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Reconstruction of atmospheric carbon dioxide and isotopic
carbon-13 dioxide from air occluded in ice cores from

Greenland and Antarctica
MARTIN WAHLEN, Scripps Institution of Oceanography, University of California at San Diego, La Jolla, California 92093-0220

e measure the carbon dioxide (G02) mixing ratio and
isotopic carbon-13 dioxide (813CO2) in the air extracted

from ice cores from Greenland (GISP 2, Greenland Ice Sheet
Project 2) and from Antarctica (Vostok). The goals are to
determine the phasing between temperature and atmospher-
ic CO2 changes during periods of different climatic conditions
and to gain insight into the mechanisms producing the
observed CO2 variations. Experimentally, we use a dry extrac-
tion technique at low temperature for G0 2 by crushing about
4 cubic centimeters (cm 3) of ice (Wahlen et al. 1991). The
extracted air is then condensed quickly at 35°K and subse-
quently released into a cell, where the G0 2 mixing ratio is
determined by tunable diode infrared laser spectroscopy on a
single vibrational-rotational transition in the 4.3-micrometer
(tm) band by measuring the absorbance relative to stan-
dards. Three standards are processed identically to samples
with every three samples. The experimental uncertainty is ±3
parts per million (ppm). 8 13GO2 is measured in duplicate by
using a dry air extraction technique similar to Etheridge, Pear-
man, and de Silva (1988) on larger samples. CO 2 is separated
cryogenically from the extracted air, and 8 13CO2 is measured
by stable isotope ratio mass spectrometry. Severe extraction
fractionation is observed. It is controlled and accounted for
by admitting standard air samples over the ice; the standard
air samples are then processed in the same manner as the
extracted air samples. This fractionation amounts to about
-0.25 permil PeeDee Belemnite (PDB), a carbonate used as a
standard for carbon-13 stable isotope analyses. The 813G02
results are corrected for nitrous oxide mass interferences and

for gravitational fractionation. The experimental uncertainty
is better than ±0.1 permil.

We measured G0 2 in the GISP 2 ice core over the last
1,000 years (figure 1A). We observe an increase since 1800 AD
and a rather smooth transition into the direct atmospheric
measurements (Keeling et al. 1989, pp. 165-236); this transi-
tion gives us confidence that the ice core results represent
atmospheric values. Preindustrial values are 289±5 ppm (1600
to 1800 AD), but natural variations to about 305 ppm are
observed toward the medieval climatic optimum between
1050 to 1200 AD (figure 1A). Simultaneously, the 613G02
becomes progressively lighter with increasing G0 2 (figure 1B).

The isotopic composition of the G0 2 added to or removed
from the atmosphere appears to be -11.5 permil (intercept of
the 8 13GO2 vs. 1/CO2 plot of figure 1B). When analyzed with a
global carbon cycle model by deconvolution, these results
indicate a variable terrestrial biogenic sink for CO 2 of 0.2 to
0.4 gigatons of carbon per year between 1050 and 1750 AD,
changing to a variable source between 1750 to 1850 AD with a
peak value of about 0.7 gigatons of carbon per year. This
change is interpreted as the pioneer effect caused by defor-
estation and changing agricultural practices.

The Vostok ice core (5G) was examined for G02 for the
penultimate glacial-to-interglacial transition between 2,000
and 1,840 m depth, corresponding to about 140,000 to
128,000 years ago. We observe a fairly smooth transition in
G02 from glacial (180-200 ppm) to interglacial (about 290
ppm) values as indicated in figure 2. These results are similar
to those obtained by Barnola et al. (1987) and also similar to
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Figure 1. A. CO2 results from air of the GISP 2 ice core for the period 1050 to 1950 AD. Data are averaged over 50-year intervals. Total number of
samples is 160. Solid line represents direct atmospheric measurements by Keeling et al. 1989. B. 6 1 CO2 results from air of the GISP 2 ice core
VS- 1/CO2 , for the preindustrial period 1100 to 1800 AD. The trend seems to be coherent, with 813CO2 being lighter when the mixing ratio is higher.
The intercept points to -11.5 permil PDB.
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Figure 2. CO2 results from air of the Vostok ice core 5G for the penulti-
mate transition (1840 to 2000 m). Data points are averages for 2 to 12
samples each for similar depth. The corresponding air age is approxi-
mately 140,000 to 128,000 ago. Total number of samples is 103.

those observed for the last glacial-to-interglacial transition in
other cores, such as the Byrd antarctic core.

We also measured a large number of samples for CO2
across the last glacial-to-interglacial transition in the GISP 2
ice core. The results so far are displayed in figure 3 (upper
curve). Indicated is a spline fit through 331 CO2 data points as
function of air age. The occluded air is younger than the sur-

Figure 3. CO2 results of the GISP 2 core for the last glacial-to-inter-
glacial transition. Solid line (upper) is a spline fit through average data
points containing three to nine samples from similar depths as func-
tion of the air age. Total number of samples is 331. Lower line is accu-
mulation rate (from Meese et al. 1994, pp. 1-66), which can be con-
sidered as a proxy for temperature.

rounding ice due to the air-enclosure process. The age differ-
ence depends on accumulation rate and temperature and is
220 years for warm time conditions and about 750 years for
glacial conditions. The lower curve is the accumulation rate as
function of the ice age. The accumulation rate can be taken as
a proxy for temperature. The scatter observed in the CO 2 data
exceeds the experimental uncertainty and seems to be real. It
is larger in this Greenland core than in the antarctic core from
Vostok. The main features of the GISP 2 CO 2 record over this
period are a gradual increase from glacial to interglacial times,
with main variations superimposed. These variations seem to
follow closely the main temperature changes, such as the
increase from the last glacial maximum to the Boelling-
Allerod, the main fluctuations afterward, and the increase
from the Younger Dryas to Pre-Boreal times. An interesting
feature is the reduced CO 2 drop during the 1,300 years
Younger Dryas. The fact that the CO 2 level does not return to
full glacial conditions as does temperature might indicate that
the atmospheric CO2 is not regulated by a single mechanism.

Currently, we are working on 8 13CO2 for the last glacial-
to-interglacial transition in the GISP 2 core and for the penul-
timate transition in the Vostok core. We will also investigate
in detail possible variations of atmospheric CO 2 during the
numerous climatic excursions (interstadials) between 30,000
and 65,000 years ago in the GISP 2 core.

Derek Mastroianni, Bruce Deck, David Allen, and Robert
Bacastow contributed heavily to this work. Bruce Deck and
David Allen participated in the GISP 2 fieldwork, and Connie
Weyhenmeyer took part in one field season at Vostok. This
work was supported by National Science Foundation grants
OPP 88-21973, OPP 91-18534, OPP 91-96095, and OPP 93-
21552 and National Oceanic and Atmospheric Administration
grant NA37GPO518.
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