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ABSTRACT

Stable isotope analyses of the benthonic foraminiferal genus
Uvigerina from 39 samples at Site 284, covering an interval from the
late Miocene to early Pleistocene (approximately 6 to 1,5 m.y. B.P.),
are interpreted in terms of glacially induced isotopic changes in the
ocean. The Antarctic ice sheet was present throughout this interval.
During the late Miocene its dimensions were less constant than they
were during the Pliocene; during the New Zealand Kapitean Stage
(latest Miocene; 4.7 to 4.3 m.y. B.P.) it was probably substantially
greater than today, and a lesser advance may have occurred about
3.5 m.y. ago within the early Pliocene. Prior to the Kapitean Stage
the ice sheet may have been smaller than today, and perhaps less
stable. About 2.6 m.y. ago a substantial Northern Hemisphere ice
sheet accumulated rather rapidly, and related isotopic and foraminiferal changes mark the base of the Waipipian Stage of New
Zealand. A more extensive Northern Hemisphere glaciation occurred during the early Pleistocene (Hautawan Stage), and was of
similar extent to the well-documented glaciations of the later Pleistocene. The oxygen isotopic changes coincide with changes in planktonic foraminiferal faunas considered by Kennett and Vella to represent significant late Cenozoic paleotemperature changes of surface
waters. Carbon isotope analyses also document significant changes
associated with these events, the cooling in the Kapitean Stage being
particularly marked. We propose the term "Pre-glacial Pliocene" to
distinguish that part of the Pliocene prior to about 2.6 m.y. B.P.,
when extensive Northern Hemisphere glaciations had not developed,
from the late Pliocene after development of these ice sheets.

INTRODUCTION
Stable isotope analyses of Leg 29 samples are directed
towards a critical evaluation of the glacial history of Antarctica during the Cenozoic. Two separate, and
possibly time-independent events are presumed to have
occurred during the Cenozoic. One is a direct isotope
effect; the accumulation of the ice at present lodged on
the Antarctic continent has changed the average isotopic
composition of the oceans by about 1.0 per mil. The second is a temperature effect; the temperature structure
of the present oceans depends upon the generation of
bottom water at near-zero temperatures around Antarctica, and this process must have started during the
Cenozoic.
The primary purpose of studying the sequence in
detail at Site 284 is to evaluate the nature of paleoclimates prior to the initiation of Pleistocene-like
climate some time in the late Pliocene. An important
climatic event or events at about 2.5 to 3 m.y. ago has
been widely reported (Hays and Opdyke, 1967; Stipp et
al., 1967; Devereux et al., 1970; McDougall and Wen-

sink, 1966; Kennett et al., 1971; Berggren, 1972), but the
exact nature of this change and of the climate which
preceded it has not been evaluated. It is necessary to
evaluate this in order to understand the Pre-Pliocene
record.
Site 284 (Figure 1) at 40°30.48'S, 167°40.81'E was
drilled in a water depth of 1068 meters. The 22 cores obtained represent 166.8 meters of the 208 meters penetrated. The biostratigraphy of the site is described in a
companion paper by Kennett and Vella (this volume),
who also have provided the geochronology by reference
to paleomagnetically dated sequences determined in
New Zealand marine strata. Kennett and Vella (this
volume) also examined in detail quantitative changes in
the planktonic foraminiferal faunas and made paleoclimatic interpretations. Frequency oscillations in the
cool-water foraminifer Neogloboquadrina pachyderma
are considered to reliably reflect paleoclimatic change
and are plotted for comparison against the oxygen and
carbon isotope curves (Figures 2-4). Increases in frequencies of TV. pachyderma represent cooler intervals.
Ratio changes of the cool-water foraminifer N. pachy-
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Figure 1. Location of DSDP Site 284 on the Challenger
Plateau showing (A) the trend of the subtropical convergence according to Deacon (1937); (B) the southern limit
of a zone of mixed waters which Fleming (1944) described between subantarctic and subtropical water; and
(C) the general form of the subtropical convergence
(after Gamer, 1954).
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Figure 2. Oxygen isotopic composition of Uvigerina from
Site 284 plotted against depth below ocean floor, with
percentage N. pachyderma (Kennett and Vella, this
volume) and New Zealand stages. Data are from Table 1.
derma to the warmer-water form Globigerina falconensis are also considered by Kennett and Vella to clearly mark cool and warm intervals at Site 284 (Figure 4).
ISOTOPIC EQUILIBRIUM
AND PALEOTEMPERATURES
Although the estimation of paleotemperatures from
measurement of the isotopic composition of the oxygen
in marine carbonate fossils is based on sound thermodynamic principles (Urey, 1947), the use of this tech-
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Figure 3. Carbon isotopic composition of Uvigerina from
Site 284 plotted against depth below ocean floor, with
percentage N. pachyderma (Kennett and Vella, this
volume) and New Zealand stages. Data are from Table 1.
nique in the Pleistocene has usually been somewhat empirical. Emiliani (1966) found that the variability among
pretreatment and analytical methods was such that it
was necessary to calibrate analyses empirically in terms
of today's conditions. In terms of glacial samples, the
correction to be made for varying ocean isotopic composition is so large and uncertain (Shackleton, 1967)
that the method cannot at present be regarded as a
physical means of measuring Pleistocene sea-surface
temperatures.
Until recently, the situation was improved very little
as far as abyssal temperatures were concerned. Duplessy
et al. (1970) showed that different benthonic foraminiferal species deposit their tests out of isotopic equilibrium with seawater by varying amounts. This invalidates
isotopic analyses of mixed benthonic species insofar as
subtle interpretation is concerned. However, it is now
known that abyssal uvigerinids do deposit their carbonate at, or very close to, isotopic equilibrium
(Shackleton, in press).
Isotopic equilibrium may be expressed by the
relationship:

This relationship is an expansion of that obtained by
O'Neil et al. (1969) and is in the same form as obtained
by Epstein et al. (1953) for molluscs. The mollusc data
do not extend to sufficiently low temperatures for our
purposes. Specimens of Uvigerina have now been
analyzed in over 20 cores from the Pacific, Indian
Ocean, and Subantarctic waters (Shackleton and Opdyke, 1973; Shackleton, in press and unpublished data).
Specimens not more than about 6000 years old appear
to average about 0.1 ±0.1 per mil more negative than
predicted by Equation 1, while glacial samples may be
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Figure 4. Oxygen and carbon isotopic composition of Uvigenna from Site 284 plotted against depth below oceanfloor,with
percentage of N. pachyderma, and the ratio o/N. pachyderma to G. falconensis (Kennett and Vella, this volume) and New
Zealand stages.
up to 1.5 per mil more positive. This latter figure is a
measure of the maximum deviation in ocean isotopic
composition associated with Pleistocene glaciation in
the Northern Hemisphere.
EXPERIMENTAL METHOD
Sample pretreatment, carbon dioxide release, and
calibration procedures adopted were identical to those
described by Shackleton and Opdyke (1973). Isotope
analysis was performed in a new mass spectrometer, V.
G. Micromass 602C; this has resulted in an improved
analytical precision of ±0.05 per mil (l-o) which is valid
for samples at least as small as 0.1 mg, the smallest
analyzed here. Each sample contained between 4 and 15
individuals, the average individual weight being approximately 0.035 mg.
Analytical results, referred to the PDB standard, are
given in Table 1. Oxygen isotope values are calibrated
via the Emiliani B-l standard, assuming its oxygen
isotopic composition versus PDB to be +0.29 per mil
(Friedman, personal communication; Shackleton, in
press). Carbon isotope values are calibrated via the
NBS-20 standard, assuming its carbon isotopic composition versus PDB to be -1.06 per mil (Craig, 1957).
All analyses are presented in Table 1 and on Figures 2
and 3.
BASIS FOR INTERPRETATION OF RESULTS
In the discussion which follows, it is assumed that the
temperature of bottom water in the neighborhood of
Site 284 has remained essentially unchanged since the
late Miocene. The very stability of the record during the
Opoitian Stage (early Pliocene) constitutes excellent

evidence that the temperature structure was controlled
like that of today. The nature of the glacial episodes
should be tested by the determination of the oxygen
isotope record at a deeper-water site. However, concerning the glacial extremes of the later Pleistocene, we
have not found any reason to reject this model as a basis
for interpreting isotopic changes in benthonic foraminifera.
DISCUSSION OF ISOTOPIC RECORD
Pleistocene
A stratigraphic break is present at about 10 meters
(Kennett and Vella, this volume), and it appears that
above this break, we have sampled one large-scale late
Pleistocene glacial episode (Figure 2). The top sample
measured perhaps may be only as old as 10,000 years.
This is a similar value to that recorded for the upper
parts of many piston cores. In the early Pleistocene
below the disconformity, one major interglacial episode
and one major glacial episode are recorded. These
episodes are correlated with the Hautawan Stage of New
Zealand, which has been shown by Kennett et al. (1971)
to be of early Pleistocene age. The documentation of a
major glaciation in the earliest Pleistocene (about 1.5
m.y. ago) is of significance since the earliest full glaciation previously documented is only about 800,000 years
old (Shackleton and Opdyke, 1973).
Mangapanian Stage (Latest Pliocene)
It appears from the analyses obtained that the
Mangapanian Stage (Figure 2) may have been characterized by a relatively stable Northern Hemisphere ice
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TABLE 1
3
Oxygen and Carbon Isotopic Composition of Uvigerina from Site
284 and Percentage of Neogloboquadrina pachyderma of the Planktonic Foraminiferal Faunas
Sample
(Interval in cm)

Depth
Below Ocean
Floor (m)

N. pachyderma
(%)

δ18o

δ13c

3.34
4.03
2.90

+0.18
-0.43
+0.33

Hole 284
1-1, 25
1-6, 40
2-2, 40
Hole 284A

10.4

14
24
22

1-6, 84

16.8

21

3.75

-0.08

18.4
23.8

13
29

3.48
3.00

0.00
+0.11

27.9
32.4

25
22

3.14
3.14

+0.21
+0.25

38.9
40.4
48.4
51.4
57.9
62.4

25
18
30
20
11
4

3.08
3.07
3.28
2.89
2.44
2.57

+0.03
+0.31
-0.08
+0.06
-0.02
+0.21

67.4
73.8

2
3

2.55
2.41

+0.24
+0.48

75.4
79.9
85.5
92.3
94.7
98.6
115.8
119.4
122.9
127.4
133.3
136.9
144.9
147.9
152.3
157.4
171.7
176.4
180.3
190.3
196.9
199.5
203.4

3
10
6
15
8
18
11
22
12
17
29
15
26
36
43
19
15
7
2
2
16
9
5

2.57
2.33
2.42
2.38
2.36
2.54
2.40
2.27
2.31
2.33
2.40
2.52
2.37
2.68
2.66
2.37
2.14
2.50
2.17
2.09
2.23
2.38
2.12

+0.06
+0.15
+0.43
+0.31
+0.29
+0.12
+0.48
+0.36
+0.71
+0.50
+0.71
+0.61
+0.35
-0.01
-0.1
+0.39
+0.53
+0.43
+0.18
+0.24
+0.43
+0.66
+0.73

0.25
7.9

Hole 284
3-1,40
3-4, 128
Hole 284A
2-1,40
2-5,40
Hole 284
5-2, 40
5-3, 40
6-2, 40
6-4,75
7-2, 40
7-5, 128
Hole 284A
3-2, 40
3-6, 80
Hole 284
9-1,40
9-4,40
10-1, 100
10-6, 30
11-1,75
11-4, 10
13-2,128
13-6,40
14-1,40
14-4,128
15-1, 128
15-4,40
16-3, 128
16-5, 40
17-1, 128
17-5,40
19-1,130
19-5, 40
20-1, 81
21-1, 135
21-6,40
22-1, 100
22-4, 40
a

Exρressed as deviations per mil from the PDB standard.

sheet of intermediate size. The ice sheet would be about
half the size of the ice sheets which accumulated during
the Brunhes Paleomagnetic Epoch (f = 0 to 0.69 m.y.).
At present little information exists on climatic change
within the early Matuyama Paleomagnetic Epoch. The
inferred, rather stable paleoglacial record suggested for
the latest Pliocene at Site 284 is of significance because it
differs from the highly unstable, rapidly fluctuating
paleoclimatic record of the late Pleistocene.
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Waipipian Stage (Late Pliocene)

The isotopic composition of Uvigerina living at the
site today may be estimated at +2.60 ±0.1 mil on the
basis of a temperature of 4.85°C (Ridgeway, 1969, sta.
G23/61), and a water isotopic composition (referred to
PDB) of -0.35 ±0.1 per mil (Craig and Gordon, 1965,
fig. 9). In the discontinuous Pleistocene section we have
sampled two glaciations, one in the late Pleistocene, and
one in the early Pleistocene Hautawan Stage. Prior to
this, the latest Pliocene appears to have been associated
with a moderate-sized Northern Hemisphere ice sheet,
about one third to one half of its maximum mid-Pleistocene volume. The major and relatively rapid change in
oxygen isotopes associated with the late Pliocene Waipipian Stage clearly records the first accumulation of this
ice.
An isotopic change in the same stratigraphic position
was observed by Devereux et al. (1970) in analyses in the
Mangaopari Stream section, New Zealand. These
workers noted that the isotopic values occurring before
this transition were similar to those of the present day.
They postulated the spread of glacial conditions into
temperate latitudes no later than the Waipipian Stage
and correlated this with an inferred eustatic fall in sea
level (Vella, 1963). Kennett et al. (1971) dated this
oceanic event at about 2.6 m.y. B.P., based on paleomagnetic stratigraphy.
The marked change in oxygen isotopes that is represented at Site 284 between 60 meters and 50 meters
clearly represents the accumulation of Northern Hemisphere ice, supporting the conclusions of Devereux et al.
(1970). Conditions prior to about 2.6 m.y. B.P. and after
4.1 m.y. B.P. appear to have been relatively stable and
somewhat analogous to the rare true interglacials of the
Pleistocene. It is interesting to note that climatic
deteriorations, as evidenced by the increased percentage of N. pachyderma (Figure 2), and perhaps by the
drop in δ13C (Figures 3 and 4), slightly precedes the major
isotopic change. In the Labrador Sea, Berggren (1972)
noted a minor influx of ice-rafted material near 3.0 m.y.
ago, and a later major influx culminating some 2.6 m.y.
ago. It seems certain that in this time interval we witness
the climatic change necessary to enable Northern Hemisphere glaciation to commence, followed immediately
by the onset of that glaciation.
Selli (1967) introduced the term "Pre-glacial Pleistocene" on the basis of his interpretation of Italian lower
Pleistocene deposits. It is clear, however, that even
though the European Alps may not have been glaciated
at this time, North America must have been. Thus the
use of this concept to explain differences in climatic conditions between the Matuyama and Brunhes Paleomagnetic epochs should be avoided. On the other hand,
the study of the climates of the "Pre-glacial Pliocene" in
comparison with the Recent, may enable us to better understand the instability of interglacial climate today.
Thus we propose the term "Pre-glacial Pliocene" to distinguish that part of the Pliocene when Northern Hemisphere ice sheets were not present, from the late Pliocene
interval (younger than about 2.6 m.y. B.P.) when extensive Northern Hemisphere ice sheets had developed. The
term does not infer any distinct relationship with glacial

OXYGEN AND CARBON ISOTOPIC CHANGES

development of Antarctica, as this occurred before the
Pliocene.
Opoitian Stage (Early to Middle Pliocene)

Perhaps the most remarkable feature of the oxygen
isotopic record for the Opoitian Stage is its stability
(Figure 2). The standard deviation among all the
measurements is below ±0.1 per mil, interpretable in
terms of a ± 10% variation in Antarctic ice volume, or at
most, a ±0.4°C temperature variation. Both of these
values demonstrate conclusively, that not only was the
Antarctic ice sheet present, but it was more or less
limited to a constant size much like that of the present
time (Hollin, 1962). This stability over some 2 m.y.
strongly supports Hollin's arguments. In addition, the
generation of bottom water must have been proceeding
in essentially the same manner as today, in order to
preserve this remarkable temperature stability.
In light of this observation, the most likely
explanation for the gradual isotopic change through the
Opoitian Stage (Figure 2) is a gradual subsidence of the
sea floor at Site 284, sufficient to cause a drop in average
bottom temperature of nearly a degree at this location.
The significance of relatively minor changes that do occur during the Opoitian can only be evaluated after
more detailed studies have been carried out. For example, a minor glacial advance is possibly recorded at
about 3.5 m.y. (Core 9).
Kapitean Stage (Latest Miocene)

The distinct change in oxygen isotopic composition
associated with the Kapitean Stage (Figure 2) (Core 16,
Section 5 and Core 17, Section 1), can be interpreted in
terms of a change in the quantity of ice on Antarctica.
Two possibilities exist as to the extent of Antarctic ice
buildup at this time. The first interpretation is that the
maximum extent represented is about equivalent to the
size of the present Antarctic ice sheet. In this case the
minima represented before and after that of the Kapitean Stage represents an ice sheet roughly half the
present-day size. This interpretation would permit bottom temperatures at the site to have been uniform
throughout this interval. The second alternative is to interpret the long-term change at Site 284 as a gradual
temperature drop associated with an ice sheet of
present-day size. In this case the expansion observed
during the Kapitean, would represent an ice volume
about 50% more than that of the present day.
Deep Sea Drilling in the Ross Sea (Leg 28) revealed
evidence of a substantial increase in the
extent of the Antarctic ice sheet in late Miocene-early
Pliocene (Hayes, Frakes, et al., 1973). Field work in
Antarctica (e.g., Mayevsky, 1972) has also been interpreted in terms of an expanded ice sheet (see also Denton et al., 1971). Our data support the expansion of the
Antarctic ice sheet during the latest Miocene.
If this explanation is correct, a gradual temperature
decrease of almost 2°C in bottom-water temperatures
has occurred at this site over the past few million years.
However, this was probably due to local changes in

bathymetry, rather than to any large-scale changes in
ocean deep-water temperatures.
We conclude that during the latest Miocene (Kapitean Stage) the volume of ice stored in Antarctica increased to a volume 50% greater than is present today.
Substantial cooling of surface waters that certainly must
have resulted from such ice development on Antarctica,
is shown by dramatic increases in the cool planktonic
foraminifer TV. pachyderma in the Kapitean Stage
(Figures 2 and 3) and in the ratio of N. pachyderma to
the warmer-water foraminifer G. falconensis (Figure 4).
The oxygen isotopic record of this event should be easily
recognized in deep-sea sediments from most of the
oceanic area, providing a valuable stratigraphic marker.
Further analyses at closer stratigraphic intervals are required to characterize the event in detail.
The associated glacio-eustatic sea-level lowering may
be roughly estimated at 40 meters on the basis of an
ocean isotopic change of about 0.5 per mil, and an
isotopic composition for the removed water of -50 per
mil. This assumes that the ice was all stored above sea
level. Kennett (1967) summarized paleoenvironmental
data from New Zealand marine late Miocene-early
Pliocene sequences and suggested that a major regression occurred during the latest Miocene Kapitean Stage
of New Zealand, followed by a transgression in the overlying early Pliocene Opoitian Stage. Because of the extent of this regression across various tectonic basins
within New Zealand, possible simultaneous regression
in other areas of the world, and association with an incursion of cool-water planktonic foraminiferal faunas,
Kennett suggested that the regression was due to glacialeustatic changes. Our oxygen isotope data now show
that this deduction was correct. Furthermore, paleodepth interpretations in these New Zealand marine sequences by Kennett (1965, 1966a, 1966b, 1967) indicated
that depths of deposition were in general greater, prior
to the latest Miocene (Kapitean Stage) regression, than
following it during the early Pliocene Opoitian Stage. If
such depth differences resulted from glacial-eustatic
causes, then it follows that much of the large volume of
ice that built up during the Kapitean Stage remained on
Antarctica even during a return to warmer early
Pliocene climatic conditions. The late Miocene and early
Pliocene oxygen isotope record at Site 284 (Figure 2)
supports the glacial-eustatic explanation of changes in
depth facies in New Zealand marine sequences originally proposed by Kennett (1967).
Late Tongaporutuan Stage (Late Miocene)

The oxygen isotope values show slight Antarctic
glacial instability during the late Tongaporutuan Stage.
The two isotopic excursions seen (Figure 2) represent ice
volume changes roughly equivalent to one-third of the
present ice sheet. It is not possible to say at present
whether the ice sheet was smaller than the present day
during some of this interval, but this is the simplest interpretation of the measurements. A more detailed study
of this interval is critical for the understanding of the
Antarctic ice sheet, when it was less firmly established
than during the Pliocene-Pleistocene.
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STRATIGRAPHIC VALUE OF THE
MEASUREMENTS
Changes in the bulk isotopic composition of ocean
water have been demonstrated to be extremely useful in
stratigraphic studies in the Pleistocene (Shackleton and
Opdyke, 1973). It is clear from the present study that
late Pliocene and latest Miocene to earliest Pliocene intervals should also be correctable on a worldwide basis,
with a high degree of precision using closely spaced
isotope analyses.
CARBON ISOTOPE ANALYSES
The interpretation of changes in the isotopic
composition of the carbon in foraminiferal carbonate is
complex, and at present it is important that sufficient
data are collected to establish coherent patterns
(Douglas and Savin, 1971, 1973). It is possible that,
similar to oxygen isotopes, a species-dependent departure exists from carbon isotopic equilibrium. It is not yet
known whether Vvigerina deposits carbon in isotopic
equilibrium with the dissolved bicarbonate. There is
some evidence (unpublished) that if there is a departure,
it remains fairly constant. Thus, the record of carbon
isotopic change at Site 284 (Figures 3 and 4) almost certainly reflects climatically controlled changes in the
isotopic composition of dissolved bicarbonate at this
site. The cooling during the Kapitean Stage is particularly marked.
CONCLUSIONS
The oxygen isotope record from benthonic foraminifera at Site 284 p r o v i d e s a definitive
record of the glacial history of the interval from the late
Miocene (about 6 m.y. B.P.) to the early Pleistocene
(about 1.5 m.y. B.P.). Its most important features are:
1) A major Antarctic ice sheet has been continuously
present during the last 6 m.y.
2) An important expansion of the Antarctic ice sheet
occurred during the latest Miocene Kapitean Stage of
New Zealand and is dated as between about 4.7 to 4.3
m.y. B.P.
3) The initiation of Northern Hemisphere glaciation
occurred within the late Pliocene about 2.6 m.y. ago and
is reflected by planktonic foraminiferal faunal changes
associated with the Waipipian Stage of New Zealand.
4) The oxygen isotopic changes coincide with distinct
changes in planktonic foraminiferal faunas considered
by Kennett and Vella (this volume) to represent substantial late Cenozoic paleotemperature oscillations in surficial waters.
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