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CO2 IN NATURAL ICE 

By B. STAUFFE R and W. B E RNE R 

(Physikalisches Institut, Universitat Bern , Sidlerstrasse 5, CH-3012 Bern, Switzerland) 

ABSTRACT. Natural ice contains approxjmately 100 p.p.m. (by weight) of enclosed air. This a ir is 
mainly located in bubbles. Carbon dioxide is an exception . We es timate the fraction of CO, present in 
bubbles to be only about 20 % . The remaining pa rt is dissolved in the ice. Measurem ents of the CO, content 
of ice samples from temperate a nd cold glacier ice as well as of freshly fallen snow and of a la boratory-grown 
single crystal are presented. Glaciological implica tions are discussed. 

R ESUME . CO, dans la glace natureLle. La glace naturelle contien t environ 100 p .p. m. d 'air (en poids). Cet 
air es t principalement localise d ans des bu ll es . L e dioxyde de carbo ne est une exception. Nous estimons la 
fraction d e CO, present dans les bulles a environ 20 % . Le res te est d a ns la glace, dissous soit substitutionnelle
ment, so it in terstiti ellement. Nous presentons des m esures de teneur en CO, contenu dans les echantillons 
de glace provenant de glaciers tempen:s ou froids, dans la neige fraichement tom bee et dans les monocristaux 
fabriques a u laboratoire. Les consequences d e caractere glaciologique sont discutees. 

ZUSAMMENFASSUNG. CO, in natllrlichem Eis. 1n nati.irlichem Eis sind ungefahr loo p.p .m. (Gewicht) Luft 
eingeschlossen. Diese Luft ist mit Ausnahme des CO, haup tsachli ch in Blasen entha lten . Wir schatzen, 
dass nur etwa 20 % des CO, in den Blasen vorhanden sind. Der grossere Teil ist im Eis gelost. Es werden 
Messungen des COz-Gehal ts in Eisproben von temperiertem und ka ltem Gletschereis, in frisch gefallenem 
Schnee und in einem ki.instlich gezogenen Einkristall vorgelegt. Glaziologische Folgerungen werden 
besprochen . 

I NTROD UCTION 

One of the most dominant characteristics of natural ice is that it contains enclosed gas 
bubbles. Gas trapped in bubbles of glacier ice may be of different origins, d ep ending on the 
processes r esponsible for the formation of the ice. In regions with very cold climates where the 
surface temperature is a lways below the freezing point, ice is formed by sintering of ice crystals. 
Air is trapped between the crystals, a nd the composition of the gas in such cavities is expected 
to be uniform and similar to that of the atmosphere. If melt water is involved in the sintering 
process, it is to be expected that the gas contained in the ice will have a different composition. 
Water in equilibrium with air at o°C a nd s.t. p . dissolves 2.9 % (volume) gases. Assuming that 
the gases a re insoluble in the ice (Schola nder and others, 1953) they will separate from the 
water during freezing a nd form bubbles. Gas content and gas composition depend mainly on 
the velocity of the freezing process and on the diffusion constants of the different air corn·, 
ponents (Bari and Hallett, 1974). 

In ice formed by sintering of cold snow it would appear that the composition of the enclosed 
gases represents the composition of the atm osphere at the time when the ice was formed, and 
that this composition and the quantity of the gas remain constant, since diffusion may be 
considered to be insignificant. This, of course, is only true if the snow grains do not contain 
significant amounts of dissolved gases and if there is no selective adsorption of gas components 
at the snow surfaces. 

In searching for ancient air, many glaciologists have made gas analysis on ice samples 
from Greenla nd and Antarctica (Scholander and others, 196 1; Matsuo and Miyake, 1966; 
Alder and others, 1969; R aynaud and Delmas, 1977). A component of specia l interest is the 
CO2 • The CO2 content of our present atmosphere is increasing due to the burning of 
fossil fuel (O eschger and others, 1975). It would be of great importance to know if the CO2 

content has been changing during the last 100 000 years and if so, what climatic effects resulted 
from these changes. The C O 2 extracted from old ice may a lso be used for '4C-dating, assuming 
that the iso topic composition of the CO 2 in the ice represents that of the atmosphere at the 
time of enclosure. The second applica tion m ay be considered as established (O eschger and 
others, 1976), but the search for the CO2 content of ancient air is still going on. CO2 is not 
only a very interesting component but is also difficult to m easure. For CO2 , assumptions 
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concerning enclosure and preservation are less certain than for N2 , O 2, or Ar. A method to 
extract and to measure the CO 2 enclosed in ice is described in the next section. The results 
of our analysis show that, particularly as regards CO2 , the assumption of gas-free ice crystals 
in precipitation does not hold. 

EXPERIMENTAL METHODS 

Extraction cif the gases 

There are several methods available for extracting the gases from an ice sample. These 
include: 

Melting the ice sample in a vacuum-tight container and pumping off the gases during 
or after the melting process. 

Grinding an ice sample at low temperature in a vacuum container, so that a proportion 
of the air bubbles are opened and the gases may be pumped off (Coachman and others, 
1956). 

Sublimation of an ice sample at low temperature. The water molecules are absorbed 
on an absorber, the gas molecules can be extracted (Raynaud and Delmas, 1977; Raynaud 
and Lorius, 1977). 

Extraction of the air of a few single air bubbles by a micro syringe (Coachman and 
others, 1956). 

We have mainly used the first method. A schematic diagram of the apparatus is shown in 
Figure I. Before each extraction, the whole extraction line is evacuated for 14 h to a pressure 
of less than 10- 5 bar. A sample of 100 to 500 g of ice is placed into the container A at a tem
perature of - 20°C. The container is connected to the extraction line and is evacuated for 
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Fig. I. Apparatus for gas extraction. A: container. B: cooling trap. C: container for ice-water mixture. D: reflux cooler. 
E: valve. F : cooling trap. G: Toepler pump. H: gas sample container. I: grinder. 
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30 min at a sample temperature of - 15°C . For special samples with large specific surface 
a reas (snow) sample and container are flushed during this step with 10- 2 ba r purified helium. 
The helium is extracted for gas analysis to check for adsorption phenomena. In the next step 
the ice is melted by an external infra-red lamp, and the gases are pumped continuously by a 
Toepler pump into the gas sample container H. The removal of the water vapour is done in 
three steps. The cooling traps Band D are reflux coolers . B is kept a t I to 2°C with an ice
water mixture, 0 is cooled with refrigerated alcohol to a temperature slig htly above the 
freezing poin t. In this part of the system , water vapour serves as carrier for the gas transport. 
Cooling trap F is kept at a temperature of - 78°C. The flux is regulated with valve E. To 
avoid a loss of soluble gases in trap F, the ice collected there is transferred back into container A 

two to three times during an extraction by evaporation- condensation. The automatic 
Toepler pump has a piston volume of o. 751. The gas can either be sampled in a glass flask or 
be directly transferred into the gas chromatograph . T he ice sample is melted in about 
60 min and most of the gases are extracted during this time. After the m elting has been 
terminated , a magnetic stirrer is switc hed on and the extraction continued for a further 
400 min. The composition of the extracted gas is analysed a nd the COZ /N 2 ratio is measured 
several times during each extraction . The pH-value of the melt water is measured con
tinuously during the extraction process. The results of a typical extraction process are shown 
in Figure 2. With the exception of the CO 2 , the composition of the gases during the extrac tion 
does not change significantly. The CO2 , however, shows a much slower extraction rate than 
all the other gases. We tried to accelerate the degassing of CO 2 in the following ways: 

(i) by varying the sp eed of the magnetic stirrer, 
(ii) by boiling the melt water at a bout 20°C, 

(iii) by acidifying the melt water to a pH-value of less than 2. 

The degassing rate seem s to depend only on the in tensity of stirring. T his peculiar behaviour 
of the CO2 cannot solely be explained by a smaller diffusion constant. It is possible that only 
part of the CO 2 is present in the gas bubbles and is flus hed ou t with the escaping gases, and 
that the remainder is dissolved in the ice between or in the crystals. To a nalyse only the 
gases enclosed in the bubbles, we constructed an apparatus to grind ice samples under 
vacuum. The grinder I is schematically shown in Figure I. It is an ordinary milling tool of 
10 cm diameter. A ferrofluidic rotary seal is used . T he ice sample container a nd the con tainer 
[or the ground ice are m ade of glass so that the grinding operation can be observed . T h e 
milling too l is rotated at 150 r.p.m . The obtained ice gra ins have the form of small lamellae 
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Fig. 2. Results of a typical extractioll/Jrocess . - - - total of extracted air; -- total of extracted CO,; - ' - /JH. 
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with a diam eter of approximately S X 10- z cm a nd a thickness of about 10-z cm . T he grinder 
is connected to the extraction line. T he released gases are tra nsferred by the Toepler pump 
into the gas sample container or into the gas chromatograph, a nd after the ice sample has 
been ground, the gas composition is analysed . Afterwards the ground ice is melted and the 
gas is extracted as described a bove. A typical sample size for the grinder is I So g . As we still 
have sealing problems, the r esul ts obtained from the grinding apparatus must be considered 
as prelimina ry. 

ANA LYSIS OF THE EXTRACTED GASES 

We use a gas chroma tograph, specially constructed for our purpose. Purified helium 
(99.9996 % ) wi th a fl ow rate of 3S mljmin is used as carrier gas . Two separation columns are 
used, both fill ed with molecular sieve SA . One adsorbs the C O , at room tem perature, the 
second adsorbs all the other components at - 19SoC. T he C O , is released b y heating the 
fi rst column in two minu tes from room temperature to 300°C. Afterwards the second column 
is heated a t a constant heating rate from - 19SoC to room temperature in 18 min. T he 
differen t components are released step by step. A helium ionization detector is used. T he 
ionization source is 10 m Ci of 63Ni. The sensitivities of the gas chromatograph are 

R ESULTS 

Temperate ice 

I X 10- 5 cm 3 s. t.p . for Ar, 
I X 10-5 cm3 s.t. p. for Kr, 

0.02 X 10- 5 cm 3 s.t.p. for CO " 
2 X 10-5 cm3 s.t.p. for 0" 
2 X 10- 5 cm 3 s.t. p . for Nz. 

As mentioned in the Introduction we do not expect the gases to have atm ospheric com
position in ice samples origina ting from temperate glaciers (ice in local equilibrium with water 
inclusions). In T able I som e typical values are presented for comparison. M ost of the ice 
samples were collected with a hand coring a u ger from between I and 4 m b elow the glacier 
surface . Excep tionally, the two samples from Ewigschneefeld (Swiss Alps) were collected 
29 m below the surface with an electromech a nical drill. T h e samples were transported to 
and stored a t the laboratory in the frozen state. To reduce the risk of contamina tion by CO"~ 
no dry ice was used for refrigeration purposes. 

TABLE I. ANALYS[S OF GASES [N TEMPERATE ICE 

Sample origin and Ilumber Total gas CO2 CO, /N, Oz/Nz Ar/Nz 
ml/kg m l/kg 

R elative error 1.5% 3% 5% 4% 4% 
E wigschneefelcl,56 5·34 0·[4 0.034 0.2 78 0 .0 [5 0 
Ewigschneefelcl ,57 5.36 o. [2 0.029 0.290 0.0 [57 
Griesgletscher, 36 59·3 O. [ 2 0.0026 0.276 0 .0 [45 
Griesgletscher, 43 34·7 0.038 0.00 1 3 0. [60 0.0062 
Griesgletscher, 44 6.52 0. 029 0.005 0 0. [07 0.005 2 
Grenzglet cher, 47 69·7 0.21 0.0039 0.285 0. 012 4 

Air 0.00042 0.268 3 0.0 11 9 6 

Cold ice 
atural ice at tempera tures below o°C is not necessarily formed by dry sintering. Ex

perience shows tha t only in r egions where the m ean annual air tempera ture is below -24°C 
can any m elting a t the snow surface during summer be excluded. Of our samples (collected 
at station Crete (Greenland), on the Colle Gnife tti (Swiss Alps), and a t Camp Century (north 
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Greenla nd), Table II ) only those from station C rete can be expected to be free from melt 
layers. T he cores from Colle Gnifetti origina te from a location with an ice temperature of 
- '4°C, and show distinct melt layers. For the gas analysis, however, samples without visible 
layers have been used . The samples from Crete and Colle Gnifetti h ave been analysed within 
one year of their collection. The cores were kept frozen, again without the use of dry ice. 
T he samples from Camp Century were collected in 1967, and the gas analysis was made in 
1977. T hese samples have a lso never been in contact with dry ice. A ll four samples from the 
Camp Century core originate from the bottom part of the drill h ole, just a few m etres above 
the bedrock. The ice shows layers and dust bands, and we do n ot suppose our r esults to be 
representative of the whole core, however, measurem ents on different parts of this core made 
in other laboratori es (Raynaud and Delmas, ' 977 ; R aynaud and L orius, 1977) yield similar 
results. 

TABLE II. ANALYSIS OF GASES IN COLD ICE 

Sample origin alld I1umber Total g as CO, CO,/N, O, /N , Ar/N, 
m l/kg ml /kg 

Relative error 1.5 % 3% 5% 4 % 4% 
Colle Gnifett i, 58 28.2 0.045 0.0020 0 .253 0.0 120 
Colle G nifetti , 59 34·7 0.087 0.003 I 0.236 0.0 1 1 4 
Crete, '27 71.4 0.25 0.0045 0.273 0.012 7 
Camp Century, 48 64·9 0. 13 1 0.0026 0.266 0.0 120 
Camp Century, 49 46.7 0.50 0.0 134 0·'237 0. 0 137 
Cam p Century, 50 56 .3 0·74 0.0 16 4 0.224 0. 0 12 5 
Camp Century, 51 59·4 0. 18 0.003 8 0.268 0.0 12 7 

Precipitation 

Hitherto the search for ancien t a ir in cold ice has been based on the assumption that a 
negligible amount of air is dissolved in snowflakes. On furth er consideration this assumption 
seems questiona ble. For the case where small supercooled water droplets freeze very fast on 
contact with an ice surface, the gases dissolved in the droplets m ay be enclosed in very small 
bubbles (Maeno a nd Kuroiwa, 1967) . Scholander was well aware of this possibili ty, but his 
m easurements on freshly fallen snow showed no m easurable amounts of gas (Schola nder and 
others, 1961 ). 

Our measurements (Table Ill) show that the total gas content is indeed very small, but 
that the CO 2 is so enriched that this component is not at all negligible compared with the CO 2 

'con tent of na tura l cold ice. All snow samples were coll ected in Switzerland. It is pla nned to 
m easure the gas content also on snow samples with less industrial pollution from Greenland 
and Antarctica. 

TABLE lIT. ANALYSIS OF GASES I N SNOW SAMPLE S 

Sample origil1 alld /lumber Total gas CO, 
ml/kg ml /kg 

Relati ve error 25 % 3% 
Bern Institutsdach, 28 1.7 0.25 
Bern Insti tutsdach, 62 0 ·5 0.064 
Bern I nstitu tsdach, 63 0 ·35 0.024 
Saa nenmoser, 32 0·5 0.28 
H ornberg, 31 0·7 0.079 

For comparison, results of the gas analysis on two hailstones are shown in Table IV. The 
gas composition indicates that the process of gas enclosure is in pa rt due to "geom etric inclu
s ion" of atmospheric air, and in part to a separa tion a nd inclusion of air originally dissolved 
in supercooled water droplets. 
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T ABLE IV. ANALYSIS OF GASES IN H A ILSTO NES 

Sample origin and number T otal gas COz COz/Nz Oz/N z Ar/N z 
ml/kg ml/kg 

R elative error 1.5% 3% 5 % 4 % 4% 
U rsellen, 29 32.0 0.42 0 .0 17 5 0.297 0.016 4 
Muri , 45 35·9 0.6 1 0 .0226 0. 293 0.0154 

Single crystal 

By courtesy of the laboratory for solid state physics of the Eidgenossische T echnische 
Hochschule, Zurich , Switzerland, we obtained a single ice crys tal grown in the laboratory in 
1974. The single crystal was of cylindrical shape with a diameter of 10 cm. We cut two discs 
off the crystal. Sample I was taken from the disc tha t had had one face exposed to the 
atmosphere for considerable time. Sa mple 2 was taken from the outer part of the adjoining 
disc, a nd sample 3 from its inner pa rt. The following CO2 contents were determined: 

sample I 0.088 ± 0.005 cm 3 STP/kg 
sample 2 0.050 

sample 3 0.05 1 

The C O 2 content is significantly higher in the front disc, bu t there is no difference be tween the 
outer and the inner part of the second disc. 

DISC USSIO N 

In m elting an ice sample it is possible that the dust particles in the melt water produce 
contamination by hydrogen carbona tes and carbona tes. We cannot exclude the possibility 
that pa rt of the CO , extracted from a n ice sample origina tes from such contamination , but we 
can es timate upper limits which show tha t the contribution is sma ll. I ce in the centra l parts 
of the large pola r ice sheets is very clean. T races of calcium carbona te might be a ble to 
release CO2 in chemical reactions, but if a ll the calcium that has been d etected in ice samples 
from C rete (Langway, 1977) were present in the form of carbona tes CaC0 3, concentra tion 
would be in the order of magnitude of 0 .01 p .p.m. m ole fraction. T he C O 2 content in the ice 
from C rete is approximately 0 .2 p .p .m . (Table II ; 0 .2 5 ml CO , /kg ice = 0.2 p.p.m.), so 
that a possible contribution by carbon a tes could only account for 5 % of the CO 2 in the ice of 
the interior of ice sheets. 

The results of the pH-measurements during CO 2 extraction support this estima te a nd are 
valid for a ll samples. Figure 3 shows the equilibrium relation between pH-value, a lka linity, 
a nd the amount of CO, dissolved in the water. The a lkalinity is d efined as the monovalent 
cation concentra tion minus the monovalent anion concentra tion. The pH-value of the melt 
water before CO 2 extraction sta rts, a nd the pH-value after the ex traction is completed, 
de termine the alkalinity a nd the amount of CO 2 extrac ted . The das h- d otted curve in Figure 3 
shows that the measured pH-value during the extraction is in good agreement wi th that 
calcula ted, bearing in mind, that the d e-gassing is no t a n equilibrium process. The a lkalini ty 
given by the pH-value after extraction has been completed a llows us to estimate the upper 
limit of CO 2 origina ting from dissolution of dust particles. If this pH-value is less tha n 8, the 
maximum contamina tion is approxima tely 0 .002 ml C O , /kg ice. A further confirma tion is 
obta ined by bringing the melt wa ter into equilibrium with the a tmosphere. 

M ost surprising is the high CO2 content of the sing le crystal, which is of the same order of 
magnitude as the CO 2 content of n a tural polycrysta lline ice. M a inly as a result of this 
observa tion, we hypothesize that the m ajor part of the CO2 in ice is enclosed within the 
crysta ls. Adsorption of CO 2 onto the sample surfaces, especially of snow a nd firn samples, a nd 
the enclosure of CO 2 b etween the gra in boundaries must not be neglected , bu t enclosure in the 
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Fig. 3 . Total amount oj CO, in water as a jUllction oj pH and the alkalinity as parameter. - - - atm: total amount oj CO2 

present in the water in equilibrium with the atmosphere (760 torr and 0.033% CO, ) ; - ' - typical extraction process. 

crystals seems to be dominant. Gas can be enclosed in a single crystal in different ways, e.g. 
as micro-bubbles or molecularly dissolved. If the gas is present as micro-bubbles or as another 
kind of gross impurity, the enclosure occurred during formation of the ice. Purification by 
zone melting should eliminate such COz very effectively. Since the ice sample analysed by us 
had been zone melted five times, and since the COz content was still of the same order of 
magnitude as the content of natural polycrystalline ice, the presence of COz in the form of 
micro-bubbles or other gross impurities seem unlikely. If the COz is molecularly dissolved in 
the ice crystal, it may have partially been enclosed during ice formation, but it may also have 
diffused later into the ice. For molecular dissolution it is probable that an equilibrium con
centration exists for a given temperature and a given partial pressure of ambient COz' The 
time necessary to reach the equi librium concentration depends on the size of the ice sample 
and on the (unknown) diffusion constant of COz in ice. 

We assume the equilibrium concentration at a temperature of - 20°C and at a COz 
pressure of 3 X 10- 4 bar (partia l pressure of atmospheric CO2 at sea-level) to be equal to the 
mean value ofCOz concentrations of ice samples formed and stored at approximately - 20°C. 
A concentration of about o. I ml COz/kg ice is obtained. We cannot draw any conclusions 
about a dependence of the equilibrium concentration on ice temperature from our experiments. 

The consequences of an equilibrium concentration for the COz content of natural ice 
depend strongly on the diffusion constant of COz in ice. To discuss at least qualitatively some 
of the consequences, we assume in the following that this diffusion constant is equal to the 
self-diffusion constant of ice, namely D = 2 X 10- 15 m Z S- I (Hobbs, 1974). T he time required 
to reach 90 % of the equilibrium concentration in an ice sphere of radius r is (Crank, 1975, 
P·92 ) 

t = (0.3rz ) ID. 
The times calculated for the various radii are given in Table V. Firn and snow grains of 
I mm diameter stored at a constant COz partial pressure and at a constant temperature would 
reach equilibrium in CO2 concentration in approximately one year. Our snow samples have 
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only been stored for a few days or a few weeks and thus cannot be expected to show a uniform 
CO2 content (see Table Ill). However, the fact that the CO2 contents after a couple of weeks 
still vary considerably indicates that the assumed diffusion constant must be considered as an 
upper limit. 

TABLE V. TIMES FOR CO2 CONCENTRATION TO 

REACH 90% OF EQUILIBRIUM CONCENTRATION 

2·5 min 
17·4 d 

470 years 
4.7 X 106 years 

In a cold dry-snow zone, e.g. at "Byrd" station (Antarctica), small firn grains are in 
contact with atmospheric air during centuries before they sinter to ice. For samples from the 
lower part of the firn or from the ice at such a location, we therefore expect a uniform CO2 

content, even if the diffusion constant were smaller than assumed by one or two orders of 
magnitude. For a location where summer melting is possible, e.g. Camp Century, ice lenses 
of different thickness may be formed at the surface and therefore a uniform CO, content does 
not seem probable. Measurements made by Raynaud and Delmas (1977) show indeed that 
the CO2 contents of ice samples from Camp Century vary more than those of samples from 
"Byrd" station. 

In ice samples from the terminus of a temperate glacier, CO, concentrations far below the 
estimated equilibrium concentration are measured (Berner, unpublished). If internal melt 
water is produced in a piece of ice, the CO2 diffuses into the melt water until equilibrium is 
reached. According to our estimates the water would have in equilibrium a concentration six 
times bigger than the concentration in ice. The loss of internal melt water results therefore 
in a depletion of CO2 , 

Ice samples from the ablation zone of a temperate glacier show an anticorrelation between 
CO, content and crystal size. Other authors also found a relation between impurities and 
crystal size (Harrison and Raymond, 1976). We thought at first that this might indicate that 
the CO2 is located preferentially in crystal boundaries, but this anticorrelation only exists in 
temperate ice and is caused there by the fact that going down-glacier more and more internal 
melt water is produced and lost, and independently of this the crystal size is growing, i.e. we 
have no evidence that the CO, is preferential located in the crystal boundaries. 

At the end of this discussion, we would like to return to our hypothesis and try to make a 
comparison with the results of a permeation experiment. Hemmingsen (1959) has measured 
the permeation P of CO2 through thin plates of polycrystalline ice. He obtained values 
between 0.3 X 10- 15 and I X 10- 15 m Z S - I atm- I for a temperature of - 9.5 DC . If we assume 
that our hypothetic equilibrium concentration of CO 2 in ice is linearly depending on the 
partial pressure of CO 2 (Henry's law), the quantity V of permeating gas is calculated by the 
formula (Amerongen, 1946) 

V = DsFt(PI - P2) d- I = PFt(PI - PZ) d- I, 

where D is the diffusivity, s the solubility of CO, in ice, F the area and d the thickness of the 
plate, t the time, and PI and pz the partial pressures of CO2 on the two sides of the plate. 
According to Henry's law the concentration of o. I ml CO2/kg ice at a partial pressure of 
3 X 10- 4 bar corresponds to a solubility of 0.3 m3 CO2/m 3 atm. With this we obtain for the 
permeation P = 0.6 X 10- 15 m 2 S- I atm- I which can be compared with Hemmingsen's value_ 
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CONC LUSIONS 

CO2 in natura l ice is present partly in the gas of the air bubbles. Another, and in most 
cases greater, part of it is dissolved in the ice. 

It is probable that a local equilibrium is reached between the CO 2 dissolved in the ice 
and the CO2 of the surroundings a nd of the air bubbles. 

The CO 2 content of ancient air is neither directly preserved in the total CO 2 concentration 
nor in the CO 2 concentra tion in the bubbles . 

Possibly the CO 2 content of a ncient air may a t least be es timated if the solubility a nd the 
diffusion constant of CO 2 in ice a re known as a function of tempera ture. 
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DISCUSSION 

]. PODZIMEK: Do you have some information about the snowfall during which the samples 
were taken? It is well known from atmospheric chemistry that the very articulated snow 
crystals or the crystals with frozen droplets might contain much higher concentrations of 
gaseous substances than large crystals of simple geometry. 

B. STAUFFER: We did not make crystallographic investigations, but we guess that the snow
flakes were all dendritic. 

]. KLlNGER: I did not understand if the single crystal had been exposed to a CO2 atmosphere 
before doing the measurement. 

STAUFFER: The single crystal was exposed to the atmosphere for approximately three years, 
but never to a surrounding enriched in CO2 • 

KLINGER: I would like to comment on the paper of H emmingsen you cited : it is a very old 
paper; the measurements of permeation were done on "ice-windows" which were polycrystals. 
There is a lot of dispersion in the experimental results probably due to a varying quantity of 
preferential pathways along grain boundaries. I did not succeed in exploiting the result 
quantitatively, but I suppose that the bulk diffusion constant is of the order of magnitude you 
mentioned or even lower. 

STAUFFER: I agree that the assumed diffusion constant of 2 X 10- 15 m 2 S- I is probably an 
upper limit. 

]. G . PAREN: Your suggestion that all ice that has been kept for long enough (depending on 
the configuration of ice- air interfaces) attains a uniform gaseous CO2 concentration is most 
interesting. Large variations in CO2 level for deep ice in Camp Century and " Byrd" station 
ice have been reported- both variations between different cores taken from the same site and 
difference in mean concentrations between Greenland and the Antarctic (Raynaud and 
Delmas, 1977). Do you see such differences as reflecting real differences in CO2 or carbonate 
content, or do you think that the variation is still due to experimental uncertainty? Does your 
suggestion of uniform CO2 level in the ice depend on a uniform magnitude of the partial 
pressure of CO2 in the atmosphere? If so, do you think it will be possible to estimate the CO2 

content of ancient atmospheres by the measured CO 2 levels in the ice. 

STAUFFER: The amount of CO2 dissolved in ice that is in equilibrium with its surrounding 
depends certainly on the partial pressure of CO 2 and most probably on the ice temperature. 
Therefore we do not expect a uniform CO2 content in all ice. We would only expect that 
samples taken from different depths of a firn layer in a dry-snow zone would show the same 
CO2 content. It is certainly noteworthy that the CO2 values measured by Raynaud and 
Delmas at "Byrd" station, which is the only site in a dry snow zone for which there are 
measurements, vary much less than measurements on samples taken from warmer environ
ments. 
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