Proc. NIPR Symp. Polar Meteorol. Glaciol., 7, 14-23, 1993

THE EFFECT OF HYDROSTATIC PRESSURE ON THE FORMATION
OF AIR-HYDRATE CRYSTALS

Tetsuya IKeEDA, Tsutomu UcHIDA and Shinji MAE

Department of Applied Physics, Faculty of Engineering, Hokkaido University,
Kita-13, Nishi-8, Kita-ku, Sapporo 060

Abstract: The transformation of air-hydrate crystals from air-bubbles in ice
was observed by a microscope at 270 K under high hydrostatic pressure between
19.6 and 34.3 MPa during the period of 16 day<. The number concentration of
the air-hydrates formed by the pressurization was measured and was compared
with the number concentration of the air-bubbles included. It was found that the
transformation rates calculated from these number concentrations increased from
0s™' at 19.6 MPa to 5.4x107° s™' at 34.3 MPa. The transformation process is
discussed in terms of the nucleation theory of the crystal.

1. Introduction

SHoi and LanNGway (1982) first found air-hydrates in fresh ice cores from
Dye-3, Greenland, using an optical microscope. Subsequently, SHoJ1 and LANG-
wAy (1987) reported that the shallowest depth at which air-hydrates were
observed in the Dye-3 core was 1092 m, and at the depth of 1642 m, air-bubbles
disappeared completely in the Dye-3. This means that air-hydrates and air-
bubbles coexist in the zone between 1092 m and 1537 m, known as the transition
zone. The zone corresponds to a time interval of about 6000 years (REeH et al.,
1985). According to MILLER (1969), air-hydrates form at the depth at which the
pressure in the air-bubbles is equal to the dissociation pressure of the air-hydrate.
This depth, approximately equal to the shallowest depth of the transition zone, is
calculated to be 990 m at Dye-3. SHoJ1 and LANGWAY (1987) measured the phase
boundary energy between ice and air-hydrate and reported that its value was
very high compared with the grain boundary energy. They pointed out that the
observed high phase boundary energy might act as a high threshold in the
transformation from air-bubble to air-hydrate, thereby causing the very thick
transition zone of about 450 m.

LipENKOV (1989) observed air-bubbles and air-hydrates in ice cores from
Vostok station, Antarctica. He revealed that air-hydrates formed at about 500 m
depth and the transformation from air-bubble to air-hydrates was completed at
about 1250 m depth. In this case as well, the shallowest depth that air-hydrates
formed was similar to the depth obtained from the dissociation pressure of
air-hydrates. The thickness of the transition zone is about 750 m, corresponding
to a time interval of about 60000 years (Lorius et al., 1985).

UcHIDA observed the growth process of air-hydrate from air-bubbles in ice
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under hydrostatic pressures ranging from 10 to 20 MPa and temperatures ranging
from 265 to 270 K, and found that the transformation to air-hydrate from
air-bubbles was completed in a few weeks (UcHIDA et al., 1992 ; UcHIDA, 1993).

Even if we take into consideration the temperature effect which reduces the
transformation rate in Dye-3 and Vostok cores, This leads to the conclusion that
the thick transition zone is not caused by the growth process but by the
nucleation process. Contrary to the result of SHoi and LaANGwAy (1987), UcHIDA
et al. (1993) precisely measured the phase boundary energy between air-hydrates
and ice and reported that it was similar to the grain boundary energy. This
implies that the phase boundary is not the cause of the thick transition zone.

While the ice temperature hardly varies in the transition zone of the Dye-3
(from 253 K at 1092 m to 256 K at 1537 m (Mcinnes and RaDok, 19895)),
pressure increases from 9.9 MPa to 13.9 MPa. Even in the transition zone of the
Vostok core, the ice temperature is almost constant (from 220 K to 227 K (Rirz,
1989)) but the pressure increases from 4.5 MPa to 11.3 MPa. The fact that the
pressure difference is larger than the temperature difference in both cases implies
that the transformation from air-bubbles to air-hydrate is affected by the pres-
sure. Therefore, it is important to investigate the pressure dependence of air-
hydrate formation in the study of the thick transition zone.

In order to investigate the pressure dependence of the nucleation rate of
air-hydrates, we carried out ice pressurization tests including air-bubbles and
observed air-bubbles before pressurization and air-hydrates after pressurization
using an optical microscope. The transformation rate of air-hydrate was calcu-
lated from the number ratio of air-hydrate to air-bubbles at several pressures,
and the pressure dependence of the transformation rate was obtained. In the
following, we discuss the transformation rate based on crystal nucleation theory.

2. Experiments

For the preparation of ice samples including uniformly distributed air-
bubbles, small ice particles were soaked into distilled and deionized water at 273
K, and the mixture was frozen rapidly. A cubic specimen with dimensions of
about 30x30%x30 mm® was cut from the central part of the frozen ice using a
band saw for the pressurization tests. Sizes and number of air-bubbles included
were measured in a thin section of the specimen with a thickness of 1 mm
prepared before the experiments. Figure la shows a photograph of such a thin
section. The measurements were made on a specimen volume of 30 mm?; the
number concentrations of the air-bubbles measured were in the range of 6 and 25
mm 3. For easy comparison of the data, spherical shape was assumed for all of
the air-bubbles, and then the sizes of the air-bubbles can be expressed by sphere
diameters.

The specimen was encapsuled in a polyethylene bag to prevent the permea-
tion of the pressure transmitting liquid (silicone oil Toray silicone SH200) into
the specimen. Specimens were pressurized and annealed in a high pressure vessel
of which detail was given in the literature (HicasHi and SHosi, 1979). In the
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Fig. 1. Photographs of thin sections. (a) before pressurization (b) after pressurization.
Photographs are taken between crossed polaroids.

present experiments, annealing period and temperature were fixed for 16 days
and 270%+0.3 K, respectively. The applied pressure was varied among 19.6, 24.5,
29.4 and 34.3 MPa, above the dissociation pressure of air-hydrate (P3=13.0 MPa
at 270 K) calculated by MiLLER (1969). The pressure was kept constant within
+0.5 MPa during the annealing.

For microscopic observations of air-hydrates after pressurization tests, a thin
section of about 5 mm in thickness was cut from the central part of the cubic
specimen to avoid the surface effect. Optical conditions for the observations were
obtained by using silicone oil sandwiched between the thin specimen and the
glass plate and by polishing the upper surface of the specimen by ethyl-alcohol.
This polishing diminished the light scattering and yielded a clear image of the
air-hydrate under an optical microscope. The polished upper surface was covered
with a thin layer of silicone oil to prevent sublimation.

The number and sizes of air-hydrates were measured by the same method as
for the air-bubbles described above, although a larger volume of the specimen
(50~150 mm®) was observed because of the lower density of the air-hydrates.

3. Results

3.1. Transformation of air-bubbles into air-hydrates

The number concentration, N,, of air-bubbles was measured for 12 speci-
mens; 3 specimens for each pressure. The average number concentrations of
air-bubbles for each pressure classified into the diameter range at an interval of
100 um (from 10 to 110 um, from 110 to 210 wm, etc.) are presented in Fig. 2.
The data at pressures of 19.6, 24.5 and 34.3 MPa were almost the same, but the
data at pressure 29.4 MPa was different from the others because of different
microscope magnification.
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Fig. 2. Distribution of diameters of air-bubbles in the specimen
before pressurization.

(a) (b)

Fig. 3. Photographs of air-hydrates in the specimen after pressurization. (a)(b)
irregular shape (c)(d) polyhedral shape. 100 um bar is given for scale in
each photograph.
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Figure 3 is a photograph of air-hydrates under the microscope. Most of the
air-hydrates were of irregular shapes, as shown in Figs. 3a and b, but about 10%
of them were of a polyhedral shape, as shown in Figs. 3c and d. No significant
relation between the polyhedral shape ratio and the pressure was detected.

The mean grain diameter of ice in the specimen was in the range between
1.4 and 2.2 mm before pressurization and between 2.4 and 3.3 mm after
pressurization, indicating that grains grow during the pressurization tests. Since
the observation shows that the mean grain diameter after the pressurization tests
does not depend on the applied hydrostatic pressure, we neglect the effect of
grain growth on the transformation of air-bubbles into air-hydrates.

3.2. Transformation rate of air-hydrates

Air-hydrates were observed in all specimens annealed under 24.5, 29.4 and
34.3 MPa but not in the specimens annealed under 19.6 MPa. Figure 4 shows the
number concentration, Ny, of air-hydrates formed during the annealing. Since the
number concentration N, depends on the number concentration, N,, of the
air-bubbles included in the specimen, N, was plotted against N, in this figure.
From the linear relationship between N, and N, found in this figure, we define
the transformation rate of air-hydrates, K, as the slope of this plot divided by the
annealing period. The values of K obtained were 1.1x107° s~! at 24.5 MPa,
2.9x107% s7! at 29.4 MPa and 5.4x107° s™' at 34.3 MPa.

Figure 5 shows the transformation rate K as a function of pressure P. If we
assume a linear relationship between K and P, then we obtain
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Fig. 4. The relation between the number concentration of air-hydrate
(Ny) in the specimen after pressurization and the number
concentration of air-bubbles (Ny) in the specimen before
pressurization at 270 K. Solid lines are obtained using the
method of least squares for each pressure. K is the trans-
formation rate of air-hydrates obtained from the slope of the
line divided by the annealing period.
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Fig. 5. Pressure dependence of transformation rate of air-hydrates
(K) at270 K. The solid line was obtained using the method of
least square for 24.5, 29.4 and 34.3 MPa data.

K = Ky+aP, (1)
where Ky=-0.014 s7!, a=6.1x10"1 s"'MPa~!.

3.3. Growth rate of air-hydrates

We define a growth rate of air-hydrates, V, as the mean radius of air-
hydrates divided by the annealing period. Figure 6 shows the growth rate V as a
function of excess pressure P—Py. If we assume a linear relationship between V
and P—P,, then we obtain

V = B(P-Py), (2)
where f=2.2x10"°mmh~!MPa~"'. It is smaller than that extrapolated from UcHi-

pDA’s experiments (8=8.4x10"°mmh~!MPa~' UcHipa, 1993).

4. Discussion

The transformation rate, K,, can be expressed by the following simple
equation.

K, =Us, (3)

where J is the nucleation rate of air-hydrates per unit surface area of ice and s is
the average surface area of air-bubble under hydrostatic pressure. Applying the
rate of nucleation in condensed systems (TurRNBULL and FiSHER, 1949), we
express J as follows
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Fig. 6. Growth rate of air-hydrates (V) at 270 K against excess
pressure over dissociation pressure of air-hydrate (P—Py).
The solid line was obtained using the method of least square.

kT AG*

J == exp (—«%) exp (== 7 4)

where n; is the number of water molecules per unit volume of ice (3.07x10%
m~?), k is the Boltzmann constant, T is temperature and 4 is Planck’s constant.
Ag is the activation energy for a water molecule to join a nucleus, assumed to be
the activation energy for self diffusion in ice (0.56 eV Gorto et al., 1986). AG* is
the activation energy of critical nucleus of which radius is r*. To derive the
expression, we assume the reaction region to be a shell of thickness r* around an
air-bubble.

HonpoH (1989) estimated AG* as the maximum of the free energy change
caused by the formation of an air-hydrate nucleus under pressure higher than
that of air-hydrate dissociation. HoNDOH assumed the nucleus to be a half
spherical air-hydrate on the flat surface of an air-bubble. Using this nucleus
model, r* and AG* are expressed by:

2QuY1-H
r= —, 5
Apr-n ®)

* _ 8aQ2%Yi-n
A¢ 3Aut-u ©)
where €y is the molecular volume of water in air-hydrate (3.75x107% m?®), y,_y
is the phase boundary energy between ice and air-hydrate (y;_=0.97 vy,
UcHIDA et al., 1993; y,, is the grain boundary energy of ice, ¥,,=0.065 J/m?
Hosss, 1974) and Ap;_y is the difference of the chemical potentials of water
molecules between ice (y;) and hydrate (uy) as



Effect of Pressure on Air-hydrate Formation 21

P
Apy_p = W—uy = kT len(T);), (7)

where vy is the number of cages per water molecule (v;=3/17 in air-hydrate).
The surface area s under pressure P can be expressed by

S
§ = "P?OT_T’ (8)

where s, is average surface area of an air-bubble obtained from the mean
diameter of the air-bubbles in the specimen before pressurization.

According to egs. (3), (4), (5), (6), (7) and (8), K, is less than 107!° in the
pressure range between Py and 40 GPa. This means that the formation of
air-hydrates is not detectable in the pressure range of this experiment. The
disagreement between K and K, implies that the nucleation of air-hydrate is not
homogeneous because the theory described above is based on the homogeneous
nucleation. Then, we introduce the heterogeneous factor f which reduces AG*
according to:

AG* = AG* . )

J' denotes J using AG*' and K denotes K, using J' below. Because of the
difference of pressure dependence between K, and K as shown in Fig. 7, f
cannot be suitable for all values of K. We calculate f by fitting K, for an
individual K. As a result f is 0.009 at 24.5 MPa, 0.015 at 29.4 MPa, 0.020 at 34.3
MPa.
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Fig. 7. Pressure dependence of transformation rate of air-hydrate at
270 K. Filled circles show observed transformation rate (K).
Three curves show calculated transformation rate (K',) for
various value of f, the heterogeneous factor for the nucleation
of air-hydrate.
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Although it is difficult to explain the pressure dependent factor f at present,
we propose a plausible mechanism as follows: The air-bubble surface is not
smooth but with many grooves. Then, application of hydrostatic pressure causes
stress concentration at the grooves. Since the magnitude of the stress concentra-
tion increases with the applied pressure, a higher factor f can be expected for
higher pressure. This might be the reason for the pressure dependence of the
heterogeneous factor f.

We consider two possibilities for the reason why the magnitude of 8 in this
study is smaller than that of UcHipA (1993). One of them is the difference of
definition of the growth rate V. While we calculate V as the mean radius of
air-hydrates divided by the annealing period, UcHIDA calculated V from the
change of the radius of air-hydrate with time. If the annealing period is longer
than the growth period, then the magnitude of V in our calculation is smaller
than that of UCcHIDA.

Another possibility is the different specimens. Our specimen is artificial ice,
but UcHIDA prepared specimens from Vostok ice core at the depth of 1514 m.
Since no air-bubble was observed in the Vostok ice core deeper than 1250 m as
described above, air-bubbles included in UcHIDA’s specimen were presumed to
have been formed by the air-hydrate dissociation after recovery from the ice
sheet.

This study is a preliminary investigation of the effect of hydrostatic pressure
to the air-hydrate formation. Although we cannot entirely explain the thickness
of the transition zone in a polar ice sheet using the nucleation theory of
air-hydrates, we can point out that pressure is the most important factor for the
formation of air-hydrate.
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