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BUBBLES AND BUBBLE PRESSURES IN ANTARCTIC 
GLACIER ICE 

By ANTHONY]. Gow 

(R esearch Division, Snow and Ice Branch , U .S. Army Cold R egions R esearch and 
Engineering Laboratory, Hanover, New Hampshire 03755, U.S.A. ) 

ABSTRACT. Application of the gas law to fourth-place d ensity measurements of ice samples from two deep 
drill holes at " Byrd" sta tion and " Little America V", Antarctica, shows tha t virtua lly all density increase 
beyond the pore close-off density (0.830 g cm- J) can be attributed to compression of the entrapped bubbles 
of air. Data from " Byrd" sta tion also indicate that the lag between overburden pressure a nd bubble pressure, 
initially 4- 5 kg cm - ' at pore close-off, diminishes to less tha n 1.0 kg cm- 1 a t about 200 m depth . By substi­
tuting the overburden pressure for the bubble pressure in the pressure-density rela tionship based on the gas 
la w, one can d etermine ice densities below 200 m more accurately than they can be measured per se on cores, 
because of the relaxation that occurs in samples recovered from high confining pressures. This relaxati on , 
resulting in a progressive increase in the bulk volume of the ice with t ime, is generally attributed to d ecom­
pression of the entrapped a ir bubbles following removal of the ice from high confin ing pressures. However. 
calculations of the stress in ice due to bubble pressure, together with measurements of bubble sizes in cores 
from various depths at " Byrd" station , both tend to indicate that there has been negligible decompression of 
the inclosed bubbles. I t is suggested that most of this relaxation may be due to the formation of micro-cracks 
in the ice. Anomalous bubble pressure-density rela tions at " Little America V" tend to confirm a bundant 
petrographic evidence of the existence of considera ble deformation in the upper par t of the Ross Ice Shel f. 

Studies of crysta l- bubble rela tions a t " Byrd" station revealed that the concentra tion of bubbles in ice 
rema ins rema rkably constant a t a pproximately 220 bubbles/cm J. Bubbles and crystals were found to be 
present in a pproximately equal numbers a t pore close-off a t 64 m depth, a t which level the average bubble 
dia meter was 0.95 mm, d ecreasing to 0-49 mm at 116 m a nd to 0.33 m m at 279 m. Despite a ten-fold 
increase in the size of crystals between 64 and 279 m, the bubbles showed no tendency to migra te to gra in 
boundaries during recrystallization of the ice. The observation that most of the bubbles had assumed 
substantially spherical shapes by 120 m depth points to essentially hydrostatic cond itions in the upper layers 
of the ice sheet a t " Byrd" station . 

R ESUME. D es bulles el la pression des bulles dalls la glace des glaciaires Anlarcliques. L 'application de la loi d es 
gaz a la mesure jmqu'a la quatrieme decimale d e la densite d e echantillons d e glace preleves dans des trous 
d e forage profond effectues a la sta tion " Byrd" et a " Little America V" dans l'An tarctique, montre que les 
augmentations d e densite a u dela de la densite de fermeture d es pores (0,830 g cm- J) peuvent pratiquement 
toutes etre a ttribuees a la compression des bulles d'air enfermees dans la glace. D es donnees obtenues a la 
sta tion " Byrd" indiquent egalement que le retard entre la pression de surcharge et la pression d es bulles, qui 
est a l'origine de 4 a 5 kg cm- 1 a la fermeture d es pores, diminue jusqu 'a moins d e I kg cm - 1 a une profondeur 
d 'environ 200 m. La substitution de la pression d es bulles par la press ion d e surcharge d ans la relation 
pression-densite basee sur la loi des gaz perm et de determiner les densites de glace au dela d e 200 m avec 
plus d e precision que ne le permettra it une m esure a vue sur des echantillons preleves a cause de la relaxation 
qui se produit dans d es echantillons tires d es situations ou ils sont soumis a d es pressions elevees. eette 
relaxation, qui provoque une augmentation progressive du volume total de la glace avec le temps, est genera le­
ment attribuee a la decompression des bulles d 'a ir enfermees d ans la glace apres retrait d e I'echant illons d es 
condit ions d e pression elevees auxquelles il eta it soumis . T outefois, des calculs d es tensions presentes dans la 
glace et dues a la pression des bulles, a insi que d es mesures d e dimensions des bulles dans d es echantillons d e 
glace preleves a differentes profondeurs a la sta tion " Byrd", indiquent q ue la decompression a laquelle sont 
soumises les bulles est negligeable. Les resultats indiquent que la relaxat ion peut etre cause par la formation 
d e fentes microscopiques dans la glace. D es rela tions a norm ales entre la pression des bulles et la densite 
obtenues a " Little America V" con fi rment les indications petrogra phiques abondantes tendant a prouver 
I'existence de deformations considera bles da ns la partie superieure du R oss I ce Shelf. 

L'etude des relat ions bulles- crista ux a la station " Byrd" rcvele que la concentration de bulles d ans la glace 
reste rema rquablement constante a environ 220 bulles par cm J. Des bulles et des cristaux ont ete trouves en 
nombre a peu pres egal a des pressions de fermeture d es pores a une profondeur de 64 m , profondeur a 
laq uelle le dia metre moyen des bulles etait d e 0,95 mm, et di minua it jusqu'a 0,49 mm a I [6 m et 0,33 mm 
a 279 m. Ma lgrc le decuplement d e la taille d es crista ux entre 64 et 279 m, les bulles ne montrerent 
a ucune tenda nce a la migration vers les limites d es grains durant la recrista llisa t ion d e la glace. L 'observation 
que la maj eure partie d es bulles avaient acquis d es formes essentiellement sphcriques a partir de [20 m 
de profondeur montre I'existence d e phenomenes surtollt hyd rostatiqlles da ns les niveallx superieurs de la 
nappe de glace a la sta tion " Byrd". 

Z USAMM ENFASSUNG. Blasen und Blaserzdruck in anlarklischen Glelsclzereis. Die Anwendung des G asgesetzes a uf 
viertstellige Dichtemessungen in Eisproben, aus zwei Tiefbohrlochern im Gebiet d er " Byrd" Station und 
bei " Little America V", Antarktika zeigt, dass pra ktisch a lle Steigerungen d er Dichtezuna hme liber die 
Porenschliessdichte (0,830 g cm-J) hina us a llf d ie K ompression der eingeschlossenen Luftblasen zurlick­
geflihrt werden ka nn . Aus den von d er " Byrd" Sta tion gewonnenen Daten geht ebenfalls hervor, d ass sich 
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der Minderbetrag zwischen Oberlagerungsdruck und Blasendruck, der anfangs 4- 5 kg cm- ' bei Poren­
schliessung betragt, a uf weniger als 1,0 kg cm- ' in etwa 200 m Tiefe verringert. Ersetzt man in der auf dem 
Gasgesetz basierenden Druck-Dichte-Beziehung den Blasendruck durch den Oberlagerungsdruck, so kann 
man Eisdichten unterhalb einer Tiefe von 200 m mit grosserer Genauigkeit bestimmen a ls durch M essung 
a n den Bohrkernen selbst, und zwar wegen der Entspannung, die in Pro ben eintritt, die hohen Einschliess­
ungsdrucken entnommen werden . Diese Entspannung, die sich in einer progressiven Zunahme des Eisvolu­
mens der Zeit aussert, wird im allgemeinen auf die Dekompression der eingeschlossenen Luftblassen nach d el' 
Entnahme des Eises aus hohen Einschliessungsdrucken zuruckgefuhrt. Berechnungen der durch den 
Blasendruck im Eis erzeugten Spannungen sowie in Verbindung da mit durchgefuhrte Messungen del' 
Blasengrosse in Bohrkernen aus verschiedenen Tiefen im Gebiet der " Byrd" Station scheinen jedoch dara uf 
hinzudeuten, d ass die Dekompression in den eingeschlossenen Luftblasen nur unbedeutend ist. Es wird 
vermutet, dass diese Entspannung in erster Linie auf der Bildung von Mikrorissen im Eis beruht. Anomale 
Blasendruck-Dichte-Beziehungen im Gebiet von " Little America V" scheinen die in reichen M asse vor­
ha ndenen petrographischen Beweise fur das Vorhandensein einer betrachtlichen Deformation im oberen Teil 
des Rosseisschelfes zu bestatigen. 

Auf der " Byrd" Station durchgefuhrte Untersuchungen der Krista ll-Blasen-Beziehungen ha ben ergeben, 
dass die Konzentration der Blasen im Eis mit 220 Blasen pro cm J bemerkenswert konstant bleibt. Blasen und 
Kristalle wurden in etwa gleicher Anzahl bei Porenschliessdruck in 64 m Tiefe festgestellt ; auf diesem Niveau 
betrug der mittlere Blasendurchmesser 0,95 mm, d er si ch in 116 m Tiefe auf 0,49 mm und in 279 m Tiefe 
auf 0,33 mm verringerte. Trotz einer zehnfachen Vergrosserung der Kristalle zwischen 64 und 279 m 
zeigten die Blasen keine Tendenz, wa hrend der Rekrista llisation des Eises zu den Korngrenzen zu wandern. 
Die Beobachtung, dass die meisten Blasen bei 120 m Tiefe fast Kugelgesta lt angenommen hatten, deutet auf 
im wesentlichen hydrostatische Verhaltnisse in den oberen Schichten der Eisdecke im Gebiet d er " Byrd" 
Station hin . 

INTRODUCTION 

Polar glacier ice is characterized by the widespread occurrence of air bubbles that are 
trapped initially during the process of transformation of snow to ice. The structure of con­
solidated snow (firn ) is essentially sponge-like in that much of the pore space is intercommuni­
cating, i.e. permeable. With increasing depth of burial , this pore space is gradually eliminated 
until the stage is reached where the snow is no longer permeable and the firn is said to have 
transformed into glacier ice. The freshly formed ice still contains 10 per cent by volume of air 
trapped in the form of discrete bubbles which become compressed as they sink deeper into 
the ice sheet. It is this compression of bubbles in the ice that is primarily responsible for 
additional increase in the bulk density of the ice. 

An exceptional opportunity to study changes both in the pressure and in the distribution 
and structure of bubbles as a function of depth in the Antarctic ice sheet arose during the 
I.G.y' ( 1957- 58) when ice cores were obtained to depths of 308 and 254 m at "Byrd" station 
and " Little America V " , respectively. Approximately 100 samples of ice of density > 0.830 
g cm- 3 from both locations were used to obtain 4-place density measurements, and these 
data, in conjunction with observations of bubble structure in thin sections of ice, have been 
used to accomplish the following objectives: 

I. To investigate the relationship between bubble pressure and the in situ overburden 
pressure, and to determine, if possible, the depth at which the difference in pressures 
is reduced to less than 1- 2 kg cm - 2

• 

11. To investigate the pattern of changes in the size, shape, number and distribution of air 
bubbles as a function of depth in the Antarcti c ice sheet. 

Previous studies 

Studies of bubbles in glacier ice, including measurements of bubble pressure, have been 
made by a number of workers including Koch and W egener (1930), Bader (1950), Shumskiy 
( 1 955), Coachman and others (1956), Scholander and others (1956), Langway (1958), 
Schytt (1958), Scholander and Nutt (1960), and Matsuo and Miyake (1966). Pressure 
measurements obtained by Schytt at Maudheim, and by Matsuo and Miyake at Syowa base, 
appear to be the only ones made so far on glacier ice from Antarctica. Schytt reasoned that, 
if all density increase beyond the pore close-off depth , i.e. for densities > 0.830 g cm- 3, can be 
attributed to bubble compression (compressibility of ice is negligibly small in the upper 
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200-300 m of the ice shee t), then the bubble pressure P of any particular ice sample can be 
expressed as P = P e Vel V, where P e and Ve are the bubble pressure and void ratio respectively 
at pore close-off and V is the void ratio of the sample. Subsequent tes ts of this rela tionship 
by Schytt with samples from be tween 90.5 and 97 m a t M audheim revealed very satisfactory 
agreem ent be tween the m easured and calculated pressures. 

Direct m easurem ents of bubble pressure, i.e. measurements of pressure within individual 
bubbles in glacier ice, have been made by Scholander and N utt (1960) on samples from a 
number of Greenland icebergs. M ost bubbles were found to have pressures of 4- 5 a tmospheres, 
though pressures as high as 20 atmospheres were recorded in some bubbles. H owever, m os t of 
the pressure measurem ents reported so far have been obtained indirectly from very precise 
determinations of the density of bubbly ice made in conjunction wi th measurements of the 
volume of air released upon m elting the samples . Of these m easurements, those made by 
La ngway (1958, Ig62) on core samples from " Site 2" in Greenland are probably the most 
accurate obtained so far on pola r glacier ice. Langway reported pressures as high as 27 
a tmospheres in ice from 360.5 m depth bu t the major point of interest of his study was tha t in 
most of the samples tested the bubbles were seemingly compressed less than migh t have been 
expected from the weight of overlying snow a nd ice. Other conclusions reached by La ngway as 
a result of this work were that the composition of the inclosed air in ice a t " Site 2" has remained 
constant for the last goo years and that the mass of entra pped a ir a lso has remained unchanged 
and does not diffuse through the ice. 

A NALYTICAL PROCED UR ES 

In the presen t study no a ttempt was made to measure bubble pressures per se. H owever, i t 
should be possible to calculate the average bubble pressure in a sample of ice if the density of 
(hat sample has been accurately de termined , and if there are reasonably accurate data on the 
pore close-off density and pressure, and the variation of overburden pressure with depth . 

If the density a t pore close-off is denoted by Ye* a nd the pressure in the bubbles a t this 
depth is P e (this is essentia lly equal to the average station pressure corrected for the depth a t 
which the pores finally close off), then the average bubble pressure Pis: 

P = P e Yit - Ye X - Y--
Ye Yit - Y 

where Yi t is density of bubble-free ice at the in situ temperature a nd Y is the densi ty of the sam pie 
at the same temperature. This is, of course, equivalent to the expression P = P e Vel V wi th 
the void ratios simply re-written in terms of density. R ela tionship ( [ ) can be readily trans­
formed to evaluate Y and Ye if the various other parameters a re known, e.g. 

PYit 

Y = ( Y.t ) ' 
P+ Pe ;e-[ 

P e Yi t 

ye = ( Y. t ) 
Pe+ P -;-1 

The original densities were determined by hydrosta tic weighing of ice cores using highl y 
purified iso-octane ofdensity 0.71 60 g cm - 3 a t - lODe as the immersion liquid . These data a re 
tabula ted fully by Gow (in press) a nd are accurate to a t least ± 0.000 I5 g cm - 3. 

• Bubble close-off a nd the fi rn- ice tra nsition occur at essen t ia ll y the same d epth since impermea ble fi rn is 
bubbly ice by d efini t ion . T his transformation is observed to occur a t densit ies of 0 .82- 0.84 g cm- J • I t m igh t be 
noted that this definition of ice is true onl y for sa mples of the dimensions of thin sect ions, i.e. of one or two gra in 
d ia meters a t most. In la rger sam ples of firn , zero permeabili ty may effectively be reached at somewhat lower 
d ensit ies, in which case some compression of bubbles may have a lready occurred before a ll pore spaces had 
become sea led o ff. 
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All densities were corrected for in situ temperatures using the simplified expression of 
Butkovich (1957) for correcting for isopeizic density of ice between 0° and - 30°C. At " Byrd" 
station the in situ temperature of the ice remains essentially constant at - 28°C and the iso­
peizic density, YH, of bubble-free ice at this temperature is 0.9204 g cm- 3. At " Little America 
V " , however, temperatures in the ice shelf are not constant but increase from - 21 °C a t 
52 m to - 2.0°C at the bottom (depth 258 m ), causing a corresponding decrease of Yi t from 
0.9 195 to 0.9,68 g cm - 3. 

R ESU LTS AND DISCUSSIO N 

" Byrd" station 

Rather than use relationship (I) to compute pressures from m easured densities, relation­
ship (2) was used instead to solve for Y over a range of pressures of from , to 25 atmospheres. 
The calculated densities were matched with depth- density data from cores and the ice 
loads (a) appropria te to each density were then calculated. The absolute load was obtained 
by merely adding the average station pressure (0.82 kg cm - 2

) to the calculated ice loads. 
According to Langway's bubble-pressure data at " Site 2" , pore close-off occurs at approximately 
0.828 g cm - 3. Observations on permeabilities of thin slices of core from " Byrd" station also 
indicated that the pores had closed off a t much the same value, but in the absence of more 
precise d a ta it was decided to evaluate (2) for three separate values of Ye, namely 0.820, 

TAB LE 1. B U BBLE -PRESSURE- D ENSITY R E LATIONSHIPS IN I CE CORES F ROM " BYRD" S T ATION , ANTARCTICA . B UBBLE­

PRESSURE CALCUL ATIONS B ASED O N PORE CLOSE-OFF D ENSIT Y Ye = 0.825 g cm- 3 

Pressure- density computations using 
PYit 

Y = , where 
( YI ) P + Pc ;c- I 

Yit = 0.9204 g cm - 3 
Pc = 0.82 kg cm- ' (0 ·80 a tmos) 

Pressure, Density, 
P Y 

atmos kg cm- 2 g cm - 3 

0.80 0.82 0.825 
1.0 1.03 0.8425 
2.0 2.07 0.8797 
3.0 3.10 0.8929 
4.0 4. 13 0.8996 
5.0 5.17 0.9037 
6.0 6.20 0.9064 
7.0 7.23 0 .9084 
8 .0 8.26 0.9099 
9.0 9.30 0.9 11 0 

10.0 10·33 0.9 120 
I 1.0 11.36 0.9 127 
12.0 12.40 0.9 134 
13.0 13·43 0.9 139 
14.0 14.46 0.9 144 
15.0 15.50 0.9 148 
16.0 16·53 0.9 15 1 
'7 .0 17.56 0 .9 154 
18.0 18·59 0.9 157 
19.0 19.63 0 .9 159 
25 .0 25.83 0.9 170 

Deep-core data , " Byrd" station. Parameters corresponding to 
computed densities in column 3 are given in columns 4 and 5 

Depth A bsolute load, Pressure lag, 
u+ Pc u+ Pc- P 

m kg cm- ' kg cm- 2 

63 5.0 1 4. 19 
65 5.18 4. 15 
80 64 8 4.4 1 
89 7. 28 4.18 
99 8. 18 4 .05 

106 8.8 1 3.64 
11 3 9·44 3.24 
122 10.27 3.04 
127 10.71 2·45 
134 11.35 2.05 
' 40 II .go 1.57 
'48 12.63 1.27 
159 13.63 1.23 
164 14·09 0.66 
175 15.08 0 .62 
186 16 .10 0.60 
Ig7 '7 .10 0 ·57 
220 Ig.2 1 1.65 
250 2 1.g6 3.36 
292 25.71 6.08 

0.825 and 0.835 g cm - 3. Pressure- density data for Ye = 0.825 g cm- 3 are given in Table I to 
indicate the method of calculation and also to give the reader some idea of the average bubble 
pressure associated with any particular density. Curves of bubble pressure and pressure lag 
( I::;.P ) versus absolute load are presented in Figures , and 2. 
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Fig. 2 . BubbLe-pressure Lag (6. P) versus absoLute-Load pressure at " By rd" station. Data from Figure I 

Data obtained with Pc = 0.820 g cm- 3 are particularly instructive in that the computed 
bubble pressures actually begin to exceed in situ pressures at a depth of 165 m. This indicates 
immediately that pore close-off at "Byrd" station must generally occur at densities > 0.820 
g cm- 3• A further feature of the data is the sudden and marked divergence of 6.P at absolute­
load pressures > 15 kg cm - Z, i .e. deeper than 175 m. This can be due only to an actual 
expansion of the ice which , in the case of the very deepest samples, is caused by fracturing of 
the ice during dri lling. However, some cores from between 175 and 240 m contained no 
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detectable cracks whatsoever. These samples had "relaxed" to some degree according to 
density measurements, and the question is immediately raised as to what the mechanism of 
relaxation is in these particular samples. Langway has attributed identical relaxation of 
uncracked ice from "Site 2" in Greenland to an actual decompression of the entrapped bubbles 
(Fig. 3). An inspection of Langway's data for samples tested immediately after drilling and 
later at intervals of 12 and 18 months indicates that this decompression is confined to samples 
with bubble pressures > JO kg cm- 2

• Less compressed bubbles apparently retain their pressures. 
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Fig. 3. Bubble pressure versus load pressure at "Site 2", Greenland (from Langway, 1958). Broken line represents probable 
trend in situ ice below 200 m 

In support of his decompression mechanism, Langway cited evidence of the increasing 
occurrence of small pressure cracks around bubbles in ice from depths > 150 m . Some 
cracking of bubbles was also observed in the deeper samples at "Byrd" station and at the time 
it was believed that decompression of cracked bubbles was also the principal mode of relaxa­
tion of ice recovered from high confining pressures at " Byrd" station. However, subsequent 
examination of numerous thin sections of ice from below 170 m at " Byrd" station showed that 
most of the bubbles were not intersected by pressure cracks. Furthermore, actual measure­
ments of the volumes of individual bubbles at various depths in the ice indicated that they 
were entirely commensurate with in situ pressures. In these samples at least it would appear 
that relaxation of the ice did not involve any significant decompression of bubbles . The evi­
dence for this will be considered in a later section of this paper dealing with bubble structures 
in ice at " Byrd" station. 

Intuitively one would expect I1P to diminish progressively with depth and for the bubble 
pressure to asymptotically approach the in situ pressure. This trend is certainly indicated in 

https://doi.org/10.3189/S0022143000030975 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030975


BUBBLES IN ANTA R CT I C GLACIER I CE 173 

results of calculations at " Byrd" station where, for Ye = 0.825 g cm - 3, 6.P diminishes to less 
than 1.0 kg cm - 2 at 200 m depth. This result is encouraging in that it seem s to validate the 
idea that densification beyond pore close-off occurs essentiall y as the result of compression of 
·entrapped bubbles. A further test of the validity of the pressure-density relationship ( [) is 
provided by the pressure- density data from " Site 2" , Greenland. Bader ( [965) has given 
the following parameters for " Site 2 ". 

Pe = 0 .794 kg cm - " 
Ye = 0. 824 g cm - J, 

Yit = 0.92002 g cm - J. 

R esults of computations for some representative pressure- density values of samples tes ted by 
Langway immediately after cores were pulled are presented in Table H. From these da ta it 
can be seen that measured and computed pressures agree remarkably well and that 6.P 

TABLE 11. BUBBLE-PRESSURE- L oAD-PRESSURE R ELATIONS IN I CE CORES FROM "SITE 2". GREENLAND. DATA 
FROM L ANGWAY ( 1958, 1962) AND BADER ( 1965) 

Calculated M easured 
Depth Density Load pressure bubble /Jressllre bubble pressure 

m gcm - l kg cm- ' kg cm - ' kg cm- ' 

79·5 0.86954 6.83 1.59 1.62 
99.8 0.88465 8.68 2.31 2·53 

I 17.3 0.89656 10.23 3·54 3·98 
135·3 0.90952 11·93 8.00 8·53 
154.0 0.9 11 51 13.63 9.89 10.28 
198.0 0.9 1440 17.68 15.02 14.32 
230.7 0.9 15 16 20·73 17.38 17.20 
26 1.8 0.9 1620 23.58 22 .14 21.38 
299.2 0.9 1664 27.05 25.03 24.22 
360.5 0.9 '7 19 32.68 29 .9 1 27·37 

diminishes progressively with depth except for the very deepest samples which , as is clearly 
d emonstrated in Figure 3, had already begun to relax before the cores could be pulled to the 
s urface and tested. This increase in 6.P below 26 [ m is almost certainly due to a volume 
expansion of samples, though an under-evaluation of as littl e as 0.003 g cm - 3 in the original 
d ensity measurement could account for most of the discrepancy between the calculated 
bubble pressures in the deepest samples and their in situ pressures. 

Because of the unavoidable relaxation of ice from depths greater than 200 m , it becomes 
increasingly difficult to obtain accurate measurements of in situ density. However, since the 
difference in pressure between bubbles and overburden is substantially eliminated at about 
200 m , one can, by simply substituting the value of (a + Pc) for P in the pressure- d ensity 
relationship 

PYit Y = =-~~~~~~ 
P + Pe{(Yit !Ye) - [} 

(a + Pc) Yit 
- a + Pc(Yit!Yc ) , 

compute densities that are considerably more accurate tha n could ever be measured on deep 
cores per se. With due allowance for the compressibility of ice, one needs only to know the 
temperature distribution in an ice sheet in order to obtain very precise values of in situ density. 
For example, the density of all ice below 400 m at " Byrd" station can be shown to exceed 
0.9 180 g cm - 3, the exact value depending on the temperature and in situ pressure. Ice at the 
bottom of the ice sheet at " Byrd" station (2 500 m ) would have a density of 0.9183 g cm - J, ifit 
was at the pressure melting point ( - 2.0°C ) . This would be a minimum value as any decrease 
in the temperature of the bottom ice could only increase its density. 
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" Little America V" 

Progressively increasing temperatures in the Ross Ice Shelf cause a corresponding decrease 
in Yi t· In this case it is simpler to compute P for a range of densities using the englacial 
temperature corresponding to each selected density to determine Yit . For example, the density 
at 83 m is 0.9040 g cm- 3. The temperature at this depth is - 2 I QC and the corresponding 
value of Yit would be 0.9194 g cm- 3. The average station pressure at "Little America V" 
(elevation 43 m ), corrected for the depth at which the pores finally close off (52 m ), is 1.00 
kg cm- 2

• Pressure- density relations were evaluated for Ye = 0.825 and 0.835 g cm- 3, re­
spectively (Fig. 4) . 
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Fig. 4. BubbLe pressure versus absoLute-Load pressure at " LittLe America V", Ross Ice Shelf, Antarctica 

These data tend to confirm abundant stratigraphic and petrographic evidence of the 
existence of considerable deformation in the Ross Ice Shelf (Gow, 1963). It is most unlikely 
that bubble pressures could ever exceed in situ pressures under normal hydrostatic conditions 
yet, even for Ye = 0.835 g cm- 3, !:!"P is all but eliminated at I 18 m depth at "Little America 
V ". For Ye = 0.825 g cm- 3, the computed bubble pressures actually begin to exceed the 
in situ pressures at less than 100 m. It should be noted that an exceptional increase in firn 
densification was also observed below 36 m at " Little America V" and apparently this 
anomalous behavior has continued to some depth below the firn- ice transition . 

B UBBLES IN ICE 

Petrographic studies of Antarctic cores included the preparation of numerous thin sections, 
several of which were examined in some detail to determine changes in the size, shape and 
distribution of bubbles as a function of depth in the ice sheet. These studies were conducted 
primarily on samples from "Byrd" station but some comparative studies were also made of 
thin sections of cores from " Little America V". The gross differences in crystal- bubble 
relations at these two locations are clearly demonstrated in Figures 5 and 6. 
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a b 

c d 

Fig . 5. Bubble- crystal relations in ice from " Byrd" station . Bubbles are the smaLL gray' and black inelusions located within 
c(ystals and at the intersections of cry stals . The grid s/Jacing is [ cm. 

a. 70 m depth ; b. / / 6 m depth ; c. / 63 m de/lth; d. 305 m deplh 

General properties 

In newly formed ice at about 64 m depth at " Byrd" station the majority of bubbles are 
located at the intersections of crystals. Bubbles tend to be somewhat irregular at this stage 
(Fig. 5a) but as the depth of burial increases the bubbles become smaller and spherical. At the 
same time there is a slow but progressive increase in the size of crystals composing the ice. 
This growth is obviously to do with grain-boundary migration , but it is of considerable interest 
to note that during this process there is little if any tendency for the entrapped bubbles of air 
to be swept towards the grain boundaries. The observation that grain growth is not accom­
panied by any preferred orientation of the crystals, coupled with the fact that substa ntiall y 
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a b 

c 

Fig. 6. Bubble- crystal relations in ice from " Little America V". Note the orientated elongate bubbles at [[6 m depth. The 
grid spacing is 1 cm . 

a. 52 m depth; b. 116 m depth; c. 240 m depth 

spherical bubbles only are formed at depth, is a strong indication that stress conditions in the 
ice at "Byrd" station are essentially hydrostatic . 

The number of bubbles in a unit volume of ice appears to remain constant which means 
that as the size of crystals increases so does the number of bubbles within a crystal. A count of 
the average number of bubbles in crystals in sections of given thickness from various depths 
in the ice thus affords a relatively rapid yet reliable means of estimating the rate of growth of 
crystals in the ice sheet. 

Whereas crystal- bubble patterns in the ice at " Byrd" station appear to have evolved 
under essentially hydrostatic conditions, those at " Little America V" have not. Here, 
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englacial deformation has caused an appreciable orientating of bubbles as well as crystals. 
Elongate and "waisted" bubbles are especially well developed in ice from between 100 and 
130 m (Fig. 6b) and crystals generally are much larger than those at comparable depths at 
"Byrd" station. Numerous highly compressed spherical bubbles characterize ice in the 
deepest cores, but as can be observed in Figures 5d and 6c only a relatively small proportion of 
these bubbles is actually intersected by pressure cracks. 

Bubble dimensions 

Measurements of bubble dimensions were confined to sections of ice from "Byrd" station. 
These measurements were made on photomicrographs rather than on the thin sections them­
selves and, in order to further simplify the measurements, only those sections in which most 
of the bubbles had become spherical were used, i.e. sections from I 16 m and deeper. All 
sections examined contained several hundred bubbles but only those bubbles located close to 
the upper surface of a section were used for measuring diameters. Fifty bubbles from each of 
five selected depths were measured and the results of these de terminations are presented in 
Table Ill. From these data it can be seen that the average bubble diameter decreased from 
0.49 mm at 116 m to 0.33 mm at 279 m. This corresponds to a decrease in the volume of 
individual bubbles of from 0.062 to 0.019 mm3• 

TABLE Ill. BUBBLE DIMENSIONS IN GLACIER ICE FROM "BYRD" STATION, ANTARCTICA 

Average Number of 
Depth of sample bubble diameter Bubble volume Porosity bubbles I cm l of ice 

m mm mml per cent 
116 0.490 0.062 I.41 228 
135 0-439 0.045 I.OI 226 
163 0·393 0.03 1 0.72 23 1 

*21 5 0.342 0.021 0.500 239 
*279 0·333 0.01 9 0.39 1 202 

* Porosities at these depths have been corrected for the effects of elastic relaxa­
tion of the ice. 

Since the porosity ofa sample of ice can be readily ascertained from its density, these data 
on bubble volumes can also be used to determine the average number of bubbles present in a 
unit volume of ice . Results of these computations (Table Ill ) show that the concentration of 
bubbles at various depths in the ice sheet at "Byrd" station remains remarkably constant at 
between 200 and 240 bubbles/cm3- further proof too that there is little if any tendency for 
entrapped air bubbles to migrate or coalesce during recrystallization of the ice. 

The above data can also be used to obtain a reliable estimate of the average size of the 
equivalent spherical bubble at pore close-off. Because of the irregular shapes of bubbles at this 
depth, it is not practical to attempt to determine bubble dimensions directly. Since the poro­
sity at close-off is = 10 per cent, I cm3 of sample will contain 100 mm 3 of entrapped air. Using 
a value of 220 bubbles/cm3 (the average count obtained from measurements on the five 
samples from 116 m and deeper), it is found that the mean volume of the equivalent spherical 
bubble at pore close-off at "Byrd" station is 0.45 mm3. Its diameter would be 0.95 mm . 

Bubble- crystal relations 

\"'ith data already obtained on crystal-size variations with depth at " Byrd" station (Gow, 
1964), the relationship between the number of bubbles and crystals at pore close-off can now 
be determined. Average crystal cross-sections between 61 and 66 m at "Byrd" station varied 
from 3.1 to 3.7 mm2

• If a value of 3.4 mm 2 is taken and , it is assumed for simplicity, that the 
sections are hemispherical , then the volume of the corresponding spherical crystal will be 
4.71 mm 2. If crystals of these dimensions could be deformed-packed into the remaining 

https://doi.org/10.3189/S0022143000030975 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030975


JOURN AL OF GLACIOLOGY 

900 mm3 of space in I cm 3 of ice, then the number of crystals at close-off would be 
900/4.71 = 19 I. The number of bubbles in the same I cm3 of ice is = 220, from which it can 
be concluded that at pore close-off there are approximately as many crystals present as bubbles. 
One interesting aspect of this result is that it does tend to demonstrate that the I : I relation­
ship between voids and particles observed in systematically packed aggregates of equi­
dimensional particles also holds for naturally dense-packed structures. As it turns out the 
crystal-pore structure at the firn- ice transition probably conforms as closely to a dense­
packed aggregate as any in nature. 

A further implication of the above result is that any change in the number of crystals per 
cubic centimeter at the firn-ice transition should be accompanied by a corresponding change 
in the number and size of bubbles. For example, firn crystal-growth studies to a depth of 
50 m at the South Pole (Gow, unpublished) have shown that the mean crystal cross-section 
increases essentially linearly with depth at the rate of 0.005 mm' m - I. At 50 m the mean 
cross-sectional area of crystals was 0.65 mm' which, if extrapolated to the depth of the 
firn- ice transition at 110 m (estimated) gives a mean crystal cross-section of 0.95 mm'. I cm3 

of ice at 110 m would thus contain nearly I 400 crystals. This would represent a seven-fold 
increase in the number of crystals and bubbles over that observed at "Byrd" station but, since 
the total available pore space is still the same (= 10 per cent), the bubbles at pore close-off at 
the South Pole should be much smaller, of the order 0.5 mm in diameter compared with 
0.95 mm for the diameter of the equivalent spherical bubble at "Byrd" station. On the other 
hand, estimates of bubble dimensions based on crystal-size data at pore close-off at a number 
of other locations in Antarctica indicate that at "Wilkes S-2" the number of bubbles should 
be much the same as at "Byrd" station (= 200 bubbles/cm3) , increasing to about 300 bubbles/ 
cm 3 at Maudheim and to 350 bubbles/cm 3 at "Southice". Of course, the size and number of 
crystals and bubbles at pore close-off will depend upon the rate of densification, which in turn 
depends on the rate of accumulation and the mean annual temperature. In general, however, 
it would appear that the bubbliness of ice as determined by the number of bubbles/cm3 should 
increase towards the center of the Antarctic ice sheet. 

Relaxation of ice 

Measurements of bubble volume also provide an independent check on whether bubbles 
in the deepest ice have undergone any significant decompression. The original thin sections 
were prepared from samples that had lain in storage for more than a year- ample time for 
measurable relaxation to have occurred prior to sectioning. Since there is no evidence that 
bubbles with pressures < 10 kg cm- ' undergo any significant decompression (Langway, 1958), 
pressure- volume data for ice from either I 16 or 135 m can be used to evaluate average bubble 
pressures in samples of deeper ice from "Byrd" station. Computations of bubble pressure P' 
based on data from 116 m are presented in Table IV. The two pressure values at each depth 
agree remarkably well. All indications from the data in Table IV are that no significant 
decompression of entrapped air bubbles has occurred in the cores from "Byrd" station. 

TABLE IV. BUBBLE VOLUME- PRESSURE RELATIONSHIPS IN GLACIER ICE FROM 

"BYRD" STATION, ANTARCTICA 

Average Bubble pressure 
Depth bubble volume, V ' P" ( from curve 2, Fig. I) 

m mm) kg cm- 1 kg cm- 2 

135 0.045 9.0 9·4 
163 0.03 1 '3.0 '3·4 
2'5 0.01 9 21.3 24·3 

E I d d · P' PoVo h P 6 k d • va uate accor mg to = ----v" were 0 = .52 g cm- ' an 

Vo = 0.062 mm] are the average pressure and volume respectively of 
bubbles at 116 m depth. 
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P ressure cracking of bubbles could possibly occur in cores of very d eep ice and, in view of the 
present attempt to dri ll to the bottom of the Antarctic ice sheet at " Byrd" station, this possi­
bility seems worth investigating. The separation distance between neighboring bubbles in the 
ice as well as the stress associated with a pa rticular bubble pressure bo th need to be con­
sidered . This stress in ice tending to split bubbles apart might be calculated as follows : 
Let the volume V of some bubble at pressure P be V = t 7Tr 3, where r is the radius of the 
bubble. Now let this bubble be surrounded by a sphere of ice of radius R such that the 

/ " /// 
/ //--", / 
I '\ /~/ 

~ / /;8 // \ 
// {\ // BUBBLE / Ie E 

/./-/ \ / /// 
\ // / 

'-.... //' / --
// '--; R '''\ // 

/ 1 // \ 
// \-- ---; 

\ / / 
// '\ /// /. / 

// ''---'';// 
Fig. 7. Schematic diagram of two pressurized bubbles of radius r in glacier ice. D istance between bubble centers is 2R 

average distance between neigh boring bubbles is 2R (Fig. 7) . The to tal force trying to split 
apart the two hemispheres of ice defined by the dashed line is F = rrr2p. 
The area of the interface across which this force acts is 

Accordingly, 

A = 7TR' - 7Tr" 
= 7T (R2 _ r2

) . 

F 7Tr2 P 
A - 7T (R2 _ r2)' 

r' 
= P R2 _ r 2 ' 

If th ::: mpture stress of the ice is S = F*/A, then the maximum a llowable bubble pressure is 

p* = F*/A(R2;r} 

= S [ ( ~r -I] kg cm 2. 

According to the data of Butkovich (1959), the tensile strength of g lacier ice of density 
> 0 .900 g cm - 3 generally lies between 2 0 and 30 kg cm - '. If the lower value is taken, then 

p* = 2o[(R(r)'- I]. 
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Before the above relationship can be evaluated it is necessary to know something of the 
manner of distribution of bubbles in the ice at "Byrd" station. A fairly uniform distribution 
of bubbles seems reasonable, at least on the basis of observations at pore close-off where the 
vast majority of bubbles were observed to be located at the intersections of essentially equi­
dimensional crystals . The very simplest distribution would involve an arrangement of layers 
in which the distance between bubbles in the same layer is the same as the spacing between 
layers. In the particular case of 220 bubbles/cm3 (average concentration of bubbles observed 
at " Byrd" station ), this spacing would be r / 220! cm = 1.7 mm, i.e. approximately six 
layers of 36 bubbles each in r cm3 of ice. At pore close-off, where the mean diameter (2r) of 
bubbles is 0.95 mm, R/r is 1.7, increasing to 5.1 at 279 m. These and intermediate values at 
"Byrd" station, together with the calculated values of p* = 20[ (R/rr - r] , are presented in 
Table V. From the data listed in Table V it would appear that the stress in ice due to bubble 
pressure is much too low to cause the ice to fracture . * In practice, of course, some small 
fraction of bubbles would be situated at less than the critical distance, in which case fracturing 
of the intervening ice could be expected to occur. The values R/r (critical ) needed to attain 
this condition at various depths in the ice at " Byrd" station are also listed in Table V. It 

TABLE V. ESTIMATE OF MAXIMUM ALLOWABLE PRESSURE (P* ) IN BUBBLES IN GLACIER I CE AT "BVRD" STATION. 

PRESSURES CA LCULATED ACCORDING TO THE RELATION p* = 20[ (Rlr)' - I]. SEE TEXT FOR DERIVATION 

Depth R lr p* P (estimated) R lr (critical ) 

64 1. 7 32 0.8 1.03 
116 3·4 180 6 1.16 
163 4·4 3 13 13 1.33 
279 5.1 425 19 1.46 

2500 10.0 1683 225 3.95 

should be noted, however, that when bubbles are intersected by pressure cracks these cracks 
invariably occur parallel to the basal planes of crystals. Such a favored orientation demon­
strates further the inherent weakness within the basal plane and it is likely that the rupture 
stress in this plane is appreciably smaller than in other directions in ice. Nevertheless the 
rupture stress would need to decrease by more than an order of magnitude for any widespread 
fracturing to occur under these conditions. In the case of those deep-core samples which are 
known to have undergone measurable expansion, but which have done so without any 
detectable cracking, it may be necessary to invoke some process of micro-fracturing to account 
for the expansion . Cracks formed in this way might be so small as to pass unnoticed, though 
it may only require a sharp knock or some other source of mechanical shock, e.g. undampened 
vibrations in the drill string for such micro-cracks to propagate into large visible fractures. 

Up to now the feeling has been that ice from d eep within an ice sheet would literaliy 
explode in the core barrel because of rapid decompression of the entrapped air bubbles. 
However, from the results given above, i t would now appear that with the proper precautions 
it should be possible to obtain usable cores to considerable depths in the Antarctic ice sheet. 
This would be best accomplished in a liquid-loaded hole such as the one that is now being 
drilled at " Byrd" station and which hopefully will penetrate to the bottom of the ice sheet. 
In this type of deep drilling it is necessary to load the hole with liquid of approximately the 
same density as ice so as to prevent the walls of the hole from closing. However, there are 
additional advantages to this system. A liquid-loaded hole dampens out virtually all vibra­
tions in the drill string thus reducing the risk of mechanical breakage of ice cores during 
drilling. More important perhaps is the fact that the liquid load maintains pressure on the 
ice during the actual process of coring thus preventing any immediate relaxation of the ice. 
Since preparing the first draft of this manuscript a U .S. Army CRREL drill team has success-

* A similar conclusion was reached using the formula for so-ca lled thick-walled spherical vessels given by 
Roark ( 1954), though it is questionable whether this formula is valid for the very thick shells envisaged here. 
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full y cored to the bottom ( I 390 m ) of the Greenland ice sheet at "Camp Century" (Hansen 
and Langway, 1966). A preliminary inspection of cores from near the bottom of the hole (liquid 
loaded ) showed little if any fracturing of the ice and there were no immediate signs of any 
significant d ecompression of entrapped air bubbles even though in situ pressures near the 
bottom of the ice sheet at "Camp Century" probably exceed 100 kg cm- '. 

CONCLUSIONS 

D ensification of bubbly ice after pore close-off is due almost entirely to compression of the 
entrapped air bubbles. This relationship between the bulk density Y of the ice and the 
pressure P of its inclosed bubbles can be expressed as follows: 

PYit 

Y = (Yt)' p + p( ~- [ 
. Ye 

where Yit is the d ensity of bubble-free ice at the englacial temperature and Pe and Ye are the 
bubble pressure and density respectively of the ice at pore close-off. Compu tations of bubble 
pressure in ice cores from " Byrd" station, Antarctica, indicate that the pressure lag 6.P 
between bubbles and the absolute load, initially 4- 5 kg cm- ' at pore close-off (64 m depth), 
diminishes to less than 1.0 kg cm- ' at 200 m. A direct consequence of this result is that by 
substituting the a bsolute-load pressure, a+ Pc, for P in the above relationship one can deter­
mine ice densities below 200 m more accurately than can be obtained with measurements 
per se on the cores because of the unavoidable relaxation of the latter following their removal 
from high confining pressures . This relaxation of the ice is generally attribu ted to decom­
pression of the entrapped air bubbles. H owever, calculations of the stresses in the ice due to 
bubble pressure together with actual measurements of bubble volumes in " relaxed " cores 
from " Byrd " station tend to indicate that there is li ttle if any significan t decompression of 
bubbles even in ice recovered from very high confining pressures. Apparently the observed 
increase in bulk volume of ice samples with time does not depend upon prior expansion of 
bubbles. These data point up the need for further investigations of the mechanics of relaxation 
of ice recovered from high confining pressures. 

Bubble pressure-density relations in ice cores at " Little America V" indicate anomalously 
high bubble pressures in the upper layers of the Ross I ce Shelf. These data tend to confirm 
the abundant stratigraphic and petrographic evidence for the existence of very considerable 
deformation near the seaward edge of the Ross I ce Shelf. 

Antarctic glacier ice is characterized by an abundance of air bubbles . Measurements on 
ice from " Byrd " station show that the concentration of bubbles rem ains remarkably constan t 
at 200- 240 bubbles/cm 3 of ice. At the pore close-off depth at 64 m the ice was observed to 
contain approximately the sam e number of crystals as bubbles. The m ean diameter of air 
bubbles at this depth was 0.95 mm, decreasing to 0.49 mm at 116 m and to 0.33 mm at 
279 m . A very uniform distribution of bubbles was observed at a ll depths. Bubbles showed 
no tendency to be swept towards grain boundaries during recrys tallization of the ice. These 
observations and the fact that the majority of bubbles had become spherical at a dep th ofless 
than 120 m would a lso tend to indicate the existence of essenti a lly hydrostatic conditions in the 
upper part of the ice sheet at " Byrd" station. By con trast, the forma tion of numerous elongate 
bubbles orientated symmetrically with resp ect to well-formed fabri cs in ice between 90 and 
130 m at " Little America V " is compatible only with the existence of considerable shearing 
in the ice shelf. 
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