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ABSTRACT. We measured the Ny/Oj, ratios in clathrate hydrate crystals from Vostok
Antarctic ice cores using Raman spectroscopy in order to investigate the spatial distribution
of air molecules within a crystal. The results showed that the pattern of the spatial distribution
of air molecules in clathrate hydrate depends on the crystal. Some clathrate hydrates have
inhomogeneous distributions of the No/Oy ratio within the crystals, while others are prac-
tically homogeneous. The spatial distribution of air molecules within an individual clathrate
hydrate changes with time due to three processes: (1) the initial selective enclathration caused
by the difference between the dissociation pressures of pure No- and Oo-clathrate hydrates, (2)
the diffusive mass transfer of air molecules from surrounding air bubbles through the ice
matrix, and (3) diffusion of air molecules in the clathrate hydrate crystal. The dissociation
pressures and the diffusion rates of air molecules in ice and clathrate hydrate strongly depend
on temperature. Therefore, it is concluded that the pattern of the spatial distribution of air
molecules in clathrate hydrate is mainly determined by the depth at which they formed and

the temperature in the ice sheet.

INTRODUCTION

Paleoatmospheric reconstruction is one of the main topics of
research on ice cores (e.g. Neftel and others, 1985; Barnola
and others, 1987, Neftel and others, 1988; Raynaud and
others, 1988; Stauffer and others, 1988; Chappellaz and
others, 1990). Atmospheric gases are trapped in air bubbles
when firn is transformed into ice by sedimentation near the
surface of polar ice sheets. Air bubbles are compressed with
depth and gradually transform into clathrate hydrates
below a depth at which the hydrostatic pressure becomes
greater than the dissociation pressure of the hydrate phase
(Miller, 1969; Shoji and Langway, 1982). Air bubbles and
clathrate hydrates coexist in the deep ice within a range of
depths (the transition zone) which covers 500—1250 m in the
Vostok Antarctic ice cores (Lipenkov, 1989; Uchida and
others, 1994).

When clathrate hydrate forms in a ternary system (i.e. a
gas mixture and HyO), the gases are fractionated by selec-
tive enclathration (Barrer and Stuart, 1957). According to
the theory of Van der Waals and Platteeuw (1959), air clath-
rate hydrate transformed from air and ice (or water) is en-
riched in O,. This fractionation effect on air clathrate
hydrate was confirmed from Raman spectroscopic study of
artificial air clathrate hydrate by Chazallon and others
(1998). Thus, fractionation of air gases during the transition
process from air bubbles to clathrate hydrates in polar ice
sheets 1s expected. Since the fractionation affects the com-
position and distribution of the atmospheric gases in ice,
the effect of fractionation has been studied in order to recon-
struct accurate records of the paleoatmosphere from polar
ice cores (Nakahara and others, 1988; Pauer and others,
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1995, 1996, 1997; Fukazawa and others, 1996a,b; Tkeda and
others, 1999, in press; Salamatin and others, 1999).

From measurements of the depth profile of the No/Oy
composition ratios in the clathrate hydrates and the air
bubbles, Fukazawa and others (1996b) and Ikeda and others
(1999) found significant fractionation of gas molecules in the
transition zone in Vostok ice. They measured Raman spectra
of 140 clathrate hydrates and 120 air bubbles from depths of
83—3316 m in Vostok ice cores, and found remarkable vari-
ations of the Ny/Oy ratios in clathrate hydrates and air bub-
bles with depth in the transition zone. They reported that the
average No/Oj ratio in air bubbles increases from the atmos-
pheric value at the beginning of the transition to 11.7 at the
end, while the average No/Oy ratio in clathrate hydrates is
2.0 at the beginning and asymptotically approaches the
atmospheric value. They concluded that the variation in gas
compositions in clathrate hydrates and air bubbles is attribu-
table to faster diffusion of O than Ny through the ice lattice.
This conclusion is consistent with the results of optical
microscopic observations of the sizes of air bubbles and
clathrate hydrates in the Vostok ice cores (Lipenkov and
others, in press). The distribution of the radii of clathrate
hydrates, s/r (i.e. the ratio of the standard deviations, 5, and
the mean radius, 7), in the transition zone is about 25%,
while that of air bubbles above the transition zone is about
40%. These results showed that clathrate hydrate grows out-
ward due to the diffusive mass transfer of air molecules
between clathrate hydrates and air bubbles through the ice
matrix during and after the transformation from air bubble.

Salamatin and others (1998) modeled the process of con-
version of an air bubble to a clathrate hydrate crystal in ice
after nucleation. On the basis of the theory, Salamatin and
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others (1999) developed a mathematical model of the post-
nucleation growth of clathrate hydrate, taking into account
the outward growth caused by the diffusive mass transfer of
air molecules through the surrounding ice matrix. Salamatin
and others (1999) and Ikeda and others (in press) applied the
model to the conditions of Vostok and Greenland ice cores.
According to their theoretical model, a large percentage of
air molecules (30-70% of the total mass) in an air bubble is
abruptly converted into a clathrate hydrate crystal after
nucleation because of the high supersaturation of the initial
air bubble. During this stage, the pressure of the air bubble
drops to the dissociation pressure level. The shell of the clath-
rate hydrate then grows inward, filling up the air bubble. The
inward growth occurs due to (I) diffusion of air and water
molecules through the clathrate hydrate layer in opposite
directions, and (2) hydrostatic compression of the air bubble
confined to the shell of the clathrate hydrate and surrounding
ice, both plastically deformed under the excess load pressure.
The hydrostatic compression of the air bubble is the rate-lim-
iting step in the inward growth of the clathrate hydrate (Sala-
matin and others, 1999). At the same time, the crystal grows
outward as described above. Thus, the post-nucleation growth
of clathrate hydrate is controlled by the hydrostatic compres-
sion of the air bubble and the diffusive transfer of air mol-
ecules through the ice matrix. Accordingly, the spatial
distribution of air molecules within an individual clathrate
hydrate crystal might not be uniform and in equilibrium.

In order to investigate the spatial distribution of air
molecules within an individual clathrate hydrate crystal, Pauer
and others (1996) measured the focal-plane dependence of the
Ny/Oy ratio within a clathrate hydrate from 147565 m depth in
the Greenland Ice Core Project (GRIP) ice core using Raman
spectroscopy. However, they found no fractionation effect (i.e.
gradient) on the No/O, concentration within a clathrate
hydrate crystal. They concluded that the gradient of the con-
centration that resulted from the initial fractionation may have
been leveled out with time.

On the other hand, Fukazawa and others (1996a) found
an inhomogeneous distribution of air molecules within a
clathrate hydrate from 150l m depth in the Dye-3 (Green-
land) ice core using Raman spectroscopy. They showed that
the No/Os ratio decreases with increase in the distance from
the center of the crystal, and reaches its minimum at the in-
terface with surrounding ice Th. The No/Os ratio at the inter-
face was about 20% lower than that at the center of the
crystal. Fukazawa and others concluded that the inhomoge-
neous distribution is due to the lower dissociation pressure for
pure O clathrate hydrate than for pure Ny clathrate hydrate.

In order to investigate the mechanism of the variation in
the spatial distribution of air molecules in an individual
clathrate hydrate crystal in a polar ice sheet, we measured
the focal-plane dependence of the Ny/Oy ratio within
clathrate hydrate over a large depth range in Vostok ice
cores, using Raman spectroscopy.

EXPERIMENT

Raman spectra of 79 clathrate hydrates from depths of 750—
3299 m in the Vostok ice cores were measured using a JOBIN
YVON RAMANOR T64000. The excitation energy for
Raman emission was produced by an NEC Ar-ion laser
using a single-mode operation of 514.5 nm with an output of
300 mW. The laser beam was focused on an individual
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Fig. 1. Focal-plane dependencies of N5 /O 5 ratios within (a)
crystal-a (1100 m depth ), (b) crystal-b (1100 m depth) and
(¢) crystal-c (1751'm depth ) in Vostok ice cores.

clathrate hydrate with a diameter of 1 ym under an optical
microscope, which was connected to a spectrometer for
backscattering measurement. The spectra were measured
at intervals of several pm within an individual clathrate
hydrate. Atmospheric gas was used as a standard to estimate
the No/Oqy composition ratio from the No/Oy peak-intensity
ratio. During the experiments, a continuous flow of
nitrogen gas maintained the samples at 248+ 0.1 K.
Further details of the procedures are described elsewhere
(Fukazawa and others, 1996b).

RESULTS AND DISCUSSION

Figure la—c show the focal plane dependencies of No/Oy ratios
within crystal-a (1100 m depth), crystal-b (1100 m depth) and
crystal-c (1751m depth), respectively. The pattern of the
spatial distribution of air molecules in clathrate hydrate
depends on the crystal. As shown in Figure la—c, crystals-a
and -b have inhomogeneous distributions of No/Os ratios,
while the distribution in crystal-c is practically homogeneous.
For crystal-a, the No/Oy ratio is about 3.3 at the center of the
crystal. The value decreases with increase in distance from the
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Fig. 2. Depth profile of 6 (Yn,/Yo0,) of clathrate hydrates in
Vostok ice cores. The broken horizontal line shows the value
Jor a crystal with a homogeneous distribution (i.e.

o (YNz /Yoz) = 0)

center, d, and reaches 2.5 at the interface with surrounding ice
Ih. For crystal-b, the No/Oj ratio at the center of the crystal is
about 3.0. The value increases with increase in d, and reaches
4.4 at the interface with surrounding ice ITh. Crystal-c has a
constant No/Oy ratio of 3.8.

In order to investigate the depth profile of the
distributions of air molecules in individual crystals, we
assume that the degree of the distribution is given by

(YN‘Z/YOZ)i - (YNZ/YOQ)C
(YN2/Y02)(:71}1

where (Yy,/Y0,); and (Y, /Y0,). are the No/Oy ratios at the
interface with ice Th and at the center of the crystal,

6(Yx,/Yo,) = (1)

respectively, and 7y, is the radius of the crystal. A negative
value of 6(Yy, /Y0,) means that the No/Oj ratio of the crystal
decreases with increase in d. A positive value of § (Yy,/Y0,)
means that the No/Oy ratio of the crystal increases with
increase in d. The values of for crystals-a, -b and -c are
—0.0098,0.0133 and —0.0007um™", respectively. Figure 2
shows the depth profile of ¢ (Yx,/Yo,) of clathrate hydrates
in the Vostok ice cores. The values of ¢ (Yn,/Yo,) are widely
scattered, depending on the individual crystal. However, it
can be seen that some crystals at the end of the transition zone
have high negative or positive values of § (Yy, /Y0, ) compared
with those at other depths. In addition, the values of
6 (Yx,/Yo,) are systematically negative in the beginning of
the transition zone.

The spatial distribution of air molecules within a clath-
rate hydrate changes with time due to three processes: (1) the
initial selective enclathration caused by the difference
between the dissociation pressures of pure No- and Os-
clathrate hydrates, (2) the diffusive mass transfer of air
molecules from surrounding air bubbles through the ice
matrix, and (3) diffusion of air molecules in the clathrate
hydrate crystal. Therefore, the inhomogeneous distribution
found in the present study can be explained using the
theoretical models (Salamatin and others, 1998, 1999).

To evaluate the diffusive mass fluxes, the conventional cell-
model approximation for diluted multiphase media is used
(Salamatin and others, 1999). For simplicity, the simulations
are restricted to the case when the clathrate hydrate crystal,
after nucleation, rapidly coats the wall of the air bubble and
then grows as a spherical hydrate shell. A spherical air bubble
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of radius 7}, coated by a spherical clathrate hydrate shell (with
an external radius ) 1s confined to a spherical ice cell of a
specific volume related to one inclusion. That 1s, the radius of
the ice cell is given by 7. = (47TN0/3)_1/3, where Nj is the
number concentration of all inclusions (i.e. clathrate hydrates
and air bubbles). The Ny and Oy molecules diffuse through
the spherical ice layer toward its center occupied by the
semi-bubble with growing clathrate hydrate.

The composition of gas molecules in the clathrate hydrate
growing inward (i.e., filling up the air bubble) can be
estimated using the solid-solution model (Van der Waals and
Platteeuw, 1959). The site occupancy of the cages in mixed
clathrate hydrate, y, is given by

C7npm
= — 2
Y zm: 1+ CuPn’ @
m
where C,,, and P,, are the Langmuir constant and the partial
pressure of m-molecule, respectively (Van der Waals and
Platteeuw, 1959). Under the assumption of equal site
occupancy for pure No- and Os-clathrate hydrates at the
dissociation pressures, the composition of the air molecules
in the inward-growing clathrate hydrate at d = d; is given by

Y, (i) /Yo, (di) = Plo, Zx,(d)/[P'x, Zo, ()], (3)
where Yy, (di), Yo,(di) and Zx,(d;), Zo,(d;) are the mole
fractions of Ny and Oy in the clathrate hydrate and the air
bubble, respectively, and PdN2 and Pdo2 are the dissociation
pressures of pure No- and O,-clathrate hydrates.

According to the theory of radial diffusion in a sphere
(Crank, 1975), the averaged quantities of diffusing Ny and
O, through the ice layer toward the growing clathrate
hydrate are given by

S Pl = — TeTh
qn, = 47D N, |:’7PTN2ZN2+(1 - 'Y)YNZ - YN2:| Te — 7‘h,
) MN« P] = — TeTh
= ArD 0,22 |y —L Z0 4+ (1 — 7)Y o,— Yo, ——,
q0, L0, Mo, |:’Y P(102 0, +( 7) 0, 02:| ro —Th

(4)
where D%\, and D, respectively, are the diffusive perme-
ation (self-diffusion) coefficients of Ny and Os in the ice lat-
tice, at a given temperature and dissociation pressure
(Salamatin and others, 1999). The diffusive permeation coef-
ficient is given by the product of the diffusion coefficient
(m? s71) and the fractional concentration (mol molg,o ')
of Ny (or Oy, in the ice lattice (Ikeda and others, in press).
Zn,and Zo, are the mean mole fractions of Ny and Oy of
surrounding, non-nucleated air bubbles, YNQ and 3702 are
the mean mole fractions of Ny and O, of surrounding,
completely formed clathrate hydrates, P, is the load
pressure, My, and Mo, are the mole masses of No and O,
respectively, and 7y is the averaging parameter, which ranges
from O to l and is assumed to be equal to the number fraction
of non-nucleated air bubbles n}, in No. Assuming that the
distributions of air molecules are frozen, the composition
of the air molecules in the outward-growing clathrate
hydrate at d = dj 1s given by

A
YN2 (dU) _ tH_ thz dt

= . )
Yo, (do) fttJrAt 4o, dt (5)

The parameters at the beginning of the transition zone in
Vostok ice (600 m depth) are assumed to be T' = 220 K (1.e.
Py, =36 MPa, and Py, = 26 MPa), Dy, =14 x 10 %
m?mol molHQ(f1 sfl, Do, =30 x 102" m? mol mole(f1 sﬁl,
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B =51MPa, n, = 1, Ny = 800 cm *, and Zy, = 079 (Tkeda
and others, in press). The radius of the initial air bubble, 74, is
assumed to be 0.02 mm, since small air bubbles are preferen-
tially transformed to clathrate hydrates (Lipenkov and others,
1n press).

Figure 3a shows simulated temporal variations in No/Oq
ratios (i.e. Yy, /Y0,) in the portions growing inward and out-
ward in a clathrate hydrate nucleated at 600 m depth. The
Ny/Og ratio in the portion formed immediately after the
nucleation is 2.7. The Ny/Oq ratio in the portion growing in-
ward increases with time, as shown by the solid line in Figure
3a, because of the increase in the No/Oy ratio in the remain-
ing air bubble. By contrast, the No/Oy ratio in the portion
growing outward decreases rapidly, as shown by the dashed
line in Figure 3a. The decrease in the No/Os ratio is attribu-
ted to the faster diffusion of Oy compared with Ny in the ice
lattice (Ikeda and others, 1999). Because there are few clath-
rate hydrates compared with the number of air bubbles at the
beginning of the transition zone, the surrounding non-
nucleated air bubbles contribute a large number of air mol-
ecules to the clathrate hydrates. Thus, the composition of the
portion growing outward changes rapidly.

Figure 3b shows the spatial distribution of the No/O, ratio
in the clathrate hydrate at ¢ = 1000 years, under the assump-
tion that the distributions are frozen during growth. The crys-
tal has a high negative value of § (Y, /Y0, ). To estimate the
limit of the inhomogeneous distribution, it was assumed that
the diffusion rates of air molecules in clathrate hydrate are
zero. In reality, however, the significant inhomogeneous
distribution that resulted from the initial fractionation is
leveled out during the formation of the crystal, because air
molecules diffuse in clathrate hydrate. The diffusion

N,/O, ratio
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Fig. 5. (a) Temporal variation in Ny /Oy ratio in portions
growing inward and outward (solid and dashed lines,
respectively ) in a clathrate at the beginning of the transition zone
of Vostok wce core (600 m depth). (b) Spatial distribution of the
N2 /Oy ratio in the crystal at t = 1000 years. The dotted lines
show the average N /O ratio in the crystal.
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coefhicients of air molecules in clathrate hydrate are estimated
as 02-13x10 "m?s '(at 263K), about two orders of
magnitude less than those in ice (Salamatin and other, 1998).
The time-scale of the diffusion of air molecules in clathrate
hydrate, 7p, is much less than the time-scale of the hydrostatic
compression of air bubbles, 7¢, in the beginning of the
transition zone (Salamatin and others, 1998). Thus, the
distribution of air molecules in the clathrate hydrate formed
at the beginning of the transition zone becomes homogeneous
(i.e. & (Yx,/Yo,) =0) during the formation if there is no mass
transfer of air molecules through the surrounding ice.
However, the ¢ (Yx,/Y0,) of the crystal changes with time
due to the diffusive gas-mass exchange between a clathrate
hydrate and its neighbors through the ice matrix. Since the
time-scale of the diffusive gas-mass exchange for a clathrate
hydrate, 7, 1s comparable with 7¢ in the beginning of the
transition zone (Salamatin and others, 1999), the clathrate
hydrate has a negative value of ¢ (Y, /Y0,) in the beginning.
The value of § (Yx,/Yo,) gradually increases with depth and
reaches a high positive value at the end of the transition zone,
because the No/Oy ratios in the surrounding air bubbles
gradually increase with depth. Actually, the values of
6 (Yn,/Yo,) are systematically negative in the beginning of
the transition zone, and some crystals have positive value in
the end of the transition zone as shown in Figure 2. It is
thought that the crystal with a high positive value of
6 (Yx,/Yo,) at the end of the transition zone was formed at
the beginning of the transition zone.

The parameters at the end of the transition zone in Vostok
ice (1100 m depth) are assumed to be T' = 225K (i.e. Ply, =
43MPa, and Ply, = 31MPa), D%\, = 30x107”

m? mol m01}12071 s D¥p,=6.9 x 10 ?'m? mol mole(fl s |

25 T T T T T T T
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Fig. 4. (a) Temporal variation in Ny /O ratio in portions
growing nward and outward (solid and dashed lines,
respectively ) in a clathrate at the end of the transition zone of
Vostok ice core (1100 m depth ). (b) Spatial distribution of the
N3 /0y ratio in the crystal at t = 15 years. The dotted lines
show the average N»/O ratio in the crystal.
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P, =96 MPa, nj, =005, Ny =800 cm °, Zx, =092, YN2 =079
and 7,0=0.05 mm (Ikeda and others, 1999b).

Figure 4a shows simulated temporal variations in No/Oy
ratios in the portions growing inward and outward in a
clathrate hydrate nucleated at 1100 m depth. The outward
growth of clathrate hydrate at the end of the transition zone is
slow compared with that at the beginning of the transition
zone, since the number concentration of air bubbles is low.
Thus, the distribution of gas molecules in the clathrate hydrate
formed at the end of the transition zone is dominated by
inward growth. The Ny/Os ratio in the portion growing
inward increases with time, as shown by the solid line in Figure
4a, because of the increase in the No/Oj ratio in the remaining
air bubble.

Figure 4b shows the spatial distribution of the No/Oq
ratio in the clathrate hydrate at ¢t = 15 years, under the
assumption that the distributions are frozen during growth.
The newly formed crystal at the end of the transition zone
has a high negative value of ¢ (Yx,/Y0,). The scale of 7¢
becomes comparable with 7 in the end of the transition
zone, because the bubble-compression rate increases with in-
crease in depth (Salamatin and others, 1998). In addition, 7
1s much larger than 7¢ (Salamatin and others, 1999). Thus, a
high negative value of 6 (Yy,/Yo,) remains in the rare
crystals formed at the end of the transition zone.

The clathrate hydrate from 1501 m depth in the Dye-3 ice
core has a high negative value of ¢ (Yx, /Y0, ) (Fukazawa and
others, 1996a), because this crystal was formed deeper in the
transition zone. On the other hand, the clathrate hydrate
from 147565 m depth in the GRIP ice core has a homoge-
neous distribution (Pauer and others, 1996), because this crys-
tal was formed at a depth in the middle of the transition zone.

The dissociation pressures as well as the diffusion and
compression rates strongly depend on temperature. Therefore,
it can be concluded that the pattern of the spatial distribution
of air constituents in clathrate hydrate is mainly determined by
the depth at which they formed and thermodynamic
conditions in the ice sheets. We expect that the pattern of the
spatial distribution of air molecules in clathrate hydrate can be
used as a measure of the age (i.e. the depth of the formation) of
the clathrate hydrate. The age of clathrate hydrate is one of the
primary factors for the fractionation process of gas molecules
in polar ice sheets. The gas fractionation might have important
implications for the interpretation of gas distributions in ice
sheets and the paleoatmospheric reconstruction.
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