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ABSTRACT. We performed microscopic observations and a statistical study of the
number, size and shape distribution of clathrates in the GRIP (Greenland Ice Core Pro-
ject) deep ice core, using 185 samples from a depth range of 10163014 m, spanning a
period of 6 to >110 ka BP and encompassing the Holocene, Wisconsin and Eemian periods.
The number concentration of the clathrates varied considerably with climatic changes. It
was possible to detect the rapid climatic oscillations in the last glacial between 13 and
110 ka BR, the Dansgaard Oeschger cycles, in the number-concentration profile of clath-
rates. The mean volume of clathrates is less clearly influenced by climatic factors, with a
tendency towards greater volumes in warmer periods, but also a growth of clathrates with
depth could be detected. This growth rate was calculated to be 3.1 x10 " em®a . The
amount of gases captured in the clathrates is estimated to be significantly smaller than
the total amount of air determined by gas-concentration measurements. This points to
diffusion processes of atmospheric gases within the ice matrix.

INTRODUCTION

The transition [rom snow to firn involves densification and
formation of porous channels, which allow the exchange of
gases contained in them with the atmosphere. At the firn—
ice transition these open pores are closed off, and individual
bubbles form in which atmospheric air is captured. At great-
er depths, depending on the temperature of the ice, the in-
creasing hydrostatic pressure enters the stability range of
air clathrates. Miller (1969) predicted their existence in polar
ice sheets from the consideration of their thermodynamic
properties, which was confirmed by their discovery by Shoji
and Langway (1982). Below the depth corresponding to their
dissociation pressure at a given temperature, more and more
clathrates begin to form with increasing pressure as the
depth increases, until the transition of air bubbles to clath-
rates is complete. This range of coexistence of air bubbles
and clathrates is called the transition zonc and is stretched
over hundreds of metres of depth — between 1000 m (obser-
vation of the first clathrates) and 1500 m (disappearance of
bubbles) in the GRIP (Greenland Ice Core Project) deep
ice core— corresponding to a time interval of 4.2 ka, from
5.6 to 9.8 ka BP. For clathrate formation, nucleation is neces-
sary to cnable the lattice transformation to start. This is
assumed to take place not right after the p—T conditions
have been met, but over a longer depth and time range
(Uchida and others, 1992, 1994¢; Ikeda and others, 1993). In
contrast to this model, Price (1995) argued that the long
transition period was the result of diffusion of gas and water
molecules. According to him, the diffusion of water mol-
ecules through the clathrate lattice takes an extremely long
time, hence the long period of coexistence of clathrates and
air bubbles. However, no inclusions in a transition state [rom
air bubble to clathrates have been detected in the transition
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zone. We have observed only those clathrates transforming
back to bubbles, clearly to be recognized by the opening in
only one sector of a clathrate and the cracks that form
around the bubble. In a field investigation on clathrates in
the transition zone of the NGRIP (North Greenland Ice
Core Project) ice core immediately after core retrieval, no
clathrates in a transitional state were observed. The inclu-
sions encountered were cither primary air bubbles or com-
pletely transformed clathrates, which refutes the hypothesis
that diffusion was the reason for the coexistence of clathrates
and air bubbles.

The influence of the dissociation of air clathrates on the
ice-core quality, which causes the brittleness of the ice, was
investigated by Uchida and others (1994h). The part of the
ice core in which clathrates decompose soon after core re-
trieval is called the brittle zone,

Hondoh and others (1990) showed in an X-ray study that
natural air clathrates crystallize in the von Stackelberg type
II structure. The presence of nitrogen and oxygen was evi-
denced by Nakahara and others (1988), revealing an Ny/O,
ratio of 1.7. This molecular ratio has been the focus of atten-
tion, with compositions varying between oxygen enrichment
(Nakahara and others, 1988; Fukazawa, 1996b), the finding of
an overall situation close to the atmospheric value of 37
(Pauer and others, 1995, 1997) and strong oxygen depletion
(personal communication from H. Fukazawa, 1996). How-
ever, the overall value of 37 determined as the average of
144 clathrates in samples from 21 different depths in the GR1P
ice core does not reflect the strong variability of the N,/O,
ratios that we find between individual clathrates in a given
sample or between the average values for clathrates from a
certain depth. This variation is found in a range between 2.1
(for a sample from 1219 m depth) and 4.3 (2431m). Even in
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different clathrate specimens from the same sample we
obtained deviations of about 10% from the average value.

Whereas in a previous study in our laboratory a varia-
tion of the nitrogen/oxygen ratio within clathrates and on
their decomposition could not be shown (Pauer and others,
1996), Fukazawa and others (1996a) detected different mo-
lecular ratios in different positions in a clathrate specimen,
suggesting an oxygen enrichment in the marginal areas ol a
clathrate specimen. It is still an open question what might
cause fractionation of the constituents of the atmosphere.
Apparently, there is an implication of fractionation as the
consequence of the different dissociation pressures of oxy-
gen and nitrogen clathrate, i.e. 120 vs 160 bar, respectively,
at 273.15 K (Van Cleeft and Diepen, 1960, 1963). But this does
not account for the variability of the N,/O, ratio in different
clathrate specimens from the same depths. Neither does it
explain the long-term coexistence of clathrates and air bub-
bles. This, in turn, means that many factors might influence
the composition of clathrates, with temperature, i.e.
climatic changes in the case of polar ice sheets, being one
of them.

The effect of clathrates on the growth rate of ice grains
was investigated in Uchida and others (1993). According to
this work, a large quantity of the clathrates is located on
grain boundaries and acts as a barrier to grain-houndary
migration.

The influence of climate on the number concentration,
the volume concentration and the mean volume of clath-
rates was shown by Uchida and others (1994a) in a series of
34 samples from the Vostok deep ice core, Antarctica. In that
study, it was found that number concentrations in cold per-
1ods were up to three times as high as in warm periods, while
the volume concentrations in warm periods were about
30% higher than in cold periods. It was also shown that
the mean volume of clathrates grows with depth. In a pre-
liminary study including 27 samples, we showed that the
number concentration is correlated with climate also for
the GRIP core, with many clathrates (up to 1250 cm A in
cold periods and significantly fewer in warmer periods
(about 200400 cm ) (Pauer and others, 1997).

An overview of transformation of air bubbles to clath-
rates, clathrate nucleation and growth, and diffusion pro-
cesses 1s given in Hondoh (1996).

The purpose of this paper is to investigate whether the
number concentration of clathrates and their size and shape
distribution reflect climatic conditions.

RESULTS AND DISCUSSION
Sample preparation

In the field, the ice cores were kept between —15" and —30°C
for the first, non-destructive experiments. After shipping to
Bremerhaven, the crude samples were stored at - 30°Ci in a
storage room before they were cut and microtomed into
samples about 16 mm thick; the length of the sample was typ-
ically 30 mm, its width 15 mm. The sample preparation and
the establishment of the statistical data were performed in a
cold laboratory at —20°C.

The samples were kept uncovered for a period of 24 hours,
when sublimation helped to produce a smoother surface after
microtoming. They were then frozen on a microslide with
supercooled water drops. The top of the sample was covered
with a thin cover-glass plate. Thin layers of silicone oil were
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applied between sample and glass surfaces, allowing clear
images of the clathrates to be observed under a microscope.

Methods

The clathrate numbers and dimensions were determined
under a microscope connected to a video camera. In this
way the image was transmitted to a monitor, whose area
and the z axis of the sample defined the ice volume in which
the clathrates were counted and measured. Clathrates in the
samples were identified by the Becke test as employed by Sho-

jiand Langway (1982), and their shapes were classified into

the four different categories spherical, elongated, faceted/
polyhedral and irregular (Fig. 1). The elongated clathrates
were distinguished from the spherical ones by defining the
longer horizontal dimension as being more than twice as long
as the shorter. We did not follow the classification into six dif-
ferent categories established by Uchida and others (1994a), as
the distinction between the three types spherical, oval and
rod-like, on the one hand, and faceted and polyhedral, on
the other, is rather arbitrary in our investigation, as the trans-

itions within the two sets of categories are smooth.

Fig. I. Classification of clathrates; Ny denotes the lotal, N
the spherical (lop left), N, the elongated ( top right ), Ny the
Jaceted (bottom left) and N the irregular ( botlom right )
number concentration.

For a staustically representative study, about 200 clath-
rates in each sample were counted and their maximum (a)
and minimum (b) horizontal diameters measured. For the
volume calculation of the clathrates, V,;, we assumed the
vertical dimension (¢) to be the same as the shorter horizon-
tal dimension, to form an ellipsoid. This assumption could
be justitied in a tomographic study of typical clathrates, in
which we could see that the longest dimension of an elon-
gated clathrate was in a horizontal dimension. The volume

25
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of the occluded gas, Vi, (STP) was calculated assuming a
general occupation ¥y (denoted a in Hondoh and others,
1990, and Uchida and others, 1994a) of the clathrate cages
of 80%, as determined in an X-ray experiment by Hondoh
and others (1990), regardless of sample depth and age or
clathrate size and shape, to facilitate comparison with the
values published by Uchida and others (1994a); the actual
values may be slightly higher, presumably 84-92%, de-
pending on temperature and pressure, as estimated from
our first neutron-diffraction experiments on synthetic oxy-
gen and nitrogen clathrates (see below):

4 a b\’
g =—7—=|= 1
Val 37T2(2) (1)

where a 1s the longer and b the shorter horizontal dimen-
sion.

V; 1 RT?JN cage

Veas = ————= 2
£é a,iju ( )

where Nigee is the number of cages per unit cell (24 in the
type I structure), R is the gas constant (8.314 ] mol LK,
T is the temperature, y is the site-occupancy factor, a is the
lattice constant, 1.72 nm for air clathrates, p is the gas pres-
sure, and N, is Avogadro’s number. T' and p are taken to be
the standard values of 273 K and 1.013 x 10° Pa, respectively.

A larger number of samples was used for the total num-
ber-concentration than for the volume- and shape-distribu-
tion profile because during the course of the study we found
that the number concentration was greatly influenced by
climatic factors, whereas the shape distribution, the mean
clathrate volume and the total gas-volume concentrations
followed much smoother tendencies. This is why we consid-
ered it more efficient to focus our attention on the total num-
ber of clathrates in those parts of the core where climatic
variations were strongest; this is particularly true for the
Dansgaard—Oeschger cycles (Dansgaard and others, 1993).
Here a resolution as high as possible is required in order to
establish a relationship between the occurrence of clathrates
and climate. Altogether, 185 samples were used for the total
number-concentration profile, of which 106 samples were in-
cluded in the size- and shape-distribution profile.

Results

The total number concentration and the §"0 profile
(Dansgaard and others, 1993) are plotted against depth in
Figure 2a, and the relative contributions of the different
shapes, Vi /Ny, are plotted in Figure 2b—e.

A qualitative interpretation of the number-concentra-
tion profile shows that the first part of the core between
1100 and 1500 m shows low clathrate-number concentra-
tions and significant amounts of bubbles that, from their
shapes and the cracks round them, were identified as sec-
ondary air bubbles from clathrate decay after core retrieval.
This means that for this part of the core a reasonable inter-
pretation of the clathrate numbers in terms of climatic
changes requires the (complicated) reconstruction of the
original number of clathrates before decomposition. This is
also true for the shape-contribution plots (Fig. 2b-e), in
which the proportions of the individual shapes are the result
of very few clathrates counted in this depth range. Thus, for
the interpretation of the clathrate-formation process (e.g. to
answer the question whether one air bubble transforms to
one clathrate), the GRIP ice-core samples are unsuitable.

The region from 1700 to 2800 m (13-110 ka BP) shows a
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fast fluctuation of N, generally following the pattern of
80, The first drop in the clathrate number below the trans-
ition zone at depth around 1700 m reflects the first interstadial
(Boelling), in which four samples correspond to the "0
profile reasonably well. The following 13 interstadials (18)
can be detected in a drop of the clathrate-number concentra-
tion: 1, 7, 11, 12, 13, 14, 15, 16, 18, 20, 21, 23, 24. Also, during the
Eemian, we find low values in the number-concentration
profile, where the 80 values are high (about —32%o). A
prominent feature here is a rapid oscillation between 2805
and 2830 m: the low 8O value (~38.1%0) is reflected in a
number concentration of 760 cm * (2806 m), followed by a
high 6O value of =32.2%0 (220 cm * at 2812 m), which gives
way to a low 8O value of ~37.4%o at 2828 m with an increase
of the clathrate number (450 cm ),

The only interstadials representing a mismatch between
clathrate-number concentration and 6”0 values are IS 17
and 19. For these the clathrate concentrations are fairly high
(600-850 cm ). For IS 2, 4, 5, 6, 8 and 9 no ice-core samples
were available, and there were hardly any for IS 3, 10 and 22,
The low 6O value (—42.0%0) between IS 3 and 4 is not in
agreement with the sample from 2035 m depth with its low
number concentration of 290 em *. Similarly, the samples
from 1826 m (380 cm %), 1958 m (600 cm %), 2101 m (570 cm ),
2178 m (295 cm 3}, 2933 m (355cm ) and 2483 m depth
(680 cm *) are not in agreement with rather low %0 values,
although in all cases the values are considerably higher than
those of the neighbouring samples, which can only be de-
tected 1n a plot with a wider resolution. It is conceivable that
a short warm period is reflected in these samples, which is
smoothed out in the bag averages of the O values (see
below).

Avery good agreement between the number-concentra-
tion and 6O values is evidenced by individual samples or
groups of samples that reflect sharp drops or increases in the
6"0 curve. These can be detected at 2420 m, 24592460 m
(three samples), 2587-2588 m (four samples), 2633 m (two
samples), 2756-276lm (five samples), 27762783 m (four
samples), 2805-2812m (five samples), 2915-2917 m (four
samples) and 2929-2930 m depth.

A contradiction between clathrate-number concentra-
tion and 6O values is observed for the samples from 1716,
2035, 2079, 2295, 2380, 2382, 2398, 2412, 2662 and 2859 m
depth. However, for all these samples, the deviation is on
the side of too few clathrates. No case was observed in which
there are many clathrates in a warm climatic period.

It has to be borne in mind that the 8O values are
averages of 55cm core pieces (“bags”), resulting in a
smoothed §'°O profile. Our samples are from 5 cm fragments
of a given bag number, possibly with different 80 values,
which might account for some mismatch in the N; profile.

The total number profile is mainly determined by the
number of spherical clathrates, with percentages of about
40-95%, increasing with depth. Two outliers (1199 and
1508 m) are the result of very few clathrates left in these
samples; this is why the values in the depth range 1100
1600 m are not statistically representative. The number of
elongated clathrates follows roughly the same trend, but de-
creases with depth. Faceted clathrates show a shallow max-
imum at a depth of around 2400 m, whereas no clear trend
1s observed for irregular clathrates, with values around
15%. The decrease in N, is accompanied by an increase in
Nj, as demonstrated in Figure 3, where the long and short
dimensions are plotted against age. We have calculated the
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Fig. 2. (a) Number-concentration profiles and the " O profile of the GRIP ice core; note that the 8" 0 curve is inverted to facili-
tate visual corvelation with the number-concentration profile; inset shows number of primary air bubbles plotted against depth in

the depth regions before clathrate formation. (h—e) Contribution of individual shapes to total number-concentration profile
* () shows relative contribution of spherical, (¢) that of elongated, (d) that of faceted and (e) that of irregular

(Ne/N);

clathrates.

https://doi.org/10.3189/50022143000003002 Published online by Cambridge University Press

ho
5


https://doi.org/10.3189/S0022143000003002

Journal of Glaciology

200 . | I ! 200
2 F
P . - .-. -
150 1 T : 2 150
. 3 LI ¥ e
o .
%
£ : x E
=
L100
50 — - . : 50
0 50 100 150 200

Age (ka BP)

Fig. 3. Long (a) and short (b) dimensions of clathrates;
lines represent calculated growth rates for the interval 10
110 ka BP; beyond this age the time-scale is considered uncer-
tain.

increase of these dimensions as a function of age only as far
as 110 ka BP because the GRIP chronology is reliable only as
far as this; beyond this depth the stratigraphy might be dis-
turbed owing to ice flow (Taylor and others, 1993).

Whereas for the age range of the GRIP chronology
(until 110 ka BP) the longer horizontal dimensions show
values of about 120-160 um with a growth rate of about
12 %10 *um®a ', the shorter ones show a higher growth rate
of 17 %10 * pm®a !, with values of 60-110 ym. If we use the
data for the whole core down to 2916 m (about 170 ka BP), we
obtain higher growth rates of 1.5 x10 'and 2.1 x10 fum®a |
respectively, with a greater age uncertainty due to the distur-
bances in this part of the core. This means that the clathrates
not only become more spherical, they also grow substan-
tally. In the deepest parts of the core, however, the disap-
pearance of clathrates is observed. Whereas at 2640-2800 m
we find clathrate numbers of about 300-500 cm *, below
2860 m they drop below 300 cm *, with a minimum of about
55c¢m * at 3014 m. For the sample from 3014 m, we also see a
decrease of the mean clathrate volume to a low value of
05 x 10° um?, suggesting a disintegration of clathrates at this
depth, while the values for the samples from 29151 m
(12 x10° gm?), 29156 m (2.0 x 10° um®) and 2916, m depth
(16 x 10° gm”) still indicate active growth.

The correlation of the clathrate profiles with 6O can be
seen in Figure 4a; we observe a deereasing number of clath-
rates with increasing 8O values (r° = 057 for all 185
samples). This is not meant to reflect a linear correlation
between climate and clathrate numbers. First, ¢O is only
a temperature indicator and does not necessarily reflect all
climatic changes. Sccondly, because of its complexity the
procedure we have employed allows only a limited resolu-
tion of the number-concentration curve. Nevertheless, the
qualitative agreement between the two curves is striking.

Similarly, a trend towards larger clathrates with higher
60 values is displayed in Figure 4b (r? = 0.37 for the 106
samples included in the volume calculation), while there is
no clear trend in the Vi, vs 8"O plot (Fig. 4¢), with hardly
any correlation in a lincar fit (r* = 027, 106 samples). For
this calculation, the site occupancy y is taken to be 80%, to
facilitate a comparison with the results in Uchida and others
(1994a) (cf the discussion about a pressure-dependent
occupancy for nitrogen clathrates below).
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Discussion

Variation of N and Vi, with depth

Generally it is assumed that clathrates form [rom individual
air bubbles, as is observed in synthetic clathration experi-
ments (Uchida and others, 1992, 1994d). According to this
model, the number concentration of clathrates would be of
the same order of magnitude as that of air bubbles. In the
upper parts of the core in which no clathrates have formed.
we have determined the number concentration of bubbles.
The inset in Figure 2a shows that the number of bubbles
(around 300 em *) in the depth range 100-1000 m roughly
corresponds to the number of clathrates in those parts of
the core with similar %O values (about ~35%).
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Figure 5 shows the general trend of an increase of Vi,
with age, although a {luctuation, which is slightly correlated
with climatic variations, can be detected (cf. Fig. 4bh). This
increase in volume points to growth processes on the way
to the bottom of the ice sheet. Dating the samples with the
GRIP ice-core chronology (Dansgaard and others, 1993), we
can estimate the growth rate (dV;,/dt) from the linear fit in
the Vi, vs age plot (Fig. 3) to be 3.1 x10 Pemial using data
only until 110ka BP (see above), with a growth rate of
51 x10 Zem®a ! for all data. It has been demonstrated
above that the number of elongated clathrates decrecases on
the way down, resulting in a higher number of spherical
clathrates. In Figure 3, it was shown that the shorter dimen-
sion by, (mean value of a sample) increases at a greater rate
(dbdt = 1.0 10 +,um a ') than the longer dimension a,,
Qe fdE =12 x10 * [m a IJ, thus contributing to the clath-
rate growth to a significantly greater extent. In our calcula-
tion this is a square factor, according to Equation (1).
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Fig. 5. V., vs age; line represents calculated growoth rate for the
interval 10-110 ka BP; beyond this age the time-scale is con-
stdered uncertain.

The decrease in the number ol clathrates, in the deepest
part of the Vostok core (to values around 300 em 7 at depths
of 2452 and 2542 m), observed by Uchida and others
(1994a), was accompanied by higher V,, values. This indi-
cates that growth is still active in this part of the Vostok core,
as seems to be the case for our values in the depth range
2915-2917 m.

Two possible mechanisms need o be considered o ac-
count for this observation: diffusion of gases may occur,
leading to a transformation of gas molecules and the ice
matrix at the ice—clathrate boundary and, thus, in clathrate
growth, The possibility of smaller clathrates disintegrating
in the vicinity of larger ones has been considered and des-
cribed by Uchida and others (1994d). with theoretical gas-
diffusion rates calculated to be two orders of magnitude
smaller than that of HoO molecules. Another process taking
place in polar ice sheets is the thinning of annual layers on
vertical compression, which results in the decrease of the
vertical distance between clathrates and eventually to co-
alescence.

The growth rate in the GRIPice core calculated above is
smaller than that of the Vostok core 6.7 x10 Zcm’a "3, as
published by Uchida and others (1994a). Given that the ice
temperature in the Antarctic ice sheet is considerably lower
than that in central Greenland, these temperatures give rise
to a higher number of clathrates, which leads to a smaller
average distance between clathrates. This means a greater
probability that clathrates will merge, resulting in larger
clathrates, as well as a smaller path for gases to difluse
through the ice matrix between clathrates, leading to the
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disintegration ol smaller clathrates in favour of bigger ones.
Both mechanisms appear to be in agreement with the
observed growth rates,

The sample from 3014 m with its unusually low Ny and
Vin values and an extremely low gas content of 0.37% (see
below) provides the first evidence [or the disintegration of
clathrates in the deepest parts of the core. The driving force
behind the disappearance of clathrates below a certain
depth, i.c. above a certain pressure, might be the minimiza-
tion of total volume, in addition to the absence of surface
energies. In Kuhs and others (1997), the compressibility of
type II clathrate was calculated to be slightly smaller than
that of hexagonal ice. Additionally, the strong compression
of gases under pressures encountered in deeper parts ol ice
sheets may cause the sum ol ice volume and gas volume to be
smaller than that of the volume of a clathrate consisting of
the same molecules. Thus, clathrates may no longer consti-
tute the thermodynamically stable configuration compared
with the gases dissolved in the ice matrix.

Comparison of V. with the total gas content

In most of the samples, Vs is considerably lower than the
total gas amount in the ice (Raynaud and others, 1997),
which 1s represented in Figure 6. Here, a comprehensive
description is given [or the methods employed for the total
gas-concentration measurements. In this paper, we take the
relative volume concentrations (cm” gas per cm” ice) after
conversion of the ice-mass term into ice volume using a con-
stant ice density of 092 g em , to facilitate comparison with
our results.

The general trend observed here is that the average
amount of air contained in the clathrates (resulting in a
Vins/ Viee value of 6.2 £ 24%) is about 35% lower than the
average of the total gas content in the ice (resulting in a
Vias/ Vice value of 9.6% by volume) obtained from the values
plotted in Figure 6. Seven of the 106 samples show gas con-
tents in the clathrates that are higher than their total gas
content. These results are probably due to erroneous calcu-
lations of the total clathrate volume in a sample as a conse-
quence of the existence of large, flat clathrates and,
accordingly, the wrong estimation of the dimension in the
z axis of the microscope.

Following the discussion on [ractionation ol atmospheric
components due to enclathration, the ability of gases to dis-
solve in the ice matrix is a prerequisite for fractionation to
occur if the total composition of the air constituents is very
close to the atmospheric value, which was determined by
Raynaud and Delmas (1975). However, our assumption ol a
uniform degree of filling of 80% should be replaced by the
values that we actually determine from neutron-diffraction
experiments on synthetic air clathrates. For thermodynamic
reasons the cage occupancy of clathrates (y) has to be con-
sidered a function of temperature and pressure; it cannot be
calculated from the ratio of the total gas content (V,,.) and
the total clathrate volume (V) ), as suggested by Uchida and
others (1994a ). Only by determining y by other methods can
the amount of air enclosed in the clathrates be calculated
and compared with the total air volume, provided the
volume estimates of the clathrates are correct. In our first
neutron-diffraction studies, the site occupancy of guest mal-
ccules (values for oxygen clathrate as determined in the in-
dividual experiments; those for nitrogen clathrate were
determined using the Langmuir constants taken from Kuhs
and others, 1997) shows values of 0.83 at 120 bar for Os-clath-
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Fig. 6. Gas volume in clathrates (Vyas/Viee) and total gas volume; solid line and markers represent relative air concentration
assuming a constant occupancy of 80% ; dashed line represents occupancey taking into account the pressure dependency according

to Kuhs and others (1997).

rate and 0.84 at 155 bar for No-clathrate; both pressures are
close to the dissociation pressures of O,- and No-clathrate at
273.15 K (Kuhs and others, 1997). Assuming the degree of
filling is similar near the dissociation pressures and tem-
peratures we encounter in polar ice sheets, these values re-
flect the order of magnitude of the minimum value for ¥ in
air clathrates, slightly greater than 80% as determined by
Hondoh and others (1990). The degree of filling roughly fol-
lows a Langmuir isotherm (Van der Waals and Platteeuw,
1959) on the increase of pressure with depth, with occupan-
cies of 0.93 for nitrogen and 0.90 for oxygen clathrate at a
pressure of 330 bar, corresponding to pressures at the
bottom of the core (about 300 bar), thus correcting
Visas/ Vice to values of 7.0%.

Even if we assume an occupancy ol 100%, we obtain an
average of the gas content in the clathrates of 7.8%, with the
values for 88 samples still below the total gas content. How-
ever, a 100% degree of filling cannot be assumed under the
pressure—temperature conditions that are encountered in
ice sheets. If we employ the Langmuir constants for nitro-
gen clathrates at 273,15 K obtained in the experiments pub-
lished in Kuhs and others (1997), to calculate the degree of
filling in the clathrates in the individual samples, we cal-
culate an average gas concentration in the ice of
6.4 £ 29% ). These values, however, give us only estimates.
A correction for lower temperatures, as are present in ice
sheets, must be applied, and it must be confirmed that the
degree of filling for air clathrate is close to those of indivi-
dual nitrogen and oxygen clathrates. These studies, 1o deter-
mine the degree of filling for synthetic air clathrates and at
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lower temperatures, are under way. As these investigations
on synthetic clathrates to establish a relationship between
cage occupancy and pressure-temperature have not been
completed, we have employed the fixed value of 80% as de-
termined by Hondoh and others (1990) for comparison with
Uchida and others (1994a).

If the vertical dimension is taken to be as long as the
longer horizontal one, the result is only a shightly greater
total clathrate volume than in our initial calculation. It has
to be stressed that most clathrates are spherical, whercas
only a small proportion (about 10%) consists of elongated
ones,

This means that a significant amount of air has to be
considered to be located outside the clathrates, which is even
more pronounced in the samples from the deepest part of
the core. Few clathrates (<300 cm ) are observed below a
depth of 2916 m. Whereas the amounts of air extracted from
this depth range exhibit normal values, the clathrate air
contents in the samples around 2916 m show values of 6.2—
7.3%; that from 3014 m depth shows an extremely low value
of 0.37%. The missing amount of air is assumed to be dis-
solved in the ice matrix.

CONCLUSIONS

Our observations have shown that the number-concentra-
tion profile of clathrates in deep ice cores is strongly influ-
enced by climatic factors, with cold climate affording a
higher clathrate-number concentration, so that climatic
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events can often be detected in the change of the clathrate-
number concentration. Altogether, we have encountered 12
samples that contradict the observed trend, which corres-
ponds to a proportion of less than 7%. All of these show
too few clathrates with respect to the above assumption, Tt
is quite conceivable that other factors than temperature are
responsible for the number concentration of clathrates, for
example impurities, which in turn might be correlated with
climate. On the other hand, it could be shown that a high
number concentration of clathrates is encountered only
during cold-climate stages.

The process of air-bubble/clathrate conversion has to be
investigated in more detail to find out about climatic effects
on the number concentration of bubbles and its conse-
quences for the clathrate-number concentration. In particu-
lar, our future studies will have to focus on the question
whether these can be directly correlated at all, or whether
we have to establish a model describing the effect of climate
on the clathrate formation after bubble close-ofT involving a
separation of an individual bubble into more than one clath-
rate or a splitting of clathrates. Our first observations of the
NGRIP ice core clearly point in this direction. At this stage,
we cannot derive any correlation between climate and the
number concentration of air bubbles from our statistical
studies on clathrates.

The amount of air occluded in the clathrates appears to
be systematically smaller than the total air content of polar
ice. This suggests that a signilicant amount of air is dissolved
in the ice matrix, which is in agreement with fractionation
of atmospheric components in clathrates, as determined by
Raman spectroscopy, and the theory of smaller clathrates
disintegrating in the vicinity of larger specimens, which
might involve diffusion of gases between these.

Growth processes of clathrates with progressive depth
also seem to take place in Greenlandys ice sheet, with a
growth rate smaller than that for the Vostok core. Whether
growth processes result from clathrate coalescence and/or
from diftusion of gas molecules from smaller to larger clath-
rates, minimizing surface energies, is still an open question.

The disappearance of clathrates in the deepest parts of
the core is a phenomenon that requires further attention.
In these parts, a conspicuously large number of hexagonal
platelet-like inclusions appear a certain time after core re-
trieval, depending on the storage conditions of the samples.
Currently, it is uncertain what is contained in these inclu-
sions, and whether or not there is a connection to the occur-
rence of clathrates or the diffusion of gases. A study on their
nature and their occurrence is under way.

Although the studies carried out so far have established a
relationship between the occurrence of clathrates and
climate, many processes in polar ice sheets involving clath-
rate formation and subsequent transformation on their way
down have not been elucidated. The first processes in this
context start right after snow deposition, i.e. the impact of
climate on the pore size and the composition of the gas in
the open pores as a function of gravitational and ventilation
effects. The gas composition in the air bubbles might already
be different from the atmosphere of the time of the sur-
rounding ice, but still undergoes further changes on the
transformation to clathrates. At this stage, fractionation is
arguably a function of the temperature at the depth of the
formation of clathrates, with different No/O, ratios in ice
from the same depth resulting from different depth at the
time of nucleation and subsequent formation. But even after
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completion of clathrate formation, diffusion processes might
lead to changes in the composition of clathrates and even
their distribution, which is suggested by the trends in the
number concentration and size of clathrates pointed out in
this work and in Uchida and others (1994a),

Unfortunately, the investigation of the transition zone,
which is most important for the understanding of the pro-
cesses leading to fractionation of the atmospheric compo-
nents and the relation between air bubbles and clathrates,
is hampered by decomposition of many clathrates soon after
core retrieval, Clurrent and future deep ice-core drilling are
providing the opportunity to overcome this difficulty by in-
vestigating this phenomenon right after core recovery. A
number and size distribution of clathrates and air bubbles
would have to be established in the field, before clathrates
start to disintegrate. An Ny/O, ratio distribution profile par-
ticularly in this part of the core is also desirable, but can, for
reasons of logistics, only be carried out in laboratories after
transportation of the samples from the drilling site. This
would have to be done as soon as possible, meeting the opti-
mum storage conditions of clathrates described in Uchida
and others (1994¢).
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