 yr) benthic foraminifera (Cibicidoides spp.) oxygen and carbon isotope time series for DSDP Site 522
(Angola Basin, South Atlantic; 4444 m) and ODP Site 744 (Kerguelen Plateau, Southern Ocean; 2307 m) plotted versus age for the
period 31–35 Ma (from Zachos et al., 1996). Oxygen and carbon isotope records for each site are horizontally offset (top axis 744;
bottom axis 522). The shaded region represents Oi-1 (Chron 13N), the period of most intense cooling and greatest ice-sheet volume. Age
models are based on the magnetostratigraphies and the Geomagnetic Polarity Time Scale (GPTS) of Berggren et al. (1995).

Kerguelen an ideal location to observe high-latitude biogenic sediment variation and oceanographic
changes during the past 40 m.y.
Advanced piston coring at Site 744 yielded a
nearly continuous sedimentary sequence of Late
Eocene to Quaternary age (Barron et al., 1989).

Compositionally, the sediments at Site 744 are characterized by a high biogenic component (>90%) and
little terrigenous material. Unlike the upper more
recent sediments which are comprised mainly of diatom oozes, the concentration of biogenic opal in
the lower section of the core relating to the Late
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Eocene is quite low, consisting largely of nannofossil carbonate ooze. Opal concentrations are higher
between 130 and 147 mbsf in the earliest Oligocene (¾31.7–33.6 Ma). Traces of ice-rafted material
(mainly quartz and lithic fragments) ranging from 1
to 4 mm in diameter occur in both lithologic units
with the lowermost occurrence in the Upper Eocene
(Barron et al., 1989).

3. Samples and analytical methods
Ten grams of sediment were collected at 10 cm
intervals (¾every 10,000 yr) from cores spanning the
Eocene–Oligocene boundary interval at Hole 744A.
One short core, 744A-17H (50 cm in length), was not
sampled due to significant drilling disturbance. Samples were freeze-dried with sub-samples ground into
dry bulk powder and the remaining portion washed
with distilled water through a 63-µm sieve. Biogenic
opal contents (% opal) for Site 744 sediments were
derived using the silica extraction — spectrophotometric method developed by Mortlock and Froelich
(1989) in which ¾100 mg of bulk powder from each
sample were digested in 2 M Na2 CO3 at 85ºC. Carbonate sediment content determinations (% CaCO3 )
were conducted using 5–10 mg of dry bulk powder
on a UIC coulometer. The percent of non-biogenic
material (% terrigenous) was calculated as bulk less
the percent silica and percent carbonate. Mass accumulation rates (MAR; g cm 2 ka 1 ) of individual
sediment components of opal, carbonate and nonbiogenic material for Site 744 were computed from
the linear sedimentation rate (cm=ky; Table 1), dry
bulk density (DBD; g=cm3 ), and the percent concentration of the given component (% opal, % CaCO3 ,
% terrigenous) in the following equation: MAR D
(sedimentation rate ð DBD ð concentration). Dry
bulk densities at Site 744 were estimated by interpolating the calculated DBD generated from published
shipboard index property data with core depth (Barron et al., 1989). The age model for Site 744 is based
on the magnetostratigraphy (see Barron et al., 1991)
calibrated to the latest version of the Geomagnetic
Polarity Time Scale (GPTS) (Cande and Kent, 1992;
Berggren et al., 1995). Calcite dissolution indices
included a percent coarse fraction index (% CF)
based on the weight percent of the >63-µm fraction
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Table 1
Depths and corresponding ages of Late Eocene to Early Oligocene magnetostratigraphic chron boundaries
Chron

Depth
(mbsf)

Age
(Ma)

C7AN top
C7AN base
C8N-1 top
C8N-2 base
C9N-1 top
Hiatus
C11N base
C12N top
C12N base
C13N-1 top
C13N-2 base
C15N-1 top
C15N-2 base
C16N-1 top

98.90
100.24
104.79
111.82
115.3
118.2
118.37
119.36
124.89
139.25
146.64
155.65
158.10
161.60

25.48
25.63
25.81
26.53
27.00
–
30.07
30.45
30.92
33.05
33.54
34.67
34.96
35.37

Sedimentation
rates (cm=ky)

1.19
0.67
1.50
0.80
0.84
0.86

Ages are from the GPTS of Berggren et al. (1995). Linear
sedimentation rates (cm=ka) (Chrons 12–15) are shown in the far
right column.

(g) relative to the total sample, and a foraminiferal
fragmentation index based on methods adapted from
Thunell (1976), Corliss and Thunell (1983), Peterson
and Prell (1985) and Miller and Katz (1987). Percent fragmentation (% F) was calculated using the
following equation:


Pf
ð 100
(1)
FD
Pf C Pw
where F is the fragmentation, Pf is the number
of planktonic fragments, and Pw is the number
of whole tests per 300 specimens. Percent benthic
foraminifera (% B) was calculated using the following equation:


Bw
ð 100
(2)
BD
Bw C Pw
where Bw is the number of benthic foraminifera per
300 specimens of planktonics counted.

4. Results
4.1. Sedimentary components
The percentages of opal, CaCO3 , and terrigenous
concentrations for Hole 744A are plotted versus
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Fig. 3. Hole 744A weight percentage carbonate, opal and terrigenous sediment concentrations plotted against age. The hatched area in
this and all subsequent figures represents a 50 cm section (744-17H) that was not sampled due to severe drilling disturbance. The arrow
denotes an ice-rafted debris (IRD) rich interval just above the Eocene–Oligocene boundary.

age in Fig. 3. In general, the % opal record shows
the most dramatic change with time. In the Upper
Eocene below Chron 13N (C13N), opal concentrations are constant at values <2% with the exception
of a brief increase in the uppermost portion of the
Eocene. At the C13N=R boundary concentrations
rapidly increase reaching a peak of ¾14%. This
increase occurs at precisely the same level as the
oxygen isotope excursion discussed earlier (Fig. 2).
This initial increase in opal is followed by seven
to eight additional positive excursions distributed
through C13N and C12 with peaks ranging from 8 to
17%. The distribution of these excursions appears to
be cyclical with a period of roughly 400,000 yr.
The % CaCO3 record shows a pattern that is the
inverse of opal; in the interval below C13N values
are high averaging 94%. At the C13N=R boundary

values rapidly decrease to a low of ¾62%. Concentrations eventually rebound to a high of 89% by the
lowermost portion of C12R. The sudden C13N=R
shift to lower carbonate concentrations corresponds
with the positive shift in the oxygen record. Above
C13N, carbonate concentrations decrease to a low
of 72%. Another increase occurs within the uppermost portion of C12R where concentrations gradually climb to 90%.
The concentrations of non-biogenic (terrigenous
source) sediment at Site 744 roughly parallel the opal
concentrations. In the Upper Eocene, % terrigenous
values are relatively constant at 5% to just below the
Chron 13N=R boundary (Fig. 3). Above the boundary, values rapidly increase to a high of 29% before
declining to concentrations of less than 15%. This
pronounced peak corresponds with the initial Oi-1
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rise in opal and oxygen isotope ratios. Moreover, the
bulk of the non-biogenic fraction in the excursion interval consists of coarse-sized (>125 µm) ice-rafted
debris (IRD).
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(0.06 1 g cm 2 ka 1 ) and below (0.08 g cm 2 ka 1 ).
However, unlike the other records, the non-biogenic
sediment record also shows a short-lived peak of
0.5 g cm 2 ka 1 that is confined to the lowermost
portion of C13N.

4.2. Mass accumulation rates
In general, accumulation rates (g cm 2 ka 1 ) of
all sediment components at Site 744 (Fig. 4) are
highest in C13N with average values of 0.15 g cm 2
ka 1 for opal and 1.36 g cm 2 ka 1 for carbonate. In
comparison, rates average just 0.5 g cm 2 ka 1 and
0.62 g cm 2 ka 1 in C12, representing a difference
of roughly 33% and 46%, respectively. Similarly,
non-biogenic sediment accumulation rates are significantly higher in C13N (0.15 g cm 2 ka 1 than above

4.3. Dissolution indices
In pelagic sediments, the relative abundances of
whole foraminifera tests generally decrease with
water depth due to increased dissolution and fragmentation (Peterson and Prell, 1985). Because the
coarse fraction is dominated by whole planktonic
foraminifera tests, % CF is often used as a qualitative index of dissolution. At Site 744, the % CF
record shows a gradual increase (from 1 to 8% of the

Fig. 4. Hole 744A carbonate, opal and terrigenous mass accumulation rates (g cm 2 ka 1 ) plotted against age. Accumulation rates were
computed using the equation MAR D (Linear Sedimentation Rate) ð (Dry Bulk Density) ð (% Sediment Component). The step-like
changes are an artifact of sedimentation rates which are linearly interpolated between chron boundaries. The thicker dark bands represent
the mean accumulation rates.
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Fig. 5. Hole 744A % CF (>63 µm), % F, and % B records. In general, intervals of enhanced calcite dissolution are characterized by
low % CF and high % F and % B (% F >50 and % B >5). The arrow denotes the interval of IRD just above the Eocene–Oligocene
boundary (¾33.7 Ma).

total sediment) over the Upper Eocene (Fig. 5). This
trend is followed by a rapid 7% decrease during the
latest Eocene (¾33.8 Ma). Across the E=O boundary values rise sharply to roughly 11% coeval with
the rapid shift in the oxygen isotope record. This
increase, however, reflects mainly an increase in IRD
and not foraminifera which are actually rare at this
level. Above this interval, % CF varies between 3
and 8% until 32.0 Ma where values increase steadily
to 20% at around 31.3 Ma. Values remain high for
about 1 Ma before declining to around 3% by the top
of Chron 12N.
Because the relative concentration of coarse fraction in pelagic sediments is influenced by more
than one process (i.e., productivity, winnowing), two
other indices of dissolution were also measured; the
ratio of planktonic foraminifera fragments (% F) and
the ratio of benthics to whole tests (% B) (Berger,
1973; Bé et al., 1975; Thunell, 1976; Peterson and

Prell, 1985; Le and Shackleton, 1992). In general,
both fragmentation of planktonic foraminiferal tests
and the ratio of benthic to planktonic foraminifera
increase with increasing dissolution. As a result, both
% F and % B can also be used to evaluate relative
changes in the position of the foraminiferal lysocline
and CCD (Peterson and Prell, 1985). We recognize
that % B is also sensitive to other factors such as the
flux of organic carbon to the seafloor (e.g., Thomas
and Gooday, 1996). Nevertheless, when used in combination, these three parameters can provide a fairly
reliable sense of the intensity of calcite dissolution.
The Site 744 % F and % B records indicate
several intervals of ‘enhanced’ calcite dissolution,
defined here as F ½ 50% and B ½ 5%. Two periods
of enhanced dissolution occur in the Late Eocene, the
first around 34.7 Ma and the second just below C13N
(Fig. 5). The transition itself is also characterized by
enhanced dissolution, with F D 62% and B ¾
D 80%

K.A. Salamy, J.C. Zachos / Palaeogeography, Palaeoclimatology, Palaeoecology 145 (1999) 61–77

(based on a count of only ¾150 total specimens due
to the low % CF content). The Early Oligocene contains roughly seven levels of enhanced dissolution,
each corresponding to an opal maximum. Only one
on these dissolution intervals, between 31.2 and 33.3
Ma (Chron 13N), is not represented in both indices
(B ¾
D 10%, F D 42%).

5. Discussion
5.1. Biogenic sediment accumulation rates:
productivity versus preservation
Biogenic opal accumulation is often used as a
proxy of paleo-productivity (Berger, 1976; Leinen et
al., 1986) even though only a small fraction of the
diatom and radiolarian tests produced in the surface
waters are ultimately preserved in sediments (¾3%)
(Nelson et al., 1995). Preservation of opaline tests
in marine sediments is primarily dependent upon
three factors: (1) the rain rate of opal material to
the sediments, (2) the rain rate of other non-opaline
material such as carbonate and terrigenous particles
(dilution), and (3) the amount of dissolved silica in
deep waters (Broecker and Peng, 1982; Archer et al.,
1993). Additional secondary factors that influence
silica preservation include surface layer temperatures, the rate of fecal and aggregate particle formation, water depth, and, interestingly enough, trace
element chemistry (Nelson et al., 1995). Preservation
of carbonate sediments on the other hand is controlled by (1) production rates, and (2) dissolution in
the water column and on the seafloor (Emerson and
Bender, 1981; Thunell, 1982; Archer et al., 1989).
Because the accumulation rates of both opal and
carbonate are partly dependent on the accumulation
of other sedimentary constituents, they are typically
used only as qualitative indicators of productivity.
In the modern ocean, opal concentrations are low
(<3%) in sediments underlying non-upwelling regions due largely to poor preservation of opal at
depth, and high (>15%) in regions of upwelling
(Archer et al., 1993; Nelson et al., 1995). By analogy, a non-upwelling environment is inferred from
the low opal concentrations and accumulation rates
at Site 744 in the period prior to 33.5 Ma (Oi-1).
The higher concentrations and accumulation rates
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after 33.5 Ma clearly indicate a dramatic change
in the character of productivity and=or preservation
over Kerguelen Plateau. Since the concentrations
are as high as those in modern sediments underlying upwelling regions (e.g., Lyle et al., 1988), we
view the change at 33.5 Ma as reflecting a shift toward enhanced upwelling and higher phytoplankton
productivity, at least on a seasonal basis. This is consistent with the observation of a corresponding sharp
increase in the abundances of echinids in C13N at
this site (Diester-Haass, 1996).
We recognize that factors other than production
rates might have contributed to the observed changes
in opal accumulation in the Hole 744A record. For
example, colder temperatures along with accelerated
transport rates would enhance export production and
preservation of opal in the water column and at the
seafloor. Moreover, surface water enrichment of certain trace metals (e.g., Fe and Al) supplied by chemical erosion could also potentially slow dissolution
by binding to diatom frustules and forming highly
insoluble hydroxides that surround the amorphous
silica (e.g., Nelson et al., 1995). Each of these factors probably contributed in someway to increasing
the accumulation of opal at Site 744 in the earliest
Oligocene, and could even be directly responsible
for some of the more subtle changes in C12. However, their contribution to the long-term increase was
clearly secondary to that of productivity.
As far as the post-Oi-1 decline in opal accumulation, there is at least one line of evidence,
radiolarian=diatom ratios, which suggests that this
change reflects lower production rates and not increased dissolution. Radiolaria generally comprise
only 4% of siliceous plankton occupying surface waters in the high latitudes, yet their accumulation rates
are on average higher than those of the more common diatoms. This reflects the fact that radiolaria are
more resistant to dissolution than diatoms (Berger,
1976; Mortlock and Froelich, 1989). If dissolution
effects alone were driving the change in opal concentration in Hole 744A, we might expect the ratio
of radiolarians to diatoms to increase. Diester-Haass
(1996), however, has shown that radiolarian and
diatom percentages at Site 744 do not change as
would be expected if preservation controlled deposition. For example, in C12R radiolarian accumulation rates were only slightly higher (¾10 mg cm 2
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Fig. 6. Hole 744A diatom (40–63-µm size fraction) and radiolarian accumulation rates (mg cm 2 ka 1 ) (Diester-Haass, 1996).
In general, intervals where silica dissolution was greatest are
indicated by a high radiolarian to diatom accumulation ratio.

ka 1 ) than those of diatoms (40–63 µm) (Fig. 6).
In C13N, however, radiolarian accumulation rates
were roughly 40 mg cm 2 ka 1 higher than those for
diatoms suggesting, if anything, greater, not lower
dissolution at the sediment=water interface.
Carbonate accumulation rates also increase within
the Oi-1 interval indicating either an increase in carbonate production and=or enhanced preservation in
bottom sediments. Because Site 744 was located well
above the level of the CCD during the Late Eocene–
Early Oligocene, carbonate preservation (as affected
by dissolution) would have been controlled primarily
by variations in the concentration of respired CO2 ,
rather than depth=pressure processes. The amount of
respired CO2 , in turn, would have been controlled

by the degradation of organic matter in the water
column and pore waters, and the pre-formed concentrations of dissolved CO2 (and O2 ) in the source
area for bottom waters (Berger, 1976). An increase
in export production and opal should increase the
flux of organic carbon relative to carbonate, thereby
increasing in-situ calcite dissolution. Intrusion of a
carbonate-saturated (low CO2 ) bottom water mass
(e.g., WSDW), on the other hand, might enhance
preservation, even where export production is high
(Kennett and Stott, 1990; Diester-Haass, 1995). With
one or two exceptions (i.e., 34.8 Ma), our records
indicate that carbonate preservation at Hole 744A in
the Oligocene was more strongly influenced by production and organic carbon fluxes. This is reflected
by the strong covariance between the % F, % B and
% opal records, with increased carbonate dissolution
corresponding to high opal accumulation (Figs. 3
and 5). The effect of bottom water circulation and
chemistry on preservation, on the other hand, does
not appear to be as important.
With the relatively coarse resolution of the magnetostratigraphic control in our age model for Hole
744A, we cannot resolve short-term hiatuses. As
such, one might suspect that some of the large
changes in sediment accumulation rates are artificial, particularly those involving the long Chron 12.
For example, opal accumulation rates in C12R are
about 30% lower than those during Chron 13N (almost 50% in carbonate records) (Fig. 4) reflecting a
roughly 45% decrease in linear sedimentation rates
(flux of biogenic material to sediments) between the
two zones. Assuming that sedimentation rates were
constant from C13N to C12R (¾1.35 cm=ka), a depositional hiatus representing roughly 1 m.y. would
be needed to account for the computed change in
sedimentation rate between the two zones. There is,
however, no obvious biostratigraphic or chemostratigraphic evidence (i.e., truncated first and last occurrences, or abrupt steps in stable or radiogenic isotope
records; Barrera et al., 1991) of such a large hiatus
in C12R, suggesting that the changes in biogenic
sediment accumulation rates are primary.
In summary, the abrupt increase in biogenic sediment accumulation rates is consistent with a significant change in the ecology of the Southern Ocean
in the earliest Oligocene. As a major part of this
change, diatom-based primary production increased
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several fold, probably on a seasonal basis (i.e., when
the sun was at its zenith). During the Oi-1 event, calcareous nannoplankton export production rates were
probably higher as well. This shift in ecology is consistent with a fundamental change in the dynamics
and biogeochemistry of surface waters in the Indian
Ocean sector of the Southern Ocean.
5.2. Climate change and Southern Ocean ecology
The fertility of the Southern Ocean is controlled
by sea surface hydrography and nutrient availability,
both of which are influenced by global=regional
climate. By comparing the Hole 744A sediment
accumulation records to proxy records of climate,
we can now evaluate whether the regional response
of Southern Ocean fertility to the large-scale climate changes documented for the Late Eocene and
Early Oligocene. Our global paleoclimate record is
based on a compilation of the high-resolution benthic foraminiferal stable isotope records from Sites
522 and 744 (Zachos et al., 1996) while the local
paleoclimate record is constrained by the Site 744
record. In general, we find many of the first-order
features in the Site 744 record to be present in the
Site 522 record suggesting that these features are
global in scale. This includes nearly all aspects of
the Oi-1 transition, including the abrupt ¾1.2‰ increase and double peaks in Ž18 O (Oi-1a and Oi-1b),
as well as the sharp 0.7‰ increase in Ž13 C. On the
basis of other evidence, the 1.2‰ Ž18 O increase has
been interpreted to reflect a rapid expansion of the
East Antarctic ice-sheet coupled with 3–4ºC cooling
of deep waters (e.g., Miller et al., 1987; Zachos et
al., 1993, 1996).
Comparison of the Site 744 opal record with the
ice-volume=temperature record indicates a direct response in regional productivity to climatic change
immediately following the initial Oi-1 excursion. In
general, higher opal concentration corresponds with
higher Ž18 O (i.e., glacial maxima). For example, in
C13N the two major peaks in opal accumulation
rates are isochronous with peaks in Ž18 O (Fig. 7).
The response to changes in ice-volume and high-latitude cooling appear to be immediate (on geologic
time scales). In addition, smaller peaks in opal of
less than 50,000 yr in the time preceding (slight
peak at ¾33.8 Ma) and following the initial oxygen
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increase appear to coincide with Ž18 O increases. Assuming these peaks in Ž18 O represent continental ice
expansion=cooling on Antarctica (Oi-1a and Oi-1b
events), these relationships support the hypothesis
that productivity in the Southern Ocean increased
in response to regional cooling and growth of the
Antarctic ice-sheet.
The proposed effect of Oi-1 glaciation on ocean
dynamics and productivity in the Southern Ocean is
as follows. The appearance of an ice-sheet coupled
with high-latitude cooling increased the intensity of
atmospheric circulation, particularly the polar easterlies. In response the proto-APFZ migrated equatorward toward latitudes of higher solar irradiance, as
surface divergence and upwelling increased, thereby
elevating productivity in the Southern Ocean. In addition to the direct physical forcing on sea surface
hydrography, there were probably indirect geochemical effects as well. The ice-sheet(s) would have
significantly increased the physical erosion rate of
Antarctica, thereby increasing the flux of rock debris
to the ocean. This debris, mainly in the form of
rock flour or dust, is an important source of Fe and
Zn, two potentially limiting nutrients in the Southern
Ocean (Coale et al., 1996; Sunda and Huntsman,
1997); Fe is utilized by phytoplankton to synthesize
chlorophyll and reduce nitrate during photosynthesis, while Zn, although its growth-limiting influence
is a little less apparent, is required for metabolism
of silicic acid (Rueter and Morel, 1981) and CO2
by diatoms (Morel et al., 1994). In addition to increasing the supply of terrigenous material, icebergs,
sea-ice, and intensification of katabatic winds would
have facilitated transport of this material to the open
ocean (Martin, 1990, 1991) thereby stimulating productivity.
The argument for a substantial change in rock
weathering and transport is supported, in part, by
the higher terrigenous sediment accumulation rates
recorded at Hole 744A in those periods of the Oligocene characterized by higher opal production and
ice-volume (Fig. 4). It is also supported by clay assemblage records for Southern Ocean sites, including
Site 744, which indicate a dramatic and permanent
shift in the nature of weathering on Antarctica across
the Eocene=Oligocene boundary (Fig. 8) (Ehrmann
and Mackensen, 1992). Prior to the Oi-1 event, clays
accumulating proximal to Antarctica were largely
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Fig. 7. Site 744 oxygen and carbon isotope and opal accumulation rate records for the Late Eocene–Early Oligocene. Oxygen isotope
maxima Oi-1a and Oi-1b are easily distinguished in all three profiles.

dominated by chemically mature clays such as smectite and kaolinite. However, after the Oi-1 event, clay
accumulation was dominated by chemically immature forms such as illite and chlorite indicating a
significant increase in the rate of mechanical (icesheet) weathering on Antarctica.
The strong positive correlation between the oxygen isotope and opal accumulation records observed
in C13N is not as obvious in C12R. This reflects,
in part, the fact that post-Oi-1 climate changes were
relatively subtle. As a result, the relative effects of
other processes or environmental parameters that influence opal production and preservation increased.
For example, as discussed earlier, the chemical composition of bottom waters strongly influences opal
preservation. If during the Oligocene bottom waters bathing the plateau were displaced by ‘younger’
waters with lower concentrations of dissolved silica, opal dissolution on the seafloor might increase.
Also, surface circulation patterns may vary and shift
the zones of higher productivity away from sites.

Changes in deep and surface circulation were probably common during the Oligocene when oceanic
passageways were in a constant state of change. The
decline in opal accumulation in the upper part of
Chron 12, for example, may reflect a permanent shift
of the main upwelling cell away from the Kerguelen
Plateau as a result of tectonically driven changes
in the directional flow=intensity of the ACC. The
change in flow may have occurred as the channels
between Antarctica and Australia continued to widen
and deepen (Lawver et al., 1992). As the current
deepened, bottom bathymetry may have redirected
the current (and upwelling) away from the plateau.
Such hydrographic or preservation effects may
also explain the mixed response in opal accumulation rates at Maud Rise in the South Atlantic.
Slightly lower resolution diatom and radiolarian accumulation records for Site 690 reveal a substantial
increase in rates coeval with Oi-1 while records for
Site 689 show little to no response (Diester-Haass,
1995; Diester-Haass et al., 1996). Spatial variability
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Fig. 8. Clay assemblage percentages plotted versus age (Ma) for deep-sea sites located on Maud Rise (Sites 689 and 690) and Kerguelen
Plateau (Sites 738 and 744) (after Ehrmann and Mackensen, 1992). The panel on the right shows inferred climate transitions based upon
weight percents for illite and chlorite. Ages were revised to be consistent with the GPTS of Berggren et al. (1995).

of this scale in response to the Oi-1 event, however,
is not entirely unexpected. Given the configuration
of oceanic passageways in the Southern Ocean and
the absence of a West Antarctica ice-sheet, it is
likely that the locations of a maturing ACC and
proto-APFZ were much different than at present
(Ehrmann et al., 1992). Alternatively, one could argue that a proto-APFZ was present prior to Oi-1 and
that the observed changes simply reflect movement
and=or expansion of an existing zone of high productivity to lower latitudes during times of greater
ice-sheet extent. With the current limited spatial coverage of deep-sea sites, such uncertainties cannot
be dismissed. However, we note that the southern
Indian Ocean was not the only region to record
changes in the character of biogenic sedimentation
during the earliest Oligocene. Increased concentra-

tions of biogenic opal have been documented in
Lower Oligocene sediments from several regions
where wind-driven upwelling occurs today, including the equatorial Pacific and Atlantic (e.g., Baldauf
and Barron, 1990; Curry et al., 1995). In addition,
calcareous nannofossil and benthic foraminifera assemblage data indicate a shift toward greater fertility
of the surface ocean and increased food supply to
the seafloor (Aubry, 1992; Thomas et al., in press).
Thus, it is evident that the effects of Oligocene climate change on sea surface hydrography and ecology
were global in scale.
5.3. Ocean productivity and the carbon cycle
Another important feature of the Site 522 and 744
stable isotope records is the ¾0.7‰ increase in Ž13 C
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during Oi-1. This relatively large and rapid shift has
been recorded in benthic Ž13 C records from all ocean
basins indicating that it was global in extent (Keigwin and Keller, 1984; Poore and Matthews, 1984;
Miller and Thomas, 1985; Miller and Fairbanks,
1985; Miller et al., 1987; Kennett and Stott, 1990;
Zachos et al., 1992; Diester-Haass and Zahn, 1996).
The finer details of this and subsequent changes in
Ž13 C can be seen in the benthic compilation (Fig. 2)
(Zachos et al., 1996). The highest Ž13 C values are
recorded in Chron 13N (33.05–33.54 Ma) before
abruptly declining at the base of C12R. The remainder of Chron 12 is characterized by a gradual
decrease in Ž13 C during which oscillations with periods of roughly 400,000 yr begin to emerge in both
records.
Such large, ubiquitous shifts in benthic Ž13 C are
indicative of a rapid transfer of carbon between
the ocean and other large reservoirs (Shackleton,
1977) rather than temperature (Broecker and MaierReimer, 1992) or deep water production and ‘aging’
effects (Wright and Miller, 1993) which tend to be
regional in scale. One means of increasing the carbon
composition (13 C=12 C) of the ocean is to increase the
production and burial of organic carbon (Corg ) which
has a low Ž13 C ( 23‰) compared to seawater DIC
(0.0‰) (Kroopnick, 1974).
The increase in Ž13 C during Oi-1 lags the increase
in Ž18 O and opal by roughly 20–30 ka (Figs. 2
and 7), suggesting a cause and effect relationship.
We suspect that the climatically forced changes in
upwelling during the Oi-1 interval were partially,
if not wholly, responsible for the observed increase
in mean ocean Ž13 C. A trend toward higher net
productivity due to intensification and expansion of
upwelling systems may have elevated the export
flux of Corg to sediments during the Early Oligocene (Zachos et al., 1996). Today in the Southern
Ocean where primary production is seasonally intermittent, the export of Corg to sediment is as much
as double that in regions of constant production
(Berger and Wefer, 1990). A shift to similar conditions in the Early Oligocene may have briefly
elevated Corg burial and mean ocean Ž13 C. Assuming an ocean=atmosphere carbon inventory similar to
the modern one, a 0.7‰ increase over 300,000 yr
could be achieved by transferring 1000 Gt of Corg to
the sediment reservoir. This translates to an annual

rate of roughly 3 ð 10 3 Gt=yr, which is 3% of the
modern Corg burial rate of 1 ð 10 1 Gt=yr (Arthur et
al., 1985). In addition, if increased opal production
occurred at the expense of carbonate production, the
flux of carbonate relative to Corg would have declined
as well, thereby lowering the ratio of 13 C=12 C of total
carbon leaving the system.
There are, of course, other potential C-isotope or
flux effects involving other reservoirs capable of producing or contributing to an excursion of this magnitude. For example, an increase in the size or mean
isotopic composition of terrestrial biosphere, or in
the weathering rate of 13 C-enriched rock on continents would have increased oceanic Ž13 C. The appeal
of an upwelling=productivity mechanism, however,
is that it is self-limiting. Eventually, the accelerated removal of nutrients, primarily phosphorus, into
sediments would reduce the ocean inventory of nutrients, thereby reducing productivity levels. This might
explain why the C-isotope trend suddenly reverses
and gradually returns to pre-excursion levels.
Another important effect of altering the C org =Ccarb
burial ratio is the impact on ocean carbon chemistry,
sediment distribution, and pCO2 (Berger and Wefer,
1990; Archer and Maier-Reimer, 1994). Locally, increased export and oxidation of organic matter with
more seasonal production would have enhanced carbonate dissolution under upwelling regions, a condition that is evident at Site 744. Moreover, a sustained increase in both the Corg =Ccarb burial ratio in
sediments and carbonate dissolution annually (and
interannually) would have eventually led to a build
up of [CO3 2 ] ions and possibly an imbalance in
ocean alkalinity. These changes may have been compensated for by a gradual deepening of the CCD in
non-upwelling regions (i.e., low-latitude oligotrophic
gyres). This, together with the effects of lower sea
level on the riverine input of [CO23 ] ions during the
Early Oligocene (Sclater et al., 1979), would have
eventually restored the ocean alkalinity balance. Evidence for such response to Oi-1 exists at Site 522
where the % CF record shows a gradual increase
in carbonate preservation beginning at the time of
the Oi-1 event (Zachos et al., 1996). A second and,
possibly, more important effect would have been on
pCO2 and climate. The change in ocean alkalinity
in combination with enhanced ‘biological pumping’,
would have temporarily (¾100,000 yr) lowered sur-
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face ocean and atmospheric pCO2 , thereby promoting
additional global cooling. Such a feedback may explain the extreme but transient nature of Oi-1.
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6. Summary and conclusions
High-resolution isotopic, paleo-productivity and
calcite dissolution records were constructed for
the Late Eocene to Early Oligocene sediments
from ODP Site 744. Results indicate the following changes in the ecology and deep water chemistry
of the Southern Ocean in response to the Early Oligocene climate variations:
(1) As inferred from opal accumulation and climate records from Site 744, diatom-based primary
production in Southern Ocean surface waters over
the Kerguelen Plateau increased dramatically during
the Oi-1 glaciation, due possibly to more intense
seasonal upwelling as well as a greater supply of
terrigenous sourced micro-nutrients from continental
weathering. Cooler climate conditions coupled with
hydrographic variations (i.e., maturation of Antarctic Counter Current and Polar Frontal Zone) may
have enhanced regional preservation of opal in bottom sediments within certain sectors of the Southern
Ocean.
(2) The Oi-1 interval is marked by a ubiquitous ¾0.7‰ transient carbon isotope excursion. The
Ž13 C signal lags the climate and productivity signals
by roughly 20,000 yr suggesting a cause and effect
relationship. We contend that increases in export production and the burial of organic carbon in upwelling
regions globally are responsible for this excursion.
(3) Regional bottom waters became more corrosive to calcite during Oi-1 in response to the higher
flux of organic carbon relative to carbonate carbon. We propose that on a global scale, the gradual
build-up of [CO23 ] ions with sustained opal production in upwelling regions may have enhanced
deepening of the CCD in non-upwelling areas during
the Early Oligocene.
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