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ABSTRACT

Analyses of atmospheric air extracted from air
bubbles in polar glacier ice provide a measure of
past COz concentrations and their temporal vari-
ations. Earlier measurements have shown that the
atmospheric CO2 concentration was significantly
Tower during the late Wisconsin stage and that the
change from Tow to high CO2 concentration occurred
in a relatively short time period.

We measured the COz concentration of ice samples
from the deep ice core recently drilled at Dye 3
(south Greenland). The core section investigated
represents ice from about 40 to 30 ka BP. The air
extracted from the ice samples shows large variations
of COp concentration which are correlated with §180
values of the ice samples. A probable explanation
of the results is that corresponding changes of the
atmospheric CO02 concentration occurred during that
glacial period. These changes could have had a sig-
nificant influence on the climate. Possible reasons
for the variations of the atmospheric COp concen-
tration are discussed.

INTRODUCTION

When polar ice is formed by dry sintering,
bubbles of atmospheric air are enclosed in it. Air
extracted from ice samples representing the late
part of the last glaciation shows a considerably
lower CO2 concentration than does air extracted
from ice representing the Holocene period (Berner
and others 1980, Delmas and others 1980, Neftel and
others 1982). There is little doubt that this change
in CO» concentration is due to a change in the atmos-
pheric CO» concentration. Due to experimental diffi-
culties, poor ice-core quality or uncertainties in
the dating of ice samples it was not possible until
recently to investigate the history of the increase
of the atmospheric CO» concentration with a sufficient
time resolution. The availability of the ice core

drilled at Dye 3 (south Greenland) during the Greenland

Ice Sheet Program, and improvements in analytical
techniques (Zumbrunn and others 1982) have now made
such investigations possible.

Measurements on samples from the Dye 3 ice core,
covering the transition from the last glaciation to
post-glacial times, showed an unexpectedly rapid
increase of the atmospheric COp concentration
(Stauffer and others in press). The mean annual air
temperature at Dye 3 is at present -19.6°C and the
temperature increases above the freezing point
regularly every summer, causing the formation of melt
layers. The CO2 concentration in the bubbles of melt
layers is increased, because COp is very soluble in
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water, and because the COp surplus may not escape
completely during refreezing (Stauffer 1981). The
temperature at Dye 3 was lower during the transition
from the last glaciation to the Holocene than it is
at present and the formation of melt layers during
this period probably did not occur. One ice sample
from the last glaciation showed a significantly ele-
vated COp content. Because of this result we wished
to investigate whether there were CO2 concentration
changes during the last glaciation, and to find out
if they were related to climatic changes seen, for
example, in the 6180 record. During the ice age the
temperature was even lower than during the transition
period and we have, therefore, further reasons to
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Fig.l. 6180 profile along the lower part of the ice
core from Dye 3 as a function of the distance from
bedrock (from Dansgaard and others 1982, with
changes). The line to the right of the profile

indicates the core increments discussed in this paper.
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exclude the possibility of the formation of melt
layers. In the present paper we report results ob-
tained with ice samples representing the period from
about 40 to 30 ka BP (Dansgaard and others 1982:
fig.1) which we investigated for changes of the
atmospheric CO2 concentration during this period and
to see how such changes could be correlated with the
8180 changes. According to Dansgaard this sequence,
which shows large, rapid changes in the 6180 values,
corresponds to the beginning of Emiliani's isotope
stage 2 (Emilfani 1966). It was a period of ice
build-up on the continents.

EXPERIMENTAL PROCEDURES

For the COp analysis ice cubes with each side
measuring 1.3 cm are prepared with a band saw. Any
part of the cube has a distance of at least 0.5 cm
from the original ice-core surface. The ice cubes,
each weighing about 2 g, are crushed between two
needle matrices in a container which has been evacu-
ated previously to a pressure of about 0.1 Pa. The
air in bubbles, which are opened by the crushing,
expands over a cold trap (for removing water vapour)
into the absorption cell of an infrared laser spec-
trometer (IRLS). The efficiency of gas extraction by
crushing is about 75%, the gas pressure in the absorp-
tion cell being about 120 Pa. If the air is enclosed
in clathrates the efficiency is a few percent less,
but the gas composition shows no measurable changes
(Neftel and others 1983). For the concentration
measurements, during the five minutes after crushing,
the laser is tuned several times over an absorption
line of the COp molecule. After each sample a cali-
bration is performed by passing a standard gas through
the crushing device and cold trap and into the absorp-
tion cell, at the same pressure as the previous sample.
The calibration measurements allow us to determine
the stability of the laser system which may change
slightly from day to day. Under stable conditions
the accuracy of the determination of C0» concentration
in air extracted from 2 g of ice is 2% ?6 ppm COp
concentration). More details concerning the analyt-
ical procedure are given by Zumbrunn and others
(1982?

A detailed 6180 profile along the lTower part of
the Dye 3 jce core has already been measured by
Dansgaard and others (1982). Since we wish to
examine in detail a possible correlation between
€02 and 6180 we measured COp concentration and §180
simultaneously on the same ice samples.

RESULTS

From the Dye 3 core, 3 cm thick discs of 25% of
the core cross-section were cut every metre from
1 860 to 1 889 m depth below the surface (148 to 177 m
from the bottom). From each disc six cubes for COp
measurements and one sample for 6180 analysis
were prepared. The results of the CO2 analyses are
shown in Figure 2(a) and the 680 results in Figure
2(b). The correlation of the COp concentration
with the 8180 values is obvious, and no phase
shift between the two parameters is observable. To
investigate the question of a possible phase shift
of less than one metre, we measured a set of samples
every 0.1 m in the depth interval 1 896 to 1 899 m
(138 to 141 m from the bottom). The results of the
C02 measurements are shown in Figure 3(a) and the
results of the 8180 measurements in Figure 3(b).
In spite of the better resolution no lag between CO»
concentration and 6180 values is observable. This
finding is surprising. Even if the climatic events
causing the changes of the two parameters were simul-
taneous we would expect a lag, since the ice and the
enclosed air of an ice sample have different ages
(Deschger and others in preparation*). The age differ-

*In preparation:
Oeschger H and 6 others Preindustrial COp concen-
tration from ice cores and implications for
carbon cycle and climate.

https://doi.org/10.3189/1984A0G5-1-160-164 Published online by Cambridge University Press

COg levels during the last glaciation

a)

002 concentration

b)
1801180 ratio

T T T T
iml
Fig.2. CO2 and 6180 values measured on ice samples

from Dye 3, The 30 m increment corresponds to about
10 ka.
(a) Circles indicate the results of single measure-
ments of the CO» concentration of air extracted from
ice samples. The solid line connects the mean values
for each depth.
(b) The solid 1ine connects the &§180 measurements
made on one sample every metre.

ence at Dye 3 at the present temperature and annual
precipitation is about 100 a, which at the depth in
question would correspond to about 0.3 m difference
in depth. It is not possible to determine the lag to
an accuracy better than a few centimetres, but the
comparison of Figure 3(a) and (b) suggests that it

is less than 0.2 m. This would indicate that the €0y
Increase occurred almost simultaneously or eventually
lagged the climatic change indicated by 180 by up to
about a century, but this conclusion is tentative.

CHANGING ATMOSPHERIC COp CONCENTRATION: FACT OR
ARTEFACT?

A variation of the atmospheric COz concentration
is one of several explanations of the C0p results. In
view of the correlation of the CO» with the 6180 re-
sults, there are other possibilities. One is that the
concentration of chemical constituents, especially
carbonates, changes with the &!80 and that part of
the COp in the bubbles reacts with these constituents.
Based on earlier investigations (Berner and others
1980) we reject this hypothesis. Another possibility
is the influence of melt layers. According to Stauffer
and others (in press) a melt-layer contribution to
total ice of about 5% is needed to give an increase
of COp concentration of 50 ppm. This melt-layer con-
tribution is large; it occurs at Dye 3 under present
climatic conditions (Herron and others 1981). Camp
Century (north Greenland), with a 4.4°C lower mean
annual air temperature, shows narrow melt layers only
in extremely warm summers, and the total thickness
of melt Tayers in 50 m of firn is less than 0.15 m
(H B Clausen personal communication). The mean annual
air temperature at Dye 3 during the glacial period
studied is not known, but the highest 6180 value in
that core section (-30.2°/00) is lower than the
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Fig.3. COp and 5180 values measured on ice samples
from Dye 3. The 3 m increment corresponds to about
1 ka.
(a) Circles indicate the results of single measure-
ments of the CO2 concentration of air extracted from
jce samples. The solid line connects the mean values
calculated for increments of about 0.1 m.
(b) The solid line connects the §180 measurements
done on 0.1 m core increments.

present mean 8180 at Camp Century of -299/o0 (Dans-
gaard and others 1973), It is not possible to correl-
ate 8180 directly with temperature, but the comparison
suggests that melt layers did not form at Dye 3 during
the period studied. It is in any case very unlikely
that there were so many melt Tayers that this effect
could explain the CO» changes. In a paper in prepar-
ation (Oeschger and others®) the hypothesis is dis-
cussed that microbubbles could lead to an increased
C0p concentration in air extracted from ice samples
when compared to the composition of the atmosphere.
Microbubbles are formed during the condensation of
precipitation. Because the liquid phase is involved

in the formation of snow crystals, CO2 is enriched in
microbubbles as it is in melt layers for the same
reason. During the metamorphosis from snow to firn

and from firn to ice, microbubbles are removed from
firn grains due to recrystallization. A certain num-
ber, however, may survive and leads to an increased
C0z concentration. There seems to be a relation
between surplus CO2 and mean annual air temperature
which can be approximated by an exponential function
as shown in Figure 5(a). There is also a similar
relation between the surplus COp and the time

interval between precipitation and ice formation.

The fact that both parameters show similar relations
to the surplus C0p is not surprising, since a higher
temperature usually parallels larger annual precipita-
tion and, therefore, there are shorter time intervals
between precipitation and ice formation (Herron and

*In preparation: )
Deschger H and 6 others Preindustrial CO2 concen-
tration from ice cores and implications for

carbon cycle and climate.
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Fig.4.(a) The heavy line connects the mean COp values
corrected for the estimated COp» surplus by micro-
bubbles. The fine line is identical with the line
in Figure 2(a).

(b) The heavy 1ine connects the mean COp values
corrected for the estimated COp surplus by micro-
bubbles. The fine 1ine is identical with the line
in Figure 3(a).

Langway 1980). If microbubbles are responsible for
the surplus COp, it is understandable that the re-
moval is more effective if the time available (time
interval between precipitation and ice formation)

is Tonger and that locations with the longest inter-
vals do show the Towest surplus CO2.

The surplus CO2 for ice from Dye 3 is estimated
to be 40 ppm at present. For the following estimates
of CO2 contribution by microbubbles, we assume that
the same relation between 6180 values and mean annual
air temperature was valid at the time in question as
it is today (Dansgaard and others 1973: fig.2), and
that the surplus CO2 is a function of temperature,
shown in Figure 5(a% by the solid 1ine. The correc-
tions thus calculated are shown in Figure 4(a) and
(b). According to these estimates the microbubbles
could be responsible for about 20% of the observed
total COp variations, but we do not believe that they
could cause the total variation. We conclude that a
change in the atmospheric COp concentration is by far
the most probable explanation. To prove this, ice
samples from the same period but from much colder
locations will have to be measured, as has been done
in the case of the COz increase at the end of the
last glaciation. There, the measurements on ice cores
from different locations with mean annual air
temperatures between -24 and -53°C provide consistent
results and give the desired evidence.

POSSIBLE REASONS AND CONSEQUENCES OF RAPID ATMOSPHERIC
COp CONCENTRATION CHANGES

COp concentration changes of 50 to 70 ppm occurred
within a few hundred years during the last glaciation.
The excellent correlation of these changes with the
5180 changes of about 59/00 suggests a very close,
direct relationship between COs and climate (as re-
flected by 6180).

An important question which one would 1ike to
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Fig.5.(a) Mean CO» concentrations of air extracted
from ice without visible melt layers as a function
of the mean annual air temperature of the location
where the ice was collected. (Dye 3 represented by
second value from the left.)

(b) Mean values of the same COp concentrations as
a function of the time needed from precipitation
to the formation of ice (Oeschger and others in
preparation). (Dye 3 represented by second value
from the left.)

answer is: are the COp variations mainly an effect of
climatic change, providing some minor feedback only,
or do they contribute significantly to, or even
initiate, climatic changes?

A first indication is obtained by comparing the
observed climatic variations with the model-calculated
forcing due to the observed atmospheric CO» changes.
The 6180 shifts of about 59/00, observed in south
Greenland, at a first-order approximation correspond
to temperature changes of about 6°C. A COp concen-
tration change by a factor of 1.4 would, according
to climate models, correspond to a global temperature
increase by 1 to 1.5°C, with a two- to three-fold
amplification in high latitudes. It is therefore not
impossible that the COp forcing did play a significant
role regarding the abrupt climatic changes during the
last glaciation.

The atmospheric COp content is essentially regu-
lated by the average COz partial pressure (pCOz) in
ocean surface water. In order to identify the cause
of the atmospheric CO» changes we therefore have to
look into mechanisms regulating pCOp in the ocean
surface layer. First we consider the influence of
temperature. In steady state, a temperature in-
crease of 1°C corresponds to an increase in concen-
tration of atmospheric COz by a factor of 1.03. To
produce the observed changes in CO2 concentration
the mean ocean surface temperature would be required
to change by about 10°C. This drastic shift is not
suggested even for glacial-interglacial changes,
according to studies of the planktonic composition
in deep-sea sediments (CLIMAP Project, Members 1976).
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We consider this explanation as improbable and pro-
pose a hypothesis that is based on the observation
that pCOz in ocean surface water depends strongly
on total CO2 and alkalinity which are, in turn,
influenced by the biological processes in the sea.
In deep ocean water, pCO2 is of the order of
1 000 ppm; an ocean without biospheric activity,
therefore, would Tead to an atmospheric CO2 concen-
tration several times greater than the present value.
Due to biological activity the total CO» concentration,
and consequently pCO2, is Tower in surface than in
deep waters. Biological productivity is limited by
the availability of the nutrients phosphate and
nitrate, which play a determining role for pCO2,
as pointed out by Broecker (1982). In large areas of
the world ocean the concentrations of phosphate and
nitrate in surface water are nearly zero, but in some
areas with rapid vertical circulation this is not the
case, because more nutrients are transported to the
surface from the depths than are consumed by organisms.
In these regions the total COp concentration, and
thus pC02, is larger than if the nutrient concen-
tration was zero. We therefore suggest that varia-
tions in ocean circulation rate lead to changes in
the carbonate chemistry of surface waters and
therefore of the atmospheric COp level. Climatic
changes and COp variations were probably both
effects of the same external cause; CO7 provided a
positive climatic feedback.

There is, at present no indication of the
causes that lead to the simultaneous events in cli-
mate and ocean chemistry. Ruddiman and McIntyre (1981)
discussed the influence of icebergs and sea ice in
the late phase of the last glaciation in ‘the North
Atlantic. We cannot exclude the possibility that
similar processes were also responsible for these
rapid changes during the glaciation.

In F1?ure 2, four peaks are observed for both
C0p and 660, which in general all follow a similar
pattern: first, a rapid increase to a maximum value,
then a slow decrease followed by a rapid decrease
to the minimum value. The maximum values are approxi-
mately the same for all four peaks, for CO02 and for
§180; for 6180 the same holds for the minimum values.
Interestingly enough, the same general shape, of a
rapid and strong increase and a slow, moderate de-
crease followed by a rapid and strong decrease, has
been observed in the late-glacial section of the 6180
profile of the Dye 3 ice core (Dansgaard and others
in press, Oeschger and others in press). This points
strongly to some recurrent sequence of processes,
which was active during glaciation and which induced
climatic oscillations between the two extreme con-
ditions.

ACKNOWLEDGEMENTS

The ice cores from Dye 3 were collected during
the Greenland Ice Sheet Program which was funded by
the US National Science Foundation, the Danish
Commission for Scientific Research in Greenland, the
Danish Natural Science Research Council and the Swiss
National Science Foundation. Laboratory work was
supported by the Swiss National Science Foundation,
the US Department of Energy and the University of Bern.
We wish to thank P Salgo for the collaboration in the
C0p analyses and K Hanni for the 180 measurements.

REFERENCES

Berner W, Oeschger H, Stauffer B 1980 Information
on the COp-cycle from ice core studies. Radioearbon
22(2): 227-235

Broecker W S 1982 Ocean chemistry during glacial
time. Geochimica et Cosmochimiea Acta 86: 1689-1705

CLIMAP Project Members 1976 The surface of the ice-
age Earth. Seienee 191(4232): 1131-1137

Dansgaard W, Johnsen S J, Clausen H B, Gundestrup N
1973 Stable isotope glaciology. Meddelelser om
Grpnland 197(2)

163


https://doi.org/10.3189/1984AoG5-1-160-164

Stauffer and others: (0 levels during the last glaciation

Dansgaard W and 6 others 1982 A new Greenland deep
ice core. Seience 218(4579): 1273-1277

Dansgaard W and 7 others In press MWisconsin climatic
oscillations revealed in deep Greenland ice cores.
In Hansen J, Takahashi T (eds) Climate processes
sensitivity to solar irrmadiance and C0p;. Washington,
DC, Amerian Geophysical Union (M Ewing Series 4)

Delmas R J, Ascencio J-M, Legrand M 1980 Polar ice
evidence that atmospheric C02 20,000 yr B.P. was
50% of present. Mature 284(5752): 155-157

Emiliani C 1966 Paleotemperature analysis of the
Caribbean cores P6304-8 and P6304-9 and a general-
ized temperature curve for the past 425,000 years.
Journal of Geology 74: 109-174

Herron M M, Langway C C Jr 1980 Firn densification:
an empirical model. Jowmal of Glaciology 25(93):
373-385

Herron M M, Herron S L, Langway C C Jr 1981 Climatic
signal of ice melt features in southern Greenland.
Nature 293(5831): 389-391

Neftel A, Oeschger H, Schwander J, Stauffer B,
Zumbrunn R 1982 Ice core sample measurements give
atmospheric COp content during the past 40,000 yr.
Nature 295(5846): 220-223

Neftel A, Oeschger H, Schwander J, Stauffer B 1983
Carbon dioxide concentration in bubbles of natural
cold ice. Jourmal of Physiecal Chemistry 87(21):
4116-4120

Oeschger H, Beer J, Siegenthaler U, Stauffer B,
Dansgaard W, Langway C C Jr In press Late-glacial
climate history from ice cores. In Hansen J,
Takahashi T (eds) Climate processes sensitivity
to solar irradiance and COy. Washington, DC, Ameri-
can Geophysical Union (M Ewing Series 4)

Ruddiman W F, McIntyre A 1981 The North Atlantic
Ocean during the last deglaciation. Palacogeography
Palacoelimatology, Palascoscology 35: 145-214

Stauffer B 1981 Mechanismen des Lufteinschlusses in
natiirlichem Eis. Zeitsehrift fur Gletscherkunde
und Glazialgeologie 17(1}: 17-56

Stauffer B, Neftel A, Oeschger H, Schwander J In
press CO0p concentration in air extracted from
Greenland ice samples. In American Geophysical Union
Spring Meeting 1982, Philadelphia. Proceedings

Zumbrunn R, Neftel A, Oeschger H 1982 (07 measure-
ments on l-cm?® ice samples with an IR laser-
spectrometer (IRLS) combined with a new dry ex-
traction device. BEarth and Planetary Seience
Letters 60: 318-324

164

https://doi.org/10.3189/1984A0G5-1-160-164 Published online by Cambridge University Press


https://doi.org/10.3189/1984AoG5-1-160-164

	Vol 5 Year 1984 page 160-164 - Atmospheric CO2 concentration during the last glaciation - B. Stauffer, H. Hofer, H. Oeschger, J. Schwander and U. Siegenthaler

