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Abstract. CO; ice-core records show an increase in the atmospheric concentration
of 80-100 parts per million by volume (ppmv) from the last glacial maximum
(LGM) to the early Holocene. We present CO; measurements performed on an
ice core from central Greenland, drilled during the Greenland Ice Core Project
(GRIP). This CO; profile from GRIP confirms the most prominent CO; increase
from the LGM, with a mean concentration of 200 ppmv, to the early Holocene with
concentrations between 290 and 310 ppmv. Some structures of the new CO5 record
are similar to those previously obtained from the Dye 3 ice core (Greenland), which
indicated a dilemma between Greenland and Antarctic COq records [Oeschger et
al., 1988]. Both Greenland cores show high CO; values for rather mild climatic
periods during the last glaciation, whereas CO, records from Antarctica do not
show such high CO4 variations during the glaciation and, furthermore, the CO,
values in the early Holocene are about 20-30 ppmv higher in the GRIP record
than in Antarctic records. There is some evidence that the difference could be
due to chemical reactions between impurities in the ice leading to an increase of
the COy concentration under certain conditions. If in situ processes can change
the CO, concentration in the air bubbles, the question arises about how reliably
do CO; records from ice cores reflect the atmospheric composition at the time of
ice formation. The discrepancies between the CO, profiles from Greenland and
Antarctica can be explained by in situ production of excess CO, due to interactions
between carbonate and acidic species. Since the carbonate concentration in
Antarctic ice is much lower than in Greenland ice, CO5 records from Antarctica are

much less affected by such in situ-produced CO,.

1. Introduction

CO, measurements on air occluded in cold polar ice
have been performed on several deep ice cores covering
the transition from the last glaciation to the Holocene,
e.g., Camp Century and Byrd [Neftel et al., 1982],
Dome C [Delmas et al., 1980], Vostok [Barnola et al.,
1987], Byrd [Neftel et al., 1988] and Dye 3 [Stauffer et
al., 1984]. Whereas all records show lower CO; val-
ues during the last glacial maximum (LGM) than dur-
ing the Holocene, pronounced differences occur between
Antarctic and Greenland COs records during periods
of the glaciation between 20 and 40 kyr B.P., where
the CO; profile from Dye 3 (Greenland) shows sev-
eral fast variations of the order of 50 parts per mil-
lion per volume (ppmv), while the Byrd and Vostok
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CO;, profile (both from Antarctica) exhibits only small
fluctuations of no more than 20 ppmv. If both pro-
files would reflect unadulterated atmospheric concen-
trations, then this implies an interhemispheric differ-
ence up to about 50 ppmv during certain periods. On
the basis of the present knowledge of the atmospheric
carbon cycle, such large interhemispheric concentration
differences can be excluded.

High CO4 values found in the Dye 3 core between 20
and 40 kyr B.P. are parallel with mild climatic periods,
the so-called Dansgaard-Oeschger events. One possible
explanation for the high CO; concentration during the
Dansgaard-Oeschger events in the Dye 3 core is melt
layers, which contain air considerably enriched in CO,
[Neftel et al., 1982)]. It was one of the important goals
of the Greenland Ice Core Project (GRIP) to solve the
CO; dilemma mentioned by Oeschger et al. [1988]. The
above explanation is not very likely because the new
drill site at Summit (central Greenland) was selected
also due to its current low mean annual temperature
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of -32°C. In addition, the isotopic signal shows that
the mean temperature during these mild periods was
at least 5°C colder than the temperature during the
Holocene, so that melt layers can be excluded as the
reason for the elevated COs concentrations. On the
basis of observations of the visual stratigraphy, melt
layers do indeed occur only exceptionally, about once
a century under present climatic conditions. If the in-
creased CO, concentrations in the Dye 3 core during
the Dansgaard-Oeschger events were due to melt lay-
ers, such elevated CO, values should not be observed
in the GRIP ice core because of the lower mean annual
temperature of the drill site.

2. Results

The CO, analyses on the GRIP ice core have been
mainly performed at the Physics Institute, University
of Bern, and additional measurements for tests and cal-
ibration have been made at the Laboratoire de Glaciolo-
gie et de Geophysique de ’Environnement in Grenoble.
The two laboratories use three different dry extraction
methods and sample sizes to collect air occluded in the
ice, as well as three different analytical methods to de-
termine the CO4 concentration of the extracted air. In
Bern, the air from most of the samples has been ex-
tracted with a needle crusher and analyzed with an in-
frared laser spectrometric method (IRLS) (described by
Zumbrunn et al. [1982]) and some has been extracted
using a grinder crusher associated with a volumetric de-
termination of the CO2 concentration [Moor and Stauf-
fer, 1984]. In Grenoble the air has been extracted with a
ball crusher and analyzed by a gas chromatograph (GC)
(described by Barnola et al. [1995]). The accuracy of a
single measurement is +3 ppmv with the IRLS and the
GC methods and about 45 ppmv with the volumetric
method. With the IRLS and the volumetric methods
the analytical error limits are determined by adding cal-
ibration gas to gas-free single crystal samples and then
following the same crushing and analytical procedure as
with the polar ice samples. Calibrations with and with-
out single crystals show that most of the error is caused
by water vapor in the extraction system. In spite of
the analytical differences among these three methods,
generally, they give the same results within the error
limits as demonstrated by records from the Siple Sta-
tion for the two methods used in Bern [Oeschger and
Siegenthaler, 1988] and by that from Summit (EURO-
CORE) for the IRLS method applied in Bern and the
GC method applied in Grenoble [Barnola et al., 1995].

All the CO4 results obtained from IRLS, GC, and vol-
umetric measurements from the GRIP ice core are plot-
ted versus depth in Figure 1. Each data point represents
a single CO5 analysis. The GRIP COj record, plotted
versus age, is compared in Figure 2 with other CO; pro-
files previously obtained from Antarctica (Byrd, [Neftel
et al., 1988] and Vostok, [Barnola et al., 1991]) and
Greenland (Dye 3, [Stauffer et al., 1984]), as well as
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with the isotopic profile of the GRIP ice core [Johnsen
et al., 1992]. In Figure 2, the GRIP CO; measurements
performed within depth intervals of 0.55 m are averaged
to one data point. The gas age to depth relationship
described by Chappellaz et al. [1993] has been used to
date the enclosed air from the GRIP ice core. In Ta-
ble 1 mean values for four different periods are given to
facilitate the discussion below. The records show the
following main features:

1. Between 1300- and 1500-m depth, corresponding
to the time period of the early Holocene, the CO5 val-
ues measured with the IRLS are considerably lower than
those from Grenoble. This depth interval is character-
ized by the disappearance of air bubbles. The air in the
bubbles transforms into air hydrates due to the hydro-
static pressure (1100-1650 m). The difference between
the two laboratories is due to a fractionation effect oc-
curring during the extraction process in Bern which has
a lower extraction efficiency for ice with air enclosed in
air hydrates than the other two methods. This effect
can be reduced by increasing the time of extraction, as
discussed in the following section. All measurements
below 1500 m have been done with a prolonged extrac-
tion time and are not influenced by this fractionation
effect.

2. Neglecting all measurements affected by the effect
mentioned above, measurements from both laborato-
ries show about 20 ppmv higher values during the early
Holocene than the corresponding record from Byrd.

3. The increase from low to high CO, concentrations
during the transition from the last glacial period to the
Holocene started at about 18 kyr B.P. and ended at
about 10 kyr B.P. Beside the generally increasing trend
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Figure 1. Single CO5 measurements versus depth per-
formed on the GRIP deep ice core. Open circles indi-
cate measurements performed in Bern with the IRLS
technique, solid triangles show the volumetric measure-
ments, and the solid squares show GC measurements
performed in Grenoble. The volumetric measurements
have a smaller spatial resolution due to the larger sam-
ple size (~10 times larger than the samples for IRLS
and GC measurements).
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Figure 2. The §80 profile from the GRIP ice core
versus ice age [Johnsen et al., 1992], and CO; profiles
from Greenland (GRIP, Dye 3) and Antarctica (Byrd,
Vostok) versus gas age. Open circles (IRLS) and solid
triangles (volumetric method) are mean CO; values ob-
tained in Bern, and solid squares are mean values from
Grenoble for both the GRIP and the Vostok ice core.
All CO5 profiles show increasing COgz values from the
LGM at about 20 kyr B.P. to the Holocene. Elevated
COs concentrations are measured in the GRIP ice core
during mild periods of the last glaciation as indicated
by the isotopic temperature. Two linear regression lines
are calculated from the CO4 concentrations (IRLS mea-
surements) between 16 and 10 kyr B.P. and 22 and 17
kyr B.P., respectively.

of the CO3 concentration during this period, the CO,
records from GRIP and Dye 3 both show decreasing
concentrations during the Younger Dryas cold period,
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whereas the Byrd, Dome C, and Vostok records [Jouzel
et al., 1992] do not show such a decrease.

4. During the LGM (23-17 kyr B.P.) the average COq
concentrations in the GRIP, Dye 3, and Byrd records
are in good agreement, showing the same values within
the error limits (Table 1).

5. Between 40 and 23 kyr B.P. the CO, profile from
the GRIP core shows similar fluctuations as the one
from Dye 3, i.e., high CO5 concentrations during mild
climatic phases, indicated by high 6180 values of the ice.
During this time interval, there is a good correlation
between the two Greenland records, whereas there is
no correlation for the short time variations between the
GRIP and the Antarctic records.

2.1. Discussion of the Results Obtained in the
Air Hydrate Formation Zone (1100- to 1500-m
Depth)

In the upper 300 m of the GRIP ice core, CO; mea-
surements from the two laboratories are generally in
good agreement within the analytical error limits of +3
ppmv as mentioned before [Barnola et al., 1995]. Also,
for the lower part of the GRIP ice core, i.e., below 1500-
m depth, there is generally a good agreement between
the results obtained by the three different analytical
methods (Figure 1). However, within the depth inter-
val where air bubbles transform into air hydrates (1100-
to 1650-m depth), large discrepancies occur between the
results from the IRLS and the GC/volumetric method.
These discrepancies are far beyond the usual analytical
uncertainties and are caused by fractionation processes
during the extraction. All three crushing methods use
dry extraction techniques and their extraction efficien-
cies are lower for ice containing air hydrates (~45%)
than for ice containing air bubbles (~75%, ~60% for
the volumetric method). The extraction efficiency is
determined by the total gas content obtained with a
melting-refreezing method [Chappellaz et al., 1990] and
the amount of air obtained with the dry extraction
methods used for the CO5 analyses. With the IRLS a
short equilibrating time of about 10 s (i.e., time between
crushing and disconnection of the laser absorption cell
from the crusher) was normally used to extract the air in
order to keep possible interactions between water vapor
and CO5 minimal [Zumbrunn et al., 1982]; in contrast,

Table 1. Mean CO, Concentration During Different Climatic Stages Determined From Three Deep Ice-Core

Profiles: GRIP, Dye 3, and Byrd

Age, kyr B.P. GRIP, Dye 3, Byrd,
From Till ppmv ppmv ppmv
Pre-Boreal 11.5 295 £16 331 £17 275 £31

Younger Dryas 12.7 11.5 251 £+31 295 £24 258 +8

Bglling-Allergd 14.5 12.7 267 £15 305 +4 238 +9

LGM 23 17 205 +19 205 £13 197 £5

Fast variations 23 197 +8
Cold periods 220 24 204 +11
Warm periods 261 £27 251 £12
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with the grinder or the ball crusher, a longer equilibrat-
ing time of 900 s is applied (in Grenoble the interaction
with water vapor is minimized by keeping the extrac-
tion vessel at -50°C). Detailed IRLS measurements per-
formed in Bern, after the discrepancy became evident,
showed that an equilibrating time of 10 s is too short
to extract air from ice within the air hydrate formation
zone, as shown in Figure 3, where the pressure is plotted
versus time after the crushing. The incomplete extrac-
tion in the depth interval from 1300 to 1500 m leads to
a fractionation of the air composition. A similar effect
has already been observed by Neftel et al. [1983] in the
“freshly drilled” ice core from Dye 3. However, Neftel
et al. [1983] have shown that this fractionation effect
disappeared rapidly within a few months after the core
has been drilled. The GRIP CO, samples have all been
measured 6 months or more after the ice-core recovery.
Despite the relatively long time after core recovery, frac-
tionation effects occurred with the IRLS method using
the needle crusher especially in the depth interval where
air hydrates are formed if the usual equilibrating time
of 10 s was applied. Tests showed that an equilibrating
time of 180 s is needed for the GRIP ice core in the
depth interval in which hydrates are formed (1300-1500
m) and 90 s below this depth, where all air is enclosed in
hydrates. The results of the measurements done with
a too short equilibrating time before the tests are in-
cluded in Figures 1 and 2 to demonstrate the effect but
are not used to calculate the mean values in Table 1.

2.2. Discussion of the Results Obtained Below
1500-m Depth

The following discussion is limited to those CO, re-
sults where no discrepancy between the three analytical
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Figure 3. The pressure over a crushed ice sample ver-
sus equilibration time. The pressure rises rapidly af-
ter crushing a bubble ice sample and remains stable,
whereas after crushing an air hydrate ice sample, the
pressure rises only slowly and has not reached a plateau
after 5 min.
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methods exists, i.e., below 1500 m depth corresponding
to 9600 years B.P.

Detailed CO, measurements by IRLS with a high spa-
tial resolution, along 0.55-m-long ice-core segments of

- the GRIP core, show that the standard deviation within

such a short depth interval is much higher for ice sam-
ples where the air is occluded in air hydrates than for
samples where air is enclosed in bubbles. For bubble
ice the standard deviation within a 0.55-m-long depth
interval is typically 7 ppmv, whereas it 1s 20-30 ppmv
in air hydrate ice as indicated in Figure 4. Only about
3 ppmv of these variations can be attributed to ana-
lytical uncertainties. Short-term variations shown in
Figure 4 cannot reflect real atmospheric variations but
must arise both from chemical reactions as discussed
by Anklin et al. [1995] and from the generally larger
scatter of the results in air hydrate ice (caused by frac-
tionation effects due to the lower extraction efficiency).
Analyses performed on the GRIP ice core 1 year and 3
years after drilling show standard deviations of about 25
ppmv and 12 ppmv, respectively, within a 0.55-m-long
depth increment, indicating that the scatter decreases
with increasing storage time, i.e., increasing transfor-
mation from air hydrates to bubbles. In parallel, the
extraction efficiency increased by 14% during 2 years,
which also indicates the ongoing transformation from
air hydrates to bubbles. This indicates that CO5 anal-
yses on the GRIP ice core will have to be repeated after
a few years storage time to produce a CO4 profile with
reduced scatter. Former CO, measurements on the Dye
3 ice core performed 1-2 years after recovery [Stauffer
et al., 1984] and 6 years after recovery [Staffelbach et
al., 1988] showed that the standard deviation of the
COg, results has decreased by about 70%, whereas the
mean concentration for each depth level has changed
by less then 5% during the storage. The scatter of the
CO3 concentration within a single 55-cm-long ice-core
section (representing about 10 years) is caused by an
increased error due to fractionation processes as well as
due to variations of the acidity and the carbonate con-
centration within this core section. As the mean CO,
concentrations in the Dye 3 ice core have not changed
much during the storage of 6 years, this indicates that
the shape, mean values, and major trends in the aver-
aged COj profile from GRIP (Figure 2) will not change
much as the core relaxes.

The CO2 values observed in the early Holocene be-
low 1500-m depth are about 20-30 ppmv higher than
the corresponding values in the Byrd profile. This
Greenland-Antarctica difference is larger than the one
found by Barnola et al. [1995] during the period 1300
to 900 C.E. We assume that the reason for the differ-
ence between the GRIP and the Antarctic CO5 profiles
is the same for both the early Holocene and the recent
millennium. Most likely, excess CO3 is produced in the
ice by interactions between carbonate and acidic species
as suggested by Delmas [1993] and further discussed by
Anklin et al. [1995]. However, the oxidation of organic
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Figure 4. CO; measurements performed with the
IRLS on 0.55-m-long depth sections during Dansgaard-
Oeschger events. They show both a large scatter. (top)
The mean CO3 concentration from a mild phase is 263
+27 ppmv. The gas age of this depth section is about
23.4 kyr B.P., and the annual layer thickness is still
about 2 cm [Johnsen et al., 1992]. (bottom) The mean
CO; concentration of this cold phase is 216 +20 ppmv.
The gas age of this depth section is determined by
Johnsen et al. [1992] at about 39.5 kyr and the annual
layer thickness is about 1 cm.

material as a source of excess CO5 cannot be excluded
[Anklin et al., 1995]. In the Dye 3 record, CO, mea-
surements are disturbed by melt layers throughout the
Holocene [Neftel et al., 1983], explaining the about 40
ppmv higher values compared with the GRIP results.
During the climatic transition to the Holocene the
CO4 concentration increases by about 11 ppmv/kyr in
both the GRIP and the Byrd profiles. The beginning
of the CO4 transition from the LGM to the Holocene is
not clearly defined either in the GRIP or in the other
records, though it is very important to determine the
onset of the increase in order to understand the mech-
anisms forcing climatic changes. To estimate the be-
ginning of the CO3 increase, two different linear regres-
sion lines are applied; the first regression line shows the
slope of the CO, profile between 16 and 10 kyr B.P., and
the second regression line indicates the slope during the
LGM, from 22 to 17 kyr B.P. (Figure 2). The point of
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intersection of these two lines determines the estimated
beginning of the CO2 increase to the early Holocene.
The onset of the COs transition is determined by this
method at 17.7 £4 kyr B.P. for the GRIP record and
at 17.8 +1 kyr B.P. for the Byrd record. If the onset
of the atmospheric CO5 increase is correctly estimated
at about 18 kyr B.P., this implies that the CO4 in-
crease started roughly 3000 years before the onset of
the large reorganization of the thermohaline circulation
in the ocean at about 14500 years B.P. [Lehman and
Keigwin, 1992]. The larger uncertainty for the GRIP
record is mainly caused by the COs values from the
Bolling-Allergd and the Pre-Boreal period, which show
probably too high values due to CO4 produced by chem-
ical reactions and which could also lead to a systematic
error for the determined intersection point. Further-
more, the accuracy of the timescale itself can also in-
duce some error in the determination of the onset of the
CO, increase.

A comparison of the timescale from GRIP with the
one reconstructed from the Greenland Ice Core Project
2 (GISP2) ice core shows that the two timescales are
in good agreement for ice younger than 14.5 kyr B.P.
but deviate from each other for the older part of the
cores [Hammer and Meese, 1993]. Similar features in
the 6180 record from GRIP [Johnsen et al., 1992; Dans-
gaard et al., 1993] and GISP2 [Grootes et al., 1993; Stu-
wer et al., 1995] (age-depth scale from Meese et al.,
1994) are dated older in the GISP2 than in the GRIP
ice core, and the difference is 230 years at 14.5 kyr B.P.
(GRIP age), 1600 years at 18.5 kyr B.P., 1800 years at
26 kyr B.P., and 3700 years at 34.7 kyr B.P. Using the
GISP2 timescale and linear regression lines as described
above, the onset of the CO3 increase is determined at
18.2 kyr B.P., instead of 17.7 kyr B.P. with the GRIP
timescale, which is within the uncertainties.

Both Greenland ice cores indicate also that there is
a depletion of CO; during the Younger Dryas period.
No such depletion can be observed in the Byrd profile.
We assume that the apparent depletion in the Green-
land cores is not an atmospheric signal but is induced
by too high values during the Bglling-Allergd and the
Pre-Boreal epoch due to CO, produced by carbonate,
whereas the ice is weakly alkaline during the Younger
Dryas so that no excess CO, was formed.

During the LGM, lasting from 23 to 17 kyr B.P., the
mean CO; concentration in the GRIP profile is 205 +19
ppmv, in the Dye 3 profile, it is 205 13 ppmv, and in
the Byrd profile, it is 197 +8 ppmv. There is no signifi-
cant difference between the CO5 concentrations of these
three records. The good agreement in this section may
be surprising considering the high carbonate concentra-
tion but is most probably due to the high alkalinity of
the ice, preventing an acid-carbonate reaction.

One of the important results of the GRIP ice core
is that the Dansgaard-Oeschger events during the last
glacial epoch could be confirmed as climatic signals.
These events are mild periods lasting 1-3 kyr with a
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temperature about 5°C higher than the glacial tempera-
ture but still 5°C colder than the Holocene temperature
according to the stable isotope record [Johnsen et al.,
1992]. During the mild phases the GRIP CO; record
shows concentrations which are about 40 ppmv higher
than the mean glacial concentration during the cold pe-
riods (Figure 2, Table 1). This finding is very similar
to the CO4 results from Dye 3 [Stauffer et al., 1984]
and Camp Century [Staffelbach et al., 1988]; thus, the
dilemma of the fast CO4 variations during the glaciation
discussed by Oeschger et al. [1988] remains. Antarctic
COg records from Byrd and Vostok never exceed 220
ppmv, and they show no CO3 variation of this magni-
tude throughout the entire glaciation. In Greenland ice,
excess CO2 could be produced during the Dansgaard-
Oeschger events and during the Holocene by interaction
between carbonate and acidity in the ice. Excess COs,
resulting from carbonate can only be produced under
acidic conditions, i.e., in Greenland during the Holocene
and during the mild periods where the ice is weakly
acidic but not during the cold periods where the ice is
weakly alkaline based on electrical conductivity mea-
surements [Taylor et al., 1993]. Due to the high con-
centration of calcium observed in the GRIP ice [Fuhrer
et al., 1993], we assume that during the glaciation the
acidity but not the carbonate is the limiting compound
for any COq production. In contrast with Greenland
ice, Antarctic ice is acidic throughout the entire glacia-
tion and Holocene [Legrand et al., 1988] but no carbon-
ate above the detection limit has been found in this ice
[Legrand, 1987]; thus excess COj is unlikely to play an
important role in Antarctic ice. This is at present the
most probable explanation for the discrepancy between
Antarctic and Greenland COj records. A further in-
dication that the CO3 concentration measured within
Dansgaard-Oeschger events in Greenland ice cores does
not reflect atmospheric concentrations has been given
earlier by Staffelbach et al. [1988], who showed that the
CO, transition to a Dansgaard-Oeschger event paral-
lels the §'80 transition in depth in both ice cores, Dye
3 and Camp Century. Taking into account that these
two sites have different accumulation rates and there-
fore a different time lag between age of the ice and age
of the enclosed air, this would imply that the atmo-
spheric CO3 increase at Camp Century and Dye 3 has
not occurred at the same time, which cannot be the
case.

3. Summary and Conclusions

To recover air with the original, unaffected composi-
tion from air hydrate ice is more difficult than from bub-
ble ice, but comparing measurements from Byrd bub-
ble ice with Vostok air hydrate ice (both at the same
gas age) shows similar CO; values, indicating that the
CO3 concentration of the extracted air does not signif-
icantly depend on the form of the air occlusion. Never-
theless, detailed CO, studies within a short depth in-
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terval indicate both a significantly larger scatter for air
hydrate ice than for bubble ice and a decrease of the
scatter in air hydrate ice as the ice relaxes. The gen-
eral trend of the CO4 record obtained from the GRIP
ice core is in good agreement with the trends found
in the Antarctic profiles. Thus the CO, concentra-
tion in both hemispheres is about 200 ppmv during the
LGM, and the CO; concentration increases by about 11
ppmv/kyr during the transition to the Holocene up to
about 280 ppmv. The well-dated core allows also the de-
termination of the start of the increase at about 18 kyr
B.P. More detailed fluctuations of the record cannot be
used for direct reconstruction of the atmospheric CO,
concentration. Detailed analyses show that during the
Holocene and during the Dansgaard-Oeschger events,
the CO5 values from the GRIP record are significantly
higher than those from Byrd and Vostok. These devi-
ations are most likely due to chemical reactions, which
can increase the COy concentration in the occluded air.
We cannot exclude chemical reactions in Antarctic ice,
but since the concentration of impurities is generally
about 1 order of magnitude lower in Antarctica than in
Greenland ice, the Antarctic CO2 profiles are more re-
liable than those from Greenland. We believe therefore
that the Antarctic record provides the most direct proxy
record for past CO; changes [Raynaud et al., 1993].
However, further detailed investigations on the GRIP
core are needed to explain the discrepancies between
Greenland and Antarctic CO5 records.
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