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ABSTRACT: The optical microscopic observations of the growth processes of air-hydrate 
crystals from air bubbles included in deep ice cores were carried out under high 
hydrostatic pressure. The transformation from a bubble to an air-hydrate crystal 
occurred when the annealing pressure was higher than the theoretical one of the air­
hydrate dissociation. The growth patterns of the crystal could be classified into two 
types . 

The crystal growth rates were measured using the microscopic images and they 
related linearly to the excess pressure over the dissociation one at each annealing 
temperature. The relation indicates that the rate-determining process of the crystal 
growth is mainly the flux of air and water molecules to the crystal surface. The 
observed t wo different growth patterns can be explained in terms of the supply 
processes of water molecules to the surface . 

1 . INTRODUCTION 

Air bubbles in polar glacier ice are 
formed during the densification process of 
firn into ice. The composition of gas in 
the ice is essentially the same as that of 
the atmosphere at the time of the bubble 
formation, thus the analyses of the gas in 
the ice allow us to investigate the past 
atmospheric conditions. Air bubbles, 
however, disappear at several hundreds 
meter depth of ice sheet because of the 
high hydrostatic pressure, and translate 
into clathrate air-hydrate crystals. The 
crystal had been predicted by Miller(l) to 
exist in deep ice sheet, and was 
discovered in fresh deep ice core drilled 
at Dye-3 station, Greenland(2). The depth 
distributions of air-hydrate crystals were 
studied in Vostok deep ice cores(3). It 
was observed that there were certain 
relations between the variations of the 
mean volume or the number concentration of 
air-hydrates and the climatic change. The 
air-hydrate crystal is, therefore, the 
important substance for the storage of the 
past atmospheric gas and for the indicator 
of the climatic changes . Moreover, the 
formation of air-hydrate crystals in the 
ice sheet changes the ice densification 
rate and affects appreciably on the depth­
densit y profile in the transition zone, 
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where air bubbles disappear while air­
hydrates are for~ed. So three stages of 
the ice densification below the pore 
close-off could be distinguished(4). The 
experimental studies of the growth 
processes of air-hydrate crystals are, 
therefore, necessary for studying the 
past atmospheric conditions from the gas 
analyses of ice core and the ice 
densification processes in the transition 
zone. However, the physical interpreta­
tions of the growth processes of air­
hydrates in ice have not been revealed. 

In the present study, the in-situ 
observation of a bubble included in Vostok 
ice core was performed under high 
hydrostatic pressure using an optical 
micro-scope to study the growth processes 
of air-hydrate crystals. The results 
showed that an air-hydrate crystal was 
transformed from the bubble under higher 
pressure than that of the air-hydrate 
dissociation predicted by Miller(l) and 
that the crystal growth patterns 
classified into two types . For the 
physical analyses of the growth processes, 
the crystal growth rates under var ious 
annealing conditions have been measured. 
It was found that the growth rates 
increased with increasing the excess 
pressures over the dissociation one. Two 
growth patterns and the linear relation 
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between the growth rate and the excess 
pressure are discussed by assuming two 
rate-determining processes ; the flux and 
the supply of air and water molecules to 
the crystal surface. 

2. EXPERIMENTAL METHODS 

3 Specimens (about 20x20x5 mm) were 
prepared from Vostok ice core (1514m), 
which included some air bubbles. These 
bubbles are presumed to have been formed 
by the air- hydrate dissociation after the 
ice recovery from ice sheet because no 
bubble was observed in the fresh Vostok 
ice core deeper than 1250m(5). The bubble 
was expected to have kept the structures 
of clathrate hydrate yet and, therefore, 
to be recomposed easily under high 
hydrostatic pressure. The surfaces of the 
specimen were planed to diminish the light 
scattering and to give clear images of the 
bubbles in it. Then the specimen was set 
in the high pressure vessel (HPV) equipped 
with plastic glass windows (see Fig . 1). 
The vessel was filled with silicone oil, 
and was pressurized by an oil pump. The 
growth process of an air-hydrate was 
observed under an optical microscope (OMS) 
and each figure of the crystal during the 
experiment was recorded by photographs or 
video tapes. Experiments were conducted at 
the temperature range from 265 to 270K 
over the pressure range from 10 to 20MPa. 
The excess pressure of each experimen t 
over the dissociation pressure of air­
hydrate calculated by Miller(l) are 
ranged from a bout 3 to 9MPa. The pressure 
condition was kept within ±lMPa during 
each experiment which had continued for 
more than a week. 
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Fig. 1: A schematic diagram of the in- situ 
observation system. 
(S: sample, HPV: high pressure vessel, 
OMS: optical microscope, LC: load cell, 
TC: CC thermocouple, V: value, Ins.: 
insulation, and REC.: r ecorder) 
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3. RESULTS 

Fig. 2 shows the typical transforming 
process of an air bubble (opaque) into an 
air-hydrate (transparent) at 269.9K and 
18MPa. The r apid shrinkage of the bubble 
started just after the pressurizat ion 
(Figs. 2a to b), and it went on for 
several hours. This rapid process was 
caused by the plastic deformation of the 
s urrounding ice driven by the difference 
between the bubble pressure and the 
applied one. Subsequently, the air-hydrate 
crystal began to grow from the ice/bubble 
interface to the inside of the bubble as 
shown in Figs. 2c to d. This took more 
than a week to complete. 

The microscopic observations revealed 
that the growth processes of the air­
hydrate crystals were classified into two 
types illustrated in Figs. 3(A) and (B). 
Type (A): The air-hydrate crystal 

started to grow from the boundary 
between bubble and ice, and progressed 

. ' • .. 
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Fig. 2: Transforming process of an air 
bubble into an air-hydrate at 
269.9K and 18MPa. 
(a) Before pressurization; 

bubbles were opaque, 
(b) 1 hour after pressurization, 
(c) 78 hours, air-hydrate crystal growing 

(transparent), 
(d) 164 hours, the bubble changed to air­

hydrate completely. 
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Fig. 3. : Illustration of growth process of 
air-hydrate, A and B type, and increasing 
radius r mm of air-hydrate with time. 

along the boundary. After the boundary 
was covered with the crystal, the air­
hydrate grew toward the inside. The 
growth speed of the air-hydrate during 
the former process was higher than that 
during the latter. 

Type (B): The air-hydrate formed on the 
boundary between ice and bubble, as same 
as type (A). Then the air-hydrate/bubble 
interface went ahead uniformly to the 
remaining bubble, not progressed along 
the boundary. 

To estimate the growth rate of the 
crystal, the cross sectional area of the 
air- hydrate crystal was measured on each 
photograph and the radius (r) of the 
equivalent spher e was calculated. The 
graphs in Fig. 3 illustrate the change of 
r with time for each growth type, and show 
that r increases almost linearly with 
time. The growth rate of the crystal(V) 
was calculated from the inclination of the 
line. V with several annealing 
pressures(P) at 269K (spherical symbol) 
and 266K (triangle) are plotted against 
the excess pressure P- Pe in Fig. 4, where 
Pe is the dissociation pressure of air­
hydrates calcul ated by Mil l er(l). The 
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growth types of (A) and (B) are 
distinguished by different symbols; open 
and solid ones, r espectively. From this 
figure, we can conclude as follows: (i) 
there is a linear relation between V and 
P-Pe at both temperature conditions, (ii) 
type (A) is observed when P- Pe is larger 
than about 4.5MPa, while (B), smaller than 
4.5MPa, (iii) there are some differences 
of V between each air-hydrate in the same 
ice specimen (in the same annealing 
condition), and (iv) from the 
extrapolation of the lines to V=O (denoted 
by dashed lines), P-Pe of both temperature 
conditions at V=O are positive, that is, 
the actual formation pressures of the air­
hydrate crystal at both temperatures are 
higher than Pe. 
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Fig. 4: Growth rates of the air- hydrate 
V against excess pressure P-Pe at 269K 
(denoted by the symbols .) and 266K (A). 
Growth type of A and B are shown by open 
and solid symbols, respectivel y. Applied 
pressure P was varied from 10 to 20 MPa, 
dissociation pressure Pe was 13MPa at 269K 
and 12MPa at 266K. 

4. DISCUSSION 

4.1 The transition processes from bubbles 
to air- hydrates 
In the present stud y, it was obser ved 

that an air-hydrate crystal was grown from 
an air bubble. For the crystal growth of 
air-hydrate, the higher hydrostatic 
pressure than the dissociation one 
obtained by Miller(l) was needed. The 
extrapolation of V/P-Pe lines at both 
temperatures to V=O i n Fig. 4 shows that 
the excess pressures at V=O are about 
2MPa. Consequently, about 2MPa higher 
pressure than the predicted dissociation 
pressur e of air-hydrates, or 1MPa higher 
pressure than that of N2- hydrate are 
necessary for the air- hydrate growing. 



Shoji and Langway(6) observed that 
the shallowest depth at which air-hydrate 
crystals appeared was close to the N2-
hydrate line at the drilling sites of Dye-
3 and Camp Century, Greenland. Comparing 
these results with the present study, the 
transition from a bubble to an air- hydrate 
seems to need the higher pressure than the 
dissociation pressure of N

2
- hydrate. 

However, because the reaction tlme scale 
of the present study is extremely shorter 
than that in ice sheet, the larger excess 
pressure may be required for the 
observation. On the other hand, the real 
excess pressures in bubbles may be 
different from the experimental ones 
because the pressurization process of the 
bubbles depends on the plastic deformation 
of the surrounding ice. This assumption is 
supported by the variation of V for each 
air- hydrate crystal in the same ice as 
described in results. We can, therefore, 
conclude experimentally that a higher 
pressure than the theoretical one of the 
air-hydrate dissociation is necessary for 
the transition from a bubble to an air­
hydrate. 

The shapes of the experimental 
crystal were mostly irregular. In the ice 
sheet, there are many polyhedral air­
hydrates (2, 3). The polyhedral crystal is 
thought to be formed after the changing to 
the air- hydrate and it takes a long time 
because it is caused by the diffusion of 
air molecules through the ice lattice. The 
observed growth rates of the air- hydrates 
were, however, very high compared with the 
time scale of the ice sheet f l ow under the 
same conditions. The reaction time might 
be too short to form the polyhedral 
crystal in the present study. It can be 
considered that the air molecule diffusion 
through the ice lattice did not occur 
during these experiments because air­
hydrates had the irregular shapes and 
their volumes were the same as those of 
bubbles after their rapid shrinkage. 

It is concluded, therefore, that in 
the present study an air-hydrate crystal 
was formed from an air bubble, and the 
crystal was constructed by using the air 
molecules contained initially in the 
bubble. 

4.2 Qualitative interpretations of the 
transition processes 
Air and water molecules are necessary 

for the air-hydrate construction. In the 
previous section, it is considered that 
air molecules for composing the air­
hydrate crystal have existed only inside 
of the bubble. Water molecules, however, 
are expected to be supplied from the 
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surrounding ice matrix because the partial 
pressure of water in the air bubble is too 
small to construct the air-hydrate 
crystal. If enough number of molecules 
existed in the bubble, the air- hydra'te 
crystal would be formed under a suitable 
condition, and its growth rate would be 
controlled by the formation process of the 
clathrate structure. The crystal growth 
rate depends on the flux of the components 
to the crystal surface, which is 
interpreted by the Hertz- Knudsen's 
equation: 

K.v 
V (P- Pe) (I) 

where m is the mean weight of air 
molecules, k is constant, v is the mean 
volume of an air molecule in the crystal, 
T and P- Pe is temperature and the excess 
pressure of the experiment, respectively, 
and K is the reaction rate constant(7). 
Eq. (I) shows that V depends linearly on 
the excess pressure. This corresponds to 

the linear relation between V and P- Pe at 
a certain temperature, shown in Fig . 4. 

The temperature dependence of V, 
which is shown as the gradient of the line 
in the same figure, appears to be large, 
considering the small temperature 
difference of two experiments. Shoji and 
Langway(6) observed that the phase 
boundary energy between the air-hydrate 
and surrounding ice is much higher than 
the grain boundary energy. This high phase 
boundary energy would cause the large 
temperature dependence of the crystal 
formation. 

Consequently, the growth processes of 
air- hydrate crystals from bubbles depend 
on both the reaction process of the 
crystal formation at the surface and the 
supply process of water molecules to the 
crystal surface . Then both (A) and (B) 
growth types can be explained in terms of 
the alternative process discussed above . 
(A) type, which is observed at the 
condition of higher excess pressure , would 
be affected by the supply pr'ocess of water 
molecules because higher excess pressure 
gives the larger flux of the components to 
the interface. Water molecules which are 
supplied from the surrounding ice are 
spent rapidly for constructing the air­
hydrate crystal, so the crystal is formed 
along the boundary of ice and bubble. 
After the boundary covered with the 
crystal, water molecules have to be 
supplied to the bubble/air- hydrate 
boundary through the air-hydrate crystal . 
So the growth rate of the crystal 



decreases at the boundary between (a) and 
(b) in Fig. 3(A). On the other hand, (B) 
type may be controlled mainly by the 
reaction process of the clathrate 
structure formation. If the reaction rate 
is low, enough water molecules would be 
supplied to the boundary to compose the 
crystal. The uniform advance of the 
boundary between the air-hydrate crystal 
and the bubble supports this assumption. 

5. CONCLUSION 

In-situ observations of the growth 
processes of the air-hydrate crystal in 
the ice were performed under high 
hydrostatic pressure using an optical 
microscope. The air-hydrate crystal was 
formed only when the annealing pressure 
was higher than the dissociation one 
calculated by Miller(l). The growth rate 
of the crystal linearly depended on the 
excess pressure over the dissociation 
pressure of air-hydrate. Two transition 
types from an air bubble to an air-hydrate 
were observed under the different 
annealing conditions. These results showed 
that the growth processes of the air­
hydrate crystal in ice were interpreted by 
assuming two rate- determining processes, 
that is, the construction of the clathrate 
structure on the crystal surface and the 
supply of water molecules to the interface 
between the bubble and the air-hydrate. 
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