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Abstract: Air permeability and elastic modulus were measured for firn samples
prepared from a 20-m pit and cores drilled to the depth of 147.5 m at Mizuho
Station in Fast Antarctica. Air permeability decreased and elastic modulus
increased with increasing depth or density. Two distinct changes were found
at densities of 550 and 730 kg-m™2, i.e. at porosities of 0.40 and 0.20, in the plots
of air permeability and elastic modulus against density or porosity. The former
change is explained by the alteration of the densification mechanicism from me-
chanical packing to plastic deformation of ice particles, and the latter by the attain-
ment of an optimum configuration of ice bonding for air permeation and me-
chanical strength.

Observed results are compared with the theoretical air permeability of an ideal
snow, to which all polar snows are considered to approach in a long ageing period
under high hydrostatic pressure and high homologous temperature. Itis suggested
that the optimum state, which is reached at the density of 730 kg-m~? or the
porosity of 0.20, is that of snow in which air channels are mainly located at
intersections of grain boundaries and some 30 percent of them are unblocked.

1. Introduction

Varieties of complex behaviors of snow originate mainly from the fact that
snow is a mixture of two components, namely ice and air. Air permeability and
elastic modulus can be regarded as two of the most important properties that charac-
terize the nature of snow, because the constituent ice particles afford the mechanical
strength to snow and air voids enable the permeation of various fluids through it,
and hence the complicated shapes and configurations of the two components are
directly reflected in the values of elastic modulus and air permeability. Consequent-
ly, careful measurements of elastic modulus and air permeability performed on
the same snow samples are significant and valuable for properly understanding the
behaviors of snow.

Air permeability and elastic modulus are also very important in utilizing snow
as an engineering material in polar regions, so that a number of investigations for
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determining these parameters have been carried out so far. However, studies of
natural snow in the range of high bulk densities, namely above 400 kg-m~2, are
extremely few; BADER et al. (1955) measured the air permeability of deep-pit snow
at Site 2 in Greenland to a density of 760 kg-m~?, and NakavA and Kuroiwa (1967)
to a density of 640 kg-m™* at the same site; BENDER (1957) measured the air per-
meability of snow artificially compacted to a density of 490 kg-m~?.

Measurements of elastic moduli in conditions involving no macroscopic plastic
deformation were made by NAKAYA (1959), and by NAkAYA and KUROIWA (1967)
for the snow at Site 2 to a density of 720 kg-m™3.

For the above two reasons the present study was initiated for the purpose of
gaining insight into the mechanism of the ageing process taking place in the cold
polar ice sheets. The present paper reports the results of preliminary measurements
of air permeability and elastic modulus carried out on snow samples collected by
the 13th Japanese Antarctic Research Expedition (JARE-13) in 1972 at Mizuho
Station (70°41.9'S, 44°19.9'E; 2230 m), East Antarctica.

2. Measurements

2.1.  Air permeability

The air permeability of snow samples was determined by measuring the rate of
air flow and pressure difference across the sample with a permeater schematically
shown in Fig. 1. The permeater is in principle similar to that used by BENDER
(1957). It consists of three concentric cylinders. The outer (A) and inner (©)
cylinders were fixed, and the middle cylinder (B) could be moved up and down by
appropriate weights (D, and D,) at a constant speed controlled with a synchronous
motor (E). As the space between the cylinders (A and C) was filled with kerosene
(F), the movement of the middle cylinder caused air flow through a snow sample (G).

Samples for the measurements were prepared from snow blocks collected from
the walls of a 20-m pit (3 to 20 m in depth) and drilled cores of JARE-13 (20 to 60 m).
By using a lathe a snow block or core was cut into a cylindrical shape; its diameter

Fig. 1. Apparatus for measuring the air permeability of snow. A: outer cylinder, B: movable
cylinder, C: inner cylinder, D, and D,: balance weights, E: synchronous motor, F:
kerosene, G : specimen, H: manometer.
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was about 5 cm and its length ranged from 2 cm to 7 cm depending upon the bulk
density. The cylindrical snow sample was then wrapped tightly with a thin soft
tube of rubber and connected to the permeater as shown in the figure. To obtain
reproducible results special care must be taken not to leave snow fragments on
the cut surfaces, and the leakage of air through the space between the sample and
the rubber tube must be avoided completely by coating the sample with a thin film
of ice-saturated silicone grease. Because of the limited sizes of samples provided,
the direction of the air flow was not the same in all the samples, namely it was
horizontal in snow samples of depths shallower than 20 m, and vertical for deeper
cores.

A constant rate of air flow could be maintained in the range of (4.6-13.7) x 107°
m?®-s~1, which corresponds to the superficial filter velocity of (2.1-10.8) x 107?m-s™%,
but measurements of air permeability were conducted only at velocities lower than
5% 10~2 m-s~1: at higher velocities the flow did not seem to be laminar since the plot
of observed velocity against pressure difference deviated from a linear relationship.
The pressure difference across the sample was measured with an inclined manometer
filled with octanone or kerosene, H, when a flow in the sample attained its steady state
after the initial violent oscillation of the head of the liquid filling the manometer.
All the measurements were carried out in a cold room maintained at —9.0°C.

When a moderate pressure gradient, 77, is applied to an air-filled porous material
and its flow is laminar, the volumetric flux, J, i.e., the superficial filter velocity, ,
is expressed by Darcy’s law:

J=u=kT, (1)

where & is the air permeability, its dimensions being (m-s~")/(Pa-m™?) or (m-s™')/
(N-m~?) in SI units, which corresponds to more conventionally used units as follows:
1 (m-s~)/(Pa:m~)=10° (cm-s~")/(dyn-cm™?%)=9.807x 10° (cm-s™1)/(cmAq/cm)
(=9.807x 10° cm+s~?), but the last unit of the above four is not recommended for
use because the physical meaning of permeability is not described explicitly in it.
The linear relationship was found to hold fairly well unless u exceeded about 5x
1072m-s™'.

2.2. Elastic modulus

Elastic moduli of snow samples were measured by one of the authors (H.N.)
in the glaciological laboratory at Mizuho Station, the temperature of which was
maintained around —30°C in most cases. The measurements were conducted by
the transversal vibration method, which has often been adopted in measurements
of elastic modulus and internal friction of solid materials. The apparatus was similar
to that of Kuroiwa (1964), and is shown schematically in Fig. 2. A rectangular
bar was cut out from a fresh snow-wall of a 20-m pit so that its long axis lay hori-
zontally, and then thin iron plates, B, and B,, were adhered by freezing to each end
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Fig. 2. Apparatus for measuring the elastic modulus of snow. Ay and A.: electro-magnetic coils,
B, and B,: thin iron plates, C: snow sample, D, and D,: fine strings.

of the bar. The length of the bar was 20.0 cm and its width ranged from 2.2 cm to
3.5cm and its thickness from 0.8 cm to 2.2 cm, the dimensions corresponding to
resonant frequencies of 290 to 840 Hz depending upon the densities. The bar was
supported with two fine strings stretched horizontally, D, and D,, at its nodal points
of vibration. It was forced to oscillate by supplying alternating current to the ex-
citing magnet, A,, and the resonant frequency was determined by monitoring the
electric current induced in the pick-up coil A,.

The lateral vibration of a rectangular bar with energy dissipation due to internal
friction was solved by YosIDA et al. (1956); the amplitude of vibration, A4, attenuates
with a damping coefficient, 4,

A=A, exp (—4t) sin wt, (2)
where A, is a constant, and the angular frequency, w, is written as
Pmtv? :
L f2== 3
‘ 1204 )

Here A and / are respectively the thickness and length of the bar, v is the velocity of
sound in the material, and m is a constant, 4.730 for the fundamental mode and
7.853 for the first overtone, determined by the mode of vibration. In the present
measurements the amplitude is small and temperature is low so that 2* is negligible
compared with w? in eq. (3), and if the rectangular snow bar is assumed to be a
homogeneous material with a bulk density, p, its elastic modulus, E, is written as
., 48n’f*lp

E=pv P’m* )
where f=w (27)~!. This relation is identical with that obtained by RAYLEIGH (1929)
for elastic vibration without internal viscosity. The bulk densities of snow samples

were measured after the resonance frequency experiments.

3. Air Permeability of the Mizuho Cores

Air permeabilities observed for the Mizuho cores are plotted against depth
in Fig. 3. It is seen that air permeability decreases with increasing depth, and that
its rate decreases principally at two points, namely around 8 m and 30 m in depth,
which are depicted as A and B. In the figure the density of snow, which was averaged
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Fig. 3. Air permeability (k) plotted against the depth, together with the bulk density (o) and

specific area of internal free surfaces (S;).

at 0.5 m intervals (NARITA and MAENO, 1978), is also plotted. It seems that the two
kinks, A and B, observed in air permeability, are related to those appearing in the
density profile, A" and B’; it is reported that at a critical density around 550 kg-m~—?*
the densification mechanism changes from mechanical packing of air space with ice
grains to plastic deformation of ice particles (BENSON, 1962; ANDERSON and BENSON,
1963). It is also reported that at another critical density around 730 kg-cm™*
the bonding and packing mode of component ice particles reaches its maximum or
optimum state /.e., the contact between constituent ice particles is maximum (MAENO,
1974a, 1974b, 1978).

The rapid decrease in air permeability in the top 30 m suggests the splitting and
blocking of air channels within snow. This is in agreement with the almost constant
value of the specific area of internal free surface (ice-air interface), S;, shown in
Fig. 3, which was measured in photomicrographs of thin sections of cores (NARITA
et al., 1978).
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The depth of zero-permeability could not be determined by the present ap-
paratus, because values of air permeability of snow samples recovered from depths
deeper than about 40 m were too small to be measured accurately. But the linear
plot of the measured values against density or porosity suggests that the air per-
meability becomes nearly zero as the depth approaches 55 m, i.e., the density or
porosity approaches 840 kg-m~* or 0.10, respectively. Here the porosity (p) is
defined as p=1—/(p/p,) where p and p, are the densities of the sample and solid ice.

Fig. 4 gives the logarithmic plot of air permeability as a function of density.
The distinct change at the density of 730 kg-m™2 (porosity, 0.20) should be noted.
The drastic change seems to correspond to the rapid change of S¢ at 30 m in Fig. 3.

Fig. 5 shows the same plot against porosity of a snow sample, together with
the results obtained for natural snow drilled at Site 2 in Greenland (BADER et al.,
1955; NAKAYA and KUROIWA, 1967) and artificially compacted snow (BENDER, 1957).
By combining the results obtained at the same place by these authors, the dependence
upon porosity of air permeability of snow at Site 2 can be divided into three parts
as described as a broken line with turning points A and B; the points lie at porosities
of 0.40 and 0.20, which correspond to densities of 550 and 730 kg-m™3, respectively.
Though the original authors did not notice these two turning points of air per-
meability, the present authors consider that they are quite important in under-
standing the physical and historical characteristics of internal structures of snow
in polar ice sheets.

Particularly it must be noted that an abrupt change of air permeability was
found at a porosity of 0.20, i.e. at the density of 730 kg-m~2, in both Antarctic and
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Fig. 4. Air permeability (k) versus density (p).
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Fig. 5. Air permeability (k) plotted against porosity (p). @: present measurements, A and C:
natural snow at Site 2 in Greenland, data obtained by BADER et al. (1955) and NAKAY A
and KURoOIWA (1967), respectively, - : artificially compressed snow (BENDER, 1957).

Greenland snows. This suggests that the completion of some optimum configu-
ration at the critical porosity is not a special phenomenon occurring only in the
Mizuho region but rather a more general one which is presumably common to all
the cold polar glaciers. If this is the case, other physical properties such as electri-
cal, structural and mechanical properties might also change at this porosity; this
kind of study is urgently required for other polar glaciers.

In Fig. 5 the values of air permeability obtained by BENDER (1957) are given
for snow which was over a year old and artificially compacted ; the values are smaller
by an order of magnitude than those of natural Mizuho and Site 2 snows of the
same porosity. This implies that the natural ageing or annealing process lasting
over a few hundreds of years has caused the shapes and configurations of air voids
within snow to transform into more favorable ones for permeation of air. This
process may not be the simple spheroidization and growth of composing ice grains,
as manifested clearly in the sophisticated features of grains and voids in the cores
(NARITA et al., 1978). This subject will be discussed in more detail in Section 5.

4. Elastic Modulus of the Mizuho Cores

Fig. 6 shows elastic moduli (E) of snow samples plotted against depth, together
with the specific area of crystallographic grain boundaries (S,) which was measured
in photomicrographs of thin sections under polarized light (NARITA et al., 1978).
Though the observed results of E are scattered the general tendency is toward an
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Fig. 6. Elastic modulus (E) versus depth, together with the specific area of crystallographic
grain boundaries (S,).

increase with the depth; the increase can be explained qualitatively as caused by the
addition of density, and the scatter is considered to reflect the variation of internal
textures such as sizes of grains, extent of bond growth between them, and so on.
This explanation is in accordance with the complex fluctuation of S,. which also
increases with increasing depth.

Values of elasric modulus were plotted as a function of density in Fig. 7. The
two solid straight lines, X-Y-Z, are the regression lines obtained by the least square
method, which are

log E=5.75% 10~23p--6.02, for p<<550 kg-m~* (5)
and
log E==3.40 < 107%p-+7.30, for 0>550 kg-m~2. (6)

Although these empirical equations should be regarded as only a crude approxi-
mation, the change of the relationship around a density of 550 kg-m™? is significant
as already noticed in the permeability measurements. In analogy to the density
dependence of air permeability, the relation between elastic modulus and density,
namely eq. (6), is expected to alter at the critical density of 730 kg-m™*.

The curve L-M-N in Fig. 7 gives the empirical relation obtained at —9°C by
NAKAYA (1959) for deep-pit snow at Site 2 in Greenland. The empirical equations
are written in SI units as
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Fig. 7. Elastic modulus (E) versus density (0). The solid line X-Y-Z is the regression lines of
egs. (5) and (6) in the text. The dashed line L-M-N indicates the empirical results,
egs. (7) and (8), obtained by NakAy4 (1959). Open circles are the results of KUROIW A
and KAWAMURA (1974) for artificially compressed snow.

log E=5.80+6.35x10"%p, for 250<p <500 kg-m™?, (7
and
E=(1.64p—720)x 107, for 500< 0 <900 kg-m™*. ®)

Below a density of about 500 kg-m™* elastic moduli of the Mizuho cores can be
described roughly with a line L-M. In other words, eq. (7) can be regarded as
identical with eq. (5) ascribing the scatter to variations of internal textures. But
at densities between 500 and 680 kg-m~* the deviation of the Mizuho data from
the curve M-N is fairly large. The reason for the deviation is not the difference
in snow and measurement temperature between NAKAYA’s and the present experi-
ments; the elastic moduli obtained by NAKAYA himself were also smaller than those
predicted by eq. (8) in the density range in question (see Figs. 12 and 16 in NAKAYA,
1959). This seems to suggest that the elastic modulus in this range does not depend
linearly upon the density as assumed by NAKAYA, but depends more strongly as
given by eq. (6). This conclusion is in harmony with the rapid decrease in air
permeability in this density range (Fig. 4).

Three open circles in Fig. 7 give the elastic moduli of artificially compressed
snow measured at —30°C by Kuroiwa and KAwaAMURA (1974). They are much
smaller than those of Antarctic snow, suggesting that bonding between ice particles
has not developed very much.

5. Discussion

In the ageing process of snow in polar ice sheets, constituent ice particles and
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air voids vary their shapes and configurations together with the gradual increase
in the bulk density of snow. Needless to say, the ageing process is subject to the
requirement that the total free energy of the system decreases toward some minimum
value, but it is not certain what shapes and configurations of ice particles and air
voids are the most stable in the thermodynamical sense.

As ageing proceeds, the bulk density of snow increases so that ice bonding
develops and air space decreases. Accordingly, the elastic modulus increases and
air permeability decreases. However, the results of the present measurements
of snow at Mizuho Station suggest that, during the densification process ice particles
and air voids transform to some kind of shapes and configurations which may give
the maximum values of elastic modulus and air permeability at each density and
porosity, and it is also found that such optimum shapes and configurations for
mechanical strength and air permeation are attained at a critical density of 730 kg-
m~3 or porosity of 0.20.

The attainment of such an optimum state at the critical density was first proposed
by MAENO (1974a, 1974b, 1978), who studied the electrical properties of Mizuho
cores. Though we have not found what kind of geometrical configuration is the
final one to which the air voids and ice framework approach in a long ageing period
in the polar ice sheets, a preliminary discussion will be presented below with special
reference to air permeability.

We assume an ideal isotropic mixture of ice and air, in which interconnecting
ice particles and air channels are randomly distributed. Let each air channel be
idealized as a cylinder of radius r and the flow in it be of Hagen-Poiseuille type;
then the volumetric rate of flow through a channel, ¢, is written as

4
qg= -%%7(1’ cos ¢), 9)

where 7 is the viscosity of air and ¢ is the angle between the channel and the general
direction of the pressure gradient, I". By taking the random configuration of
channels into account, the space average of cos¢ in all directions is calculated as
cosg=1/2, so the volumetric flux through a unit cross-sectional area of the mixture is

anrrt

167

where «a is the fraction of channels which are unblocked, and # is the number of
channels crossing the unit area.

In stereology the total length of random lines per unit volume is calculated to
be equal to twice the number of points of intersection with a test plane per unit area
(UNDERWOOD, 1970), so that in the present case the porosity of the ideal snow is
expressed as

J= r, (10)

p=2nmr (1)
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Consequently, by comparing egs. (10) and (11) with eq. (1), we obtain the air per-
meability, k, as
apr?
k= 32 - (12)

Shapes of air channels in snow are generally very complicated so that their
radii are very difficult to define and estimate; in the present measurements such
complex air voids appearing in microphotographs of thin sections of core samples
were split into several circles of equivalent areas and the frequency distribution of
their radii was obtained. Some examples are shown in Fig. 8 and their arithmetic
mean radii are plotted against porosity in Fig. 9. This estimate of radii of air voids
is certainly a crude one, but seems to be reasonable in taking into account that
circular cross sections are most favorable for flow of fluids through channels.

P=392x10"m

°ls

Fz 416 X107°m

FREQUENCY

0 2 476 8 w0 7o 206w
RADIUS OF AIR CHANNEL x10™“m

Fig. 8. Histograms of radius of air voids in the Mizuho cores. The arithmetic mean radius, 7,
is also shown.
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Fig. 9. Mean radius (#) of air voids versus porosity (p) for the Mizuho cores.

In Figs. 8 and 9 it is apparent that, as the depth increases or the porosity de-
creases, larger air voids diminish and the mean radii decrease, roughly from 6 X 10™*m
to 3x107*m. This suggests in general the splitting and spheroidization of air
voids due to the development of bonds between ice particles. The transformation
of air voids to smaller ones is clearly reflected in the almost constant specific area
of internal free surfaces (S;) in Fig. 3.

The sharp change of the mean radius at the porosity of 0.4 seems to be in
agreement with that observed in air permeability (A in Figs. 3 and 5), elastic modulus
(Y in Fig. 7) and density (A’ in Fig. 3), implying that the change of the densification
mechanism at this density is also reflected in the shapes and sizes of air voids. It
should be noted in Fig. 8, however, that all the histograms obtained do not give
a simple one-maximum distribution but they rather seem to give two-maximum one,
especially for the sample of 14.5 m in depth; in this respect more detailed analyses
of air voids are in progress.

Now that the mean radius of channels in the real Antarctic snow is known,
we can estimate the air permeability of an ideal mixture snow in which air channels
are randomly distributed. Fig. 10 gives the theoretical air permeability of ideal
snow as a function of p and ar?, which was calculated form eq. (12) by taking the
viscosity of air to be 7==1.67x10"* N-s-m~* at —10°C (SMITHSONIAN INSTITUTION,
1933). The range of the parameter, ar?, namely from 1x107° to 5xX 1077 m* was
chosen by bearing in mind the experimental result that the mean radii of air channels
varies in a range from 3x107* to 6 X 107* m.

The comparison of the air permeabilities measured for snow at Mizuho Station
and Site 2, M and S in Fig. 10, with those calculated for the theoretical model
suggests that the decrease in air permeability with decreasing porosity can be reason-
ably explained by the decrease in the parameter ar?; the decrease in k until p reaches
0.4 is caused mainly by the decrease in r as clearly shown in Fig. 9. This actually
means that many interconnecting air voids of complex shape transform to those of
simpler and smaller shape due to the mechanical packing process. The decrease
in k in a range from p=0.4 to p=0.2 is considered to be a result of the decrease of
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Fig. 10. Theoretical air permeability (k) of ideal snow as a function of porosity (p) and ar?,
together with the observed results. M: results for the Mizuho snow; S: results for
the Site 2 snow.

both r and a. This is because the densification in this porosity range proceeds
mainly through the deformation of ice particles to fill up air voids.

The final rapid decrease in & below p=0.2 seems to be totally attributable to
that in a, that is the splitting or blocking of air channels. This consideration is
consistent with various results obtained for the Mizuho cores: MAENO (1974a,
1974b, 1978) has concluded from his electrical measurements that the bonding mode
of ice particles reaches an optimum state at a critical density of 730 kg-m™~2 (p=0.20),
and NARITA et al. (1978) have revealed that at the critical density almost all the air
voids are concentrated at intersections of grain boundaries; the further densification
results in the splitting of air channels, which leads to a rapid decrease in k.

If we assume that the internal texture of the Mizuho snow is such that air
channels are randomly distributed, the observed air permeability and porosity give
ar?=2.27x10""m?*at p=0.4, ar*=3.15x 10" m? at p=0.2 and ar?=4.56 x 10~° m®
at p=0.15, so that the result in Fig. 9 leads to «==0.99, «=0.27 and a=0.04, respec-
tively. This crude calculation confirms the above explanation of decrease in air
permeability with decreasing porosity, and suggests that the optimum state of bond
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configuration, as first proposed by MAENO (1974a, 1974b, 1978), corresponds to
that in which air channels are contained mainly at intersections of grain boundaries
and about 30 per cent of them are unblocked.

Nevertheless, it is not certain what is the most stable configuration of air
channels in polar snow which has been maintained for a long time under high
hydrostatic pressure and high homologous temperature. There is a possibility that
oriented structures are more stable than random ones; among those tetrakaide-
cahedron-structures are considered to be the most important with respect to the
requirement of space-filling (UNDERWOOD, 1970). According to FRANK’s (1968) cal-
culation for a volumetric flux through channels in polygranular material composed
of grains of truncated octahedron the permeability, k, is expressed as

k= 4k (13)

where k is the permeability of a porous material with random configuration of
channels, as given by eq. (12).

Finally it should be mentioned that the difference of air permeability observed
in snows at Mizuho Station and Site 2 (Figs. 5 and 10) can also be explained in
terms of ar®. Larger value of ar? for the Mizuho snow may be attributed to the
climatic characteristics of the Mizuho region, i.e. almost stationary strong katabatic
wind and small rate of annual accumulation, so that the dominant growth of depth
hoar results in the increase in grain size, and in turn an increase in radii of air chan-
nels.
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