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During much of the Quaternary, the Earth's climate has undergone drastic changes most notab(v successive glacial and 
interglacial episodes. The past 150 kyr includes such a climatic cycle: the last interglacial, the last glacial and the present 

holocene interglacial. A new climatic-time series for this period has been obtained using 8180 data from an Antarctic ice 
core. 

AL THOL:GH continuous records of climatic and environmental 
conditions extending beyond 150 kyr are preserved in polar ice 
sheets, a reliable time series covering the whole of this climatic 
cycle has not yet been derived from ice cores. This results from 
logistic reasons, the favourable sites being located in the central 
regions of Antarctica and Greenland, and the technical difficulty 
of deep drilling. 

The Quaternary has undergone successive glacial and inter­
glacial episodes 1-3. S ince the first Camp Century drilling in 
north-west Green l and4 , five deep- ice cores reaching back to the 
last glacial have been recovered in Antarctica at Byrd5, Vostok6 
and Dome C7 and in Greenland at Dye 38. They have been 
extensively studied for their oxygen-18 content (denoted 8180 
expressed with respect to SM OW) and their chemical impurities, 
which provide valuable information about the Earth's palaeocli­
mate and palaeoenvironment (see refs 9, 10). 

Of these cores, Camp Century seems to extend back to the 
last interglacial. As it was drilled down to the bedrock, however, 
this last interglacial ice is confined to the last few metres of the 
core, because of the thinning of the ice layers during their sinking 
in the ice sheets. The complexity of the flow lines makes it 
difficult to date ice cores reaching the bedrock by flow modelling 
only. Indirect dating techniques, based on the comparison of 
.5180 profiles in ice cores and in deep-sea cores have recently 
been used7-9 for this purpose. A new Camp Century timescale 
was proposed which confirms the presence of last interglacial 
ice and, accordingly, indicates that the deepest part of the Dye 
3 ice core was probably deposited during this period9 • This is 
possibly also the case for the Devon Island core drilled through 
a shallow ice cap in the Canadian Arctic11• 

We have determined a new climatic-time series obtained from 
8180 analysis of a 2,083 -m ice core drilled at Vostok Station by 
the Soviet Antarctic Expeditions. The site is located on the high 
Antarctic Plateau, where the ice thickness is -3,700 m. The 
isotope profile covers the last 150 kyr, back to the ice age which 
preceeded the last interglacial, and has essentially been undis­
turbed by flow conditions. 

Vostok ice core 
The Soviet Antarctic station of Vostok is located in East Antarc­
tica (78°28' S and 106°48' E) at an altitude of 3,488 m (mean 
annual pressure 624 mbar; mean annua l temperature -55.5°C). 
The present snow accumulation is between 2.2 and 
2.5 g cm-2 yr- (ref. 12) as determined independently from a pro­
file of arti ficial f3 activity13 and detailed stake measurements14• 

The first series of drilling was performed down to 950 m in 
successive steps between 1970 and 1974. This 950-m core covers 
all the Holocene and part of the last glacial periods as shown 
by the 8180 profiles obtained by Barkov and CO·Workers6•15•16• 
In 1980, the drilling of a second deep hole was started which 

has reached a depth of 2,083 m. The 8180 measurements were 
completed down to 1,412 m (refs 17, 18), a depth which would 
correspond , from a preliminary dating, to 115 kyr BP (ref . 19). 

The collaboration between Soviet and French scientists which 
centred around the study of this new 2,083-m Vostok ice core 
was initiated in 1982. Within this framework, sampling was done 
in the field during the 1982-83 Austral summer and pieces of 
ice core were sent to Grenoble. The core analysis now in progress 
in various Soviet and French laboratories concerns, in particular, 
the chemical analysis of impurities and gas bubbles including 
C02. 

o 180 profile
Sampling of ice for isotope analysis was done in the field 
(1982-83 Austral summer) by cutting a continuous slice from 
the length of the ice after careful cleaning. Sampling was per­
formed on 1.5-2 m ice increments. Samples were sent in solid 
form to Grenoble and then melted before isotope analysis in 
Saclay. Two independent series of samples were obtained: (1) 
a discontinuous series, duplicated to check reproducibility , with 
one sample taken each 25 m from the surface down to the bottom 
of the core; (2) a continuous series between 1,406 and 2,083 m. 

Oxygen-18 and deuterium determinations were simul­
taneously performed on all the samples. Here we will discuss 
the 8180 results . The deuterium and deuterium-excess20 results 
will be discussed elsewhere. The results, obtained with an 
accuracy of ±0.15% (w .r .t . SMOW), are shown in Fig. 1 as a 
function of the sample depth . The two sets of samples from the 
discontinuous series are in good agreement all along the core 
and their average value at each !eve! is given . For the sake of 
discussion a continuous line was drawn between each point. 
There is excellent agreement between the continuous and discon­
tinuous series over a!! the common parts indicating that the 
25-m sampling interval is fine enough to extract reliable 
palaeoclimatic information. On the other hand, the present data 
are not detailed enough to document for the Southern Hemi­
sphere such features as the abrupt environmental changes 
revealed in the Dye 3 ice core between 30 and 40 kyr BP (refs 
9, 21 ) , 

Down to 1,400 m, the basic features of the 8180 curve (Fig. 
1) are similar to previously published Vostok 8180 profiles17•18, 
with the last glacial maximum around 400 m, and a 8180 shift 
between glacial and post-glacial conditions of - 5%. However, 
there is a systematic shift towards lower values for the present 
set of data of - 3%. Such a shift has already been noticed by 
Dansgaard et al.22• 

The 8180 profile presented here gives a complete picture of 
the last climatic cycle from the end of the previous glaciation. 
In particular, the last interglacial with the highest 8180 values 
around 1,825 m can now be examined in detail. For a further 
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Fig. l Oxygen-18 versus depth in the Vostok ice with the definition 
of the successive stages and indication of the ages corresponding 
to the limits between these stages. The thick line is drawn from 
discontinuous data (one for each 25 m), the thin line corresponds
to a continuous sampling between 1,400 and 2,083 m. For explana-

tion of A-H. see text. 

description of this curve and comparison with other palaeocli­
matic profiles, we will designate the successive warm and cold 
stages consecutively from the top of the record downwards. A 
striking feature of the profile is the existence of four very 
well-marked cold periods (that is, low 5180) around 425, 975, 
l,525 aod 2,050 m with practically the same 5180 values of 
around -62%. This makes the definition of the successive stages 
shown on Fig. 1 relatively straightforward. Starting from the 
top, the warm periods (hatched areas), are designated by A, C, 
E and G and the cold periods by B, D, F and H. Stages A and 
G have t.he isotopically richest values lying around -57 and 
-55%, respectively. From the solid curve (Fig. l),  one can note 
a sharp isotope transition (-2%) inside the G stage at a depth
of 1,790 m. Stages E and C are relatively warm interstadials 
intermediate between full glacial and interglacial conditions. 

Dates for the limits between the successive phases are indi­
cated on the top of Fig. I (the dating method used is described
below). Stage A corresponds to the present Holocene period. 
Stages B-F cover the last glacial. Stage G includes the peak of 
the last interglacial and stage H is the las! part of the previous 
glacial. 

Ice-core chronology 
Many techniques, including isotope and chemical stratigraphies 
and flow modelling, have been used over the past 10 yr to 
establish dating of the Vostok ice16•19•23•24. Further detailed 
isotope study showed that seasonal fJ 180 variations are rapidly 
smoothed by diffusion22 indicating that reliable dating cannot 
be obtained from isotope stratigraphy. Unlike the Camp Century 
core, where the existence of interglacial ice relies on a com­
parison with deep-sea core isotope profiles, we propose to estab­
lish the timescale using an ice-flow model which is independent 
of other palaeoindicators. 

There are two problems with this type of dating. First, for 
each depth the rate of accumulation at the time and in that area 
of origin of snow, A(z), must be determined. Second, the thin­
ning function, that is, the ratio of the thickness of a layer to its 
initial thickness, has to be calculated. We now describe our 
approach to these problems. 

To estimate the past accumulation rate we adopt a procedure 
based on the observation that the present precipitation rate on 
the Antarctic plateau is strongly correlated with suface tem­
perature. Robin25 has suggested that this correlation exists 
because preci pi tat ion is governed by the amount of water vapour 
in the atmosphere circulating above the surface inversion layer. 
As discussed by Lorius et at.1 and Jouzel and Merlivat26, there 
is a link between the temperature of formation of precipitation 
and its oxygen isotope ratio. Assuming that the same relationship 
has held in the past, it is thus possible to estimate past accumula­
tion rates from the 5180 profile of the ice. Raisbeck et al.27 and 
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Fig. 2 Surface and bedrock topography along the Ridge B-Vostok 
axis (lower curve) and the thinning function (top right) expressed 
as a percentage of the initial thickness, with (solid line) or without 

(dotted line) taking into account this topography. 

Yiou et al.28 in this issue have noted that the 10Be concentrations 
of ice at Dome C and Vostok are consistent with accumulation 
rates deduced by such procedures. We thus estimate the accumu­
lation function in the following way. First, the temperature of 
fonnation of precipitation, Tp, is estimated along the profile as
described by Lorius et al.1°. Then, the accumulation rate, A(z), 
is calculated from the product of its present value, A(O), times 
the ratio of the derivatives of the saturation vapour pressurc­
with respect to T .,(z) for the time of precipitation and with 
respect to T.,(O) for the present conditions. This formulation is
derived from a simplified unidimensional model neglecting the 
possible changes in c.ircu.lation intensity above the area of pre­
cipitation. 

The use of a two-dimensional glaciological model is well 
suited to the Vostok area as the ice Bowlines are roughly parallel 
in this region of East Antarctica29. The change of the ice thick­
ness upstream or the drilling site is important because of the 
bedrock topography30 (Fig. 2) and this has been taken into 
account when using the analytical model of Lliboutry31. Finally, 
ice-core dating is established using an iterative process. Starting 
from a plausible dating obtained from a simple one-dimensional 
model the ice origin is determined. Then, the thinning function 
is calculated and the ice redated all along the core. The process 
is repeated using the new dates as the initial conditions until 
the initial and final datings converge. 

To illustrate the inOuencc of the bedrock topography, the 
thinning functions with (Fig. 2, solid line) and without (Fig. 2, 
dotted line) taking into account this topography can be com­
pared. This demonstrates the strong effect of bedrock topogra­
phy between 500 and J,000 m. For these calculations, ice 
velocities were approximated by their average values using mass 
continuity over the entire climatic cycle. 

The results are presented in Fig. 3 for three values of the 
pcesent accumulation. The annual accumulation (expressed with 
respect to its present value) is obviously correlated to the fJ180 
profile with lower values during glacial periods as previously 
stated from Dome C ice-(;9re studies7'27 and independently 
proposed at Vostok from 10Be measurements28. 

From available data12, an average value of2.3 g cm-2 yr-• was
adopted for the present accumulation rate, giving ages of98 kyr 
DP at 1,412 m (that is, significantly younger than the previously 
estimated19 115 kyr or) and of -160 kyr DP for the bottom of
the core. 

This accumulation value, although uncertain given the very 
short period (<IO yr) over which this parameter was determined, 
seems to be a reasonahle average over the Holocene period. 
Our dating puts the end of the last climatic transition at around 
10 kyr DP which compares well with the same event recorded 
in the Dome C East Antarctic core at -I0.5 kyr BP (ref. 7). The 
uncertainty on this value is thus -5%, a value which would 
give a lower limit for the relative dating uncertainty all along 
the core. Dating of the first part of the core is also indirectly 
supported by the existence of a dust content maximum between 
-13 and 26 kyr !JP (ref. 32). a period of aridity over Australia33.
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However, other sources of errors come from estimations of 
accumulation changes and, to a lesser degree, of the thinning 
function. Thus, the age of the bottom of the core is probably 
not known with a precision better than 10-15 kyr. 

Palaeoclimatic information 
The isotope content of polar snow is primarily governed by TF, 
but it also depends ""0•34•35 on several other parameters such as 
the origin and dynamical history of the air masses and the 
microphysical processes leading co snow formation. A way of 
reconstructing the full, space-time variations of isotope contents 
of vapour and precipiiation is to incorporate the isotope cycles 
in a general circulation model of the atmosphere (GCM)36. 

Until this new approach is fully developed, the climatic inter­
pretation must be based on 51&0-temperature relationsh ips 
observed in modern precipitation and/or isotope models which 
give only a simple schematic overview of the dynamic history 
of the air masses. Although aware of the limitations, we are 
relatively confident that when the two methods are combined 
major temperature changes, such as those accompanying 
glacial-interglacial transitions, can be estimated. This is 
especially true for central East Antarctica for several reasons. 
First, the observed I> 180-temperature relationship37 is quite 
linear (correlation coefficient, r = 0.989 for ihe -·20 to -55 °C 
interval) and its slope can be correctly explained on a theoretical 
basis applying a recently developed kinetic isotopic mode126• 
Second, the ice thickness has probably undergone only minor 
fluctuations and the ice origin can be reliably reconstructed. In 
addition, our confidence in a temperature reconstruction is 
reinforced in the Vostok core by the good agreement between 
accumulation changes derived by transforming the 8'50 profile 
into a temperature profile and those derived from '"Be (ref. 28). 

After correcting for the change in 5180 of the oceanic water 
(maximum l .6%) ·', this temperature reconstruction is carried 
out as in ref. 10. With this interpreiation, 1he glacial-interglacial 
surface temperature shifts are -10 °C for the H-G transition 
( '5180 shif1 of 6.5�.) and 8 •c for the B-A transition (5180 shift 
of 5%) C and E interstadials are around 2 and 4 °C, respectively, 
warmer than full glacial conditions and the four cold stadials 
H, F, D and B are within -1 °C. The peak of the last interglacial 
maximum is significantly warmer than the Holocene period. The 
difference is estimated to -3 "C, I "C of this being due to the 
formation of the interglacial ice 100 km further inland (Fig. 2). 
All these values do not take into account the possible variations 
in the ice-cap altitude. These corrections will be done, if 
necessary, from the total gas conte111 which is under investiga­
tion. Preliminary data (D. Raynaud. personal communication) 
suggest 1ha1 the isotope signal is essentially of climatic origin 
which is independently corroborated by some studies tending 
10 demonstrate the relative stabilitv of the East Antarctic ice 
sheet at the considered t imescale;sJ9. 

Comparison with other ice cores 
Concerning the transition between the last glacial maximum 
(around l8 kyr BP) and the Holocene periods (B-A in our 
terminology), the present results confirm the excellent agreement 
between the two East Antarctic sites, with a 5'80 shift, before 
corrections, of 5.4%'. at Dome C1 and of -5%'. at Vostok, and to 
a lesser degree with 1he Byrd West Antarctic site (shift of 7%)5. 
The inferred surface temperature change for Antarctica is -8-
10 •c. These shifts agree well with those deduced for high 
$OUthern latitudes from GCM ice-age modelling•0·•1, although 
recent simulations predict iower temperature shifts42·•3. The 
isorope shift is also 7%. in southern Greenland (Dye 3)s·9. The 
higher values (>I 0%) registered in northern Greenland and 
adjacent region3 (Camp Century. Devon Island) can be partly 
auributed t'.ither to a cha.nee in the elevation of the ice forma­
tion"" or to a more drastic -�limatic change in this area than in 
southern Greenland or in Antarctica9. 

For the last glacial, a detailed comparison with other ice cores 
is difficult because only 7% of the Vostok core was analysed 
down to 1.400 m. In any case. it would be necessary to discuss 
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Fig. 3 a, Initial thickness of annual layers (accumulation rate 
A( z)): I>, thickness of these annual layers in the core. Both a and 
b are expressed wi1h respect 10 the present (accumulation rate 
A(O}): c, depth -age relationship for different values of .4.(0) in 

g cm-1 yr-'. 

thoroughly the successive timescales derived for the Byrd, Camp 
Century and Dye 3 cores. Such a comparison will be undertaken 
in the near future when a continuous profile becomes available 
for the Vostok core. 

The apparent time elapsed between the interglacial peak and 
the following o 'so minimu m is more than twice as long at 
Vostok than at Camp Century. This is not strictly an ice core 
feature and cannot be discussed further here (see below) as the 
Camp Century timescale is deduced from a comparison with 
the deeo-sea record9• This shows the difficulty of applying such 
an indirect dating method. 

Comparison with 0180 in deep-sea cores 
It is now widely accepted that 8180 in benthic foraminifera 
primarily reflects ice-volume changes3•45•46• Although the 
relationship can be distorted by many factors, the CLIMAP 
project members concluded that there is no compelling evidence 
to reject the first-order assumptions of isotope synchroneity or 
fidelity to the ice volume45. Although varying in detail, all the 
cores give similar general trends3'47, allowing a common defini­
tion of isotope stratigraphy. The period of interest here covers 
Emiliani's stages 1-6 (ref. 48), stage 5 being subdivided in 5a 
to Se (ref. 49), a·s we have illustrated on Fig. 4e. 

With the adopted Vostok dating, there is a good correspon­
dence between stages 1-4 and Vostok stages A-D. Stage E covers 
5a-5c and F corresponds t o  5d. However, there is no clear 
correspondence between 5e and G representing the last inter­
glacial in deep-sea and ice records, respectively (Fig. 4). There 
is a major difference in the duration of these two stages; 11 kyr 
for Se and 24 kyr for G. Also, the last interglacial peak in the 
Yostok core is around 130 kyr BP whereas the corresponding 
ice-volume minimum in the deep-sea record is dated earlier at  
122-kyr BP (ref. 45). 

A doubling of the accumulation rate over this period would 
lead t0 a good correspondence between the Se and G stages. 
While this possibility cannot be completely ruled out, there is 
no indication of such a drastic change in the precipitation 
regime. Part of the time-lag between the two peaks could be 
real (-3 kyr) as already observed between Southern Hemisphere 
ocean temperature and ice volume records but dating uncertain­
ties (probably of -10 kyr at this level) prevent a detailed dis­
cussion of this possible lag. On the other hand, the fact that ice 
stage G probably lasted longer than stage Sc is a key element 
for understanding the last interglacial climate and the initiation 
of the last ice age. A detailed interpretation is beyond the scope 
of the present study and would require knowledge of the exact 
timing between the temperature and ice volume signals. Recent 
measurements of 8180 of air entrapped in ice cores could provide 
a way of correlating deep-sea and ice-cores 81RO profiles and 
then establishing this timing50• 
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Fig. 4 Variation with time of: a, winter, summer and annual 
insolations at 80° S (ref. 59); b, 0180 in the Vostok ice (this work); 
c, llll "c in the V 19-30 deep-sea core68 and indication of the C02 
scale on the right; d, summer insolation at 65° N (ref. 59); e, .5180 
in the V 19-30 deep-sea core68 for Uvigerina Senticosa with an 

indication of the successive climatic stages. 

According to CLIMAP members45 , the last interglacial was 
similar to the current climate. However, they noted some indica­
tions of a slightly warmer climate. The Vostok record brings 
quantifiable evidence of atmospheric warming over Antarctica 
during this period. This is useful information because there is 
some controversy about the behaviour of the East Antarctic ice 
sheet during the last interglacial45• In addition, the Vostok record 
does not support an interglacial character for marine stage 5c 
(first part of E), an argument used to suggest an East Antarctic 
ice surge around 95 kyr BP (ref. 51). 

Whereas glacial buildups in the deep-sea record (Fig. 4e) are 
gradual· giving the ice-volume cycles their asymmetrical saw­
toothed character52, the ice record (Fig. 4b) shows that the 
minimum tc::mperatures were of the same order during cold 
periods (H, F, D and B stages ). This may be linked to the rapid 
response of the atmospheric system to forcings and feedbacks 
and also suggests that there is a very stable mode of the climatic 
system for these cold periods. Such differences in shape were 
previously noted between ice-volume and temperature signals 
recorded in some oceanic cores53. 

Forcing and feedback factors 
Beyond this reconstruction of the East Antarctic climate, we 
now discuss some current important aspects of the mechanisms 
which have probably controlled this climate and how the East 
Antarctic climate is related to the global climate. We will 
examine the possible role of changes in insolation, atmospheric 
C02 content and global ice volume. 
Insolation changes. Over recent years, the Milankovitch 
hypothesis that orbital variations are the principal causes of the 
Pleistocene ice ages has received considerable support45•52-54, 
and has stimulated many modelling efforts55-58• The spectral 
analysis of proxy records has revealed periodicities statistically 
correlated to the precessional (19 and 23 kyr), obliquity (41 kyr) 
and eccentricity ( 100 kyr) cycles. There is a general consensus 

that summer insolation at about 65° N might be a plausible 
forcing as Northern Hemisphere ice sheets have undergone the 
major changes, and that the dominant 100-kyr cycle would result 
from a nonlinear response of ice sheets to orbital forcing. 

Before discussing the possible link between the Northern 
Hemisphere insolation changes and the Vostok climate, we will 
investigate whether there is a relationship between this climate 
and the local changes of insolation. 

The comparison of the 8180 ice profile (Fig. 4b) with the 
annual insolation curve for 80° S (ref. 59) (Fig. 4a) reveals a 
very striking relationship between the cold and warm isotope 
stages and the minima and maxima of the insolation curve. 
While discontinuous sampling prevents us from performing 
reliable spectral analysis, especially for short periodicities, this 
remarkable correlation strongly supports the role of orbital 
forcing in climatic change. 

The particular importance of the obliquity cycle, previously 
suggested from some high-latitude oceanic cores54, would indi­
cate that orbital forcing acts at a local scale. At 80° S, the 
maximum change of annual insolation is -7% (ref. 59) which, 
from the radiative equilibrium equation, corresponds to a direct 
temperature effect of 4 °C. This direct effect is certainly important 
when compared with the 10 °C temperature range inferred from 
the 8180 profile. 

The apparent climatic synchroneity between the Northern 
and Southern Hemispheres poses a problem because the season­
ality history of the polar insolation at 65° is different for the 
two hemispheres60•61. One explanation61 could be that, for polar 
regions, the climate responds to annnual insolation changes that 
are in phase for the two hemispheres. The correlation between 
the 80° S annual insolation and the 8180 record gives some 
support to this hypothesis. 

Finally, accepting the role of orbital forcing on the Southern 
Hemisphere climate, the existence of a roughly 40-kyr cycle in 
the 8180 ice core record indirectly supports the Vostok core 
dating. 
Atmospheric C02 concentration. C02 measurements from the 
analysis of air bubbles entrapped in ice from Greenland and 
Antarctic cores have shown that C02 changes are associated 
with climatic changes. Such direct measurements are available 
for the past 40 kyr (refs 62-65) and show a C02 increase of 
-40% between the last glacial maximum and the pre-industrial 
Holocene period. These measurements suggest that C02 and its 
greenhouse warming might be involved in the control of the ice 
ages21 and also in their interhemispheric synchroneity42•60. 

Shackleton et al.66 have used the idea that the difference in 
carbon isotope ratios in surface and deep oceanic waters varies 
with C02 levels67 to develop an indirect approach which extends 
the atmospheric C02 record further back in time. They estimate 
this parameter from the 813C difference between planktonic and 
benthic foraminifera (A813C). The validity of this approach is 
supported by the fact that the estimated C02 values are con­
sistent with the polar record over their common part66 (the past 
40 kyr). However, because many assumptions underly this 
method, it has to be corroborated either from other oceanic 
cores or, more directly, from ice cores. A study is in progress 
to obtain a detailed C02 profile along the Vostok core to examine 
directly the C02-climate connection over the past 150 kyr. In 
the following discussion, we will treat the A813C curve as a C02 
curve. 

The first 150 kyr of this A813C record68 is shown on Fig. 4c. 
One can easily see the similarities between this curve and the 
8180 Vostok record. A relationship between C02 content and 
atmospheric temperatures is expected. Indeed, climate models 
predict that the greenhouse C02 effect should be amplified in 
high latitudes especially near ice margins69•70• Thus, these 
observed similarities suggest a COratmospheric temperature 
connection all over the last climatic cycle. According to Stauffer 
et al.zi a 40-% C02 change corresponds to a temperature rise 
of 2-4.5 °C in high latitudes. Thus, the hypothesis that C02 
changes are an important factor in controlling high latitude 
climate is well within the realm of possibility. 
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There are several other features of the C02-climate relation­
ship. C02 measurements at Dome C indicate that the increase 
in C02 concentration associated with the end of the last ice age 
began before, or simultaneously with, the climatic change at 
high southern latitudes65. On the other hand, from the 340-kyr 
reconstructed C02 curve, Pisias and Shackleton71 inferred that 
C02 lags the orbitals forcing (summer insolation at 65° N) but 
leads the ice volume, by an average of 2.5 kyr. From this, they 
made two important points68"71: ( 1 )  C02 changes are not a 
consequence of climatic changes but may represent part of the 
mechanisms by which orbital variations induce changes in cli­
mate; (2) the presence of a strong obliquity component suggests 
a high-latitude control for the mechanisms by which C02 
responds to orbital forcing. 

This also puts constraints on the way in which C02 levels in 
the ocean surface, which eventually control the atmospheric 
C02 levels, can vary68• Recently, four groups12-75 have indepen­
dently explored C02 scenarios implying a high latitude control 
through: the changes in ocean circulation; the influence of the 
amount of light reaching the polar regions on the utilization of 
nutrients; and a combination of these two factors. 

The Knox and McElroy nutrient scenario74 includes a 
mechanism whereby small changes in insolation at high latitudes 
could result in large changes in C02 and thus looks attractive 
in view of the possible C02 climatic role at the timescale con­
sidered here although this type of scenario78 is not supported 
by recent results on planktonic foraminifera from Antarctic 
deep-sea sediments. 
Ice-volume feedbacks. Although many assumptions are involved, 
the above discussion suggests that local insolation and possibly 
the atmospheric C02 have played a part in determining the 
Antarctic climate over the past 150 kyr. The two factors alone, 
however, would not explain all the climatic variability seen in 
the 5180 Vostok record. In particular, we observe that the very 
cold stage F corresponds to an intermediate inferred C02 value. 

Note that this stage F corresponds to the time of lowest 
insolation at 65° N (Fig. 4d)59• (Indeed, there are similarities 
between this insolation curve and the 8180 Vostok record (Fig. 
4b) over all the past 150 kyr.) Modelling of the growth and 
retreat of the ice sheets has shown that ice volume changes can 
be driven by summer radiation in Northern Hemisphere high 
latitudes56•57•76•77. Although all of the models do not specifically 
refer to 65° N, the generated ice-volume curves resemble, with 
a few kiloyears lag, the summer insolation at this latitudinal 
band. As shown in Fig. 4d, high volumes correspond to low 
insolations and vice versa. Such generated ice volume curves 
differ from ice volumes deduced from benthic foraminifera (Fig. 
4e). In particular, note the difference during stage F. According 
to Budd61 the two approaches of deriving ice volumes can be 
reconciled if the contribution of 180-poor Antarctic ice is taken 
into account. This raises the question of how Northern Hemi­
sphere ice extent can influence Antarctic climate. 

Although we cannot answer this question here, we note that 
recent GCM results42 show that such a relationship cannot be 
explained by the interhemispheric exchange of heat in the atmos­
phere. Other mechanisms would have to be involved, such as a 
change in the cross-equatorial heat transport by the ocean 
circulation42•60•78 or a response of the East Antarctic ice sheets 
to sea-level changes61• This second hypothesis is valid only if 
its apparent contradiction with the time lead of Antarctic sea-ice 
compared with the Northern Hemisphere ice volume can be 
solved as suggested by Budd61• 

Conclusions 

We have obtained the first complete and unambiguous isotope 
description from a deep-ice core of the last climatic cycle. The 
2,083-m. Vostok record covers the past 150 kyr extending into 
the end of the previous glacial period. The timescale has been 
established by combining a glaciological model appropriate here 
as the core represents only about the first half of the ice sheet, 
with an original approach for estimating past accumulation rates 
from the isotope record. While this method has its own limita-

tions, it has the advantage of being independent of other palaeo­
indicators or climatic forcing series. 

This 8180 record has been interpreted as essentially represent­
ing temperature changes over East Antarctica. This interpreta­
tion is based on the 8180-temperature gradient observed for 
modern precipitation and on a dynamically-simple isotope 
model. Although aware of the necessity of a more detailed 
modelling of the atmospheric 8180 cycle using GCMs, we have 
confidence in the temperature interpretation as far as major 
8 180 changes are concerned. 

In this interpretation, the Vostok record provides extremely 
rich climatic information. The present Holocene period was 
preceeded by a long glacial period marked by two relatively 
warm interstadials. The well-marked last interglacial was sig­
nificantly warmer than the Holocene and the end of the previous 
glacial was quite similar to the last glacial maximum. 

A comparison with 5180 in deep-sea cores shows that the 
Antarctic climate and the global ice volume have not evolved 
in the same way. The last interglacial appears to be about twice 
as long in the Antarctic temperature record as in the ice-volume 
record. In addition, there are marked differences in the shapes 
of the records during the last glacial. Thus, we now have access 
to another different, but complementary, climatic record fully 
covering the last climatic cycle. 

The presence of a roughly 40-kyr cycle in the Vostok record 
strongly supports the role of orbital forcing in determining 
climatic changes. This record is approximately in phase with 
the annual insolation at 80° S suggesting that this forcing oper­
ates at a local scale. There are also some common features 
between the climatic curve and the summer insolation at 65° N 
which may be the result of the influence of the Northern Hemi­
sphere ice sheets on the Antarctic climate. 

There are striking similarities between the All13C curve of 
Shackleton and co-workers66·68 and the 8180 record. Following 
these authors in treating the A813C curve as a C02 curve, there 
appears to be, over a complete climatic cycle, a relationship 
between atmospheric C02 levels and atmospheric temperatures 
as previously suggested for the past 40 kyr. 

There are several other ways to obtain more climatic informa­
tion from the Vostok ice than the 8180 method described here. 
Interesting results concerning 10Be have been obtained27, and 
other studies are either in progress or planned for the near 
future. They include additional deuterium and oxygen-18 deter­
minations and measurements of total gas volume, crystal size, 
C02 in the air bubbles, 180/ 160 ratio of oxygen in air and aerosol 
content. 

The Vostok ice core offers the possibility of measuring many 
other parameters and their variation with time. As shown from 
other ice cores, the number of these parameters of interest is 
growing. Recent studies include more and more chemical ele­
ments 79-83 and trace gases84 as well as 12C/13C ratio in C02 (ref. 
85). Although their first opjective is to reconstruct the Earth's 
palaeo-environment, some of these parameters also contain, at 
least indirectly, palaeoclimatic information. Finally, it is hoped 
to reach greater depths in the Vostok drilling and thus to extend 
the time scale considerably. 
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