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Abstract: The densification process of snow at polar glaciers is explained
as a pressure sintering phenomenon, and the strain rates of snow densification
obtained from density-depth relationships at two polar sites are discussed
in terms of pressure sintering parameters. It is found that the power law
and diffusional creep mechanisms are important at shallower and deeper
depths respectively than the depth of air bubble close-off.

1. Imtroduction

Though the densification of dry snow and its transformation into ice have
often been studied, most of the work has aimed at obtaining an empirical relation-
ship between density and depth/time applicable to different polar sites. In the
present study the densification process of snow is explained as a pressure sintering
process of ice particle compacts; the present paper gives an estimate of strain
rates of snow densification at two sites on the Antarctic Ice Sheet and an ex-
planation of them in terms of pressure sintering parameters.

2. Characteristics of Snow Densification and Its Rates at Polar Glaciers

It is generally recognized that the snow densification process at polar glaciers
can be divided into three stages by two critical densities (PERUTZ and SELIGMAN,
1939; BENSON, 1962; ANDERSON and BENSON, 1963; LANGWAY, 1967); snow
deposits densify firstly by mechanical destruction and packing of snow particles
till the first critical density, 550 kg-m™, secondly by plastic deformation and re-
crystallization till the second critical density, 820-840kg-m™, and finally by the
shrinkage of entrapped air bubbles until the theoretical density of ice (917 kg m™)
is reached. According to ANDERSON and BENSON (1963), the first critical density
corresponds to the maximum packing density that can be attained with granular
aggregates. The second critical density is explained as follows: at the density inter-
communicating air channels in snow are pinched off and entrapped as air bubbles
in ice.

The existence of an additional critical density, 730 kg-m™, was suggested by
MaENO (1978; MAENO et al.,, 1978) on the basis of electrical measurements of
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Fig. 1. Density and cumulative mass of overburden snow versus depth at Mizuho and
Byrd Stations. Data are after NARITA and MiENO (1978) and Gow (1968).

Antarctic snow cores; At the density bonding and packing mode of constituent snow
particles reaches an optimum state, that is, the contact between particles becomes
a maximum and air bubbles are only included as thin cylinders along intersections
of several grain boundaries.

Figure 1 shows two typical examples of density-depth profiles of snow obtained
by measurements on core samples drilled at Mizuho Station (70°41'53”8S,
44°19'54”E; 2230 m above sea level; ice thickness 2095 m; mean annual tem-
perature —33°C) and Byrd Station (80°01’S, 119°32’W; 1500 m above sea level;
ice thickness 2500 m; mean annual temperature —28°C) in Antarctica. In the
figure the three critical densities are indicated as A, B and C, and the cumulative
mass of overburden snow per unit area is also given. Numerical data used are
given in NARITA and MAENO (1978) and Gow (1968).

The density-depth relationships were converted to density-cumulative mass
relationships in Fig. 2, in which the slopes of curves directly give the densification
rates. The densification process was divided into four stages (I, II, IIT and IV)
according to the above discussion, and in each stage the density was assumed to be
a linear function of cumulative mass. Exponential and logarithmic functions were
also examined to fit the data, but no special merits were noted. Correlation
coefficients in fitting linear functions were above 0.93 in every stage of the Mizuho
and Byrd cores except stage IV of the Mizuho cores, in which the correlation
coefficient was as small as 0.719. The unsatisfactory correlation seems to be due
to the existence of tiny cracks contained in the core samples as will be discussed
in more detail later.
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Fig. 2. Density versus cumulative mass of overburden snow. Four stages,
I, I, ITT and IV are indicated.

The strain rate of snow densification (&) is defined as

e=p/p, (1
where o is the densification rate of snow at density p. The cumulative mass of
overburden snow per unit area (¢) at a certain depth is written as

cg=at, (2)
where a is the accumulation rate of snow and ¢ is the time. Then assuming a
steady state the strain rate in each stage can be estimated from the slopes of
straight lines in Fig. 2. The steady-state assumption corresponds to that of so-
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Fig. 3. Strain rate of snow densification estimated from slopes of straight
lines in Fig. 2.
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called Sorge’s law of snow density profile (BADER, 1953).
The results are given in Fig. 3; in the estimate accumulation rates were taken

to be

a=T70kg'm?-year'=2.22X 10°kg'm?s™?
at Mizuho Station (MAENO and NARITA, 1979) and

a=157kg'-m=-year'=4.98 X 10°kg-m=s
at Byrd Station (Gow, 1968). It is noted that the strain rate of snow densification
at the two sites ranges from 107* to 10°s™ and its magnitude is almost constant
within each stage in spite of the increase in the cumulative mass, that is the driving
force for the snow densification. The discontinuous decrease in the strain rate
suggests a change of the densification mechanism. The large strain rate for Byrd
Station is considered to be due to the warmer temperature, larger accumulation
rate and other climatic differences.

3. Discussion

In our previous paper (MAENO and NARITA, 1979) the strain rate of snow
densification at Mizuho Station was assumed to be proportional to the applied
compressive pressure due to the overburden snow; the snow was considered to be
a Newtonian viscous material and a coefficient of proportionality, named the com-
pactive viscosity coefficient, was estimated. However, these analyses are not satis-
factory when the physical mechanisms involved are examined; in fact the results
presented in the previous section have shown the existence of four stages of dif-
ferent strain rates, and therefore possibly different mechanisms. We discuss here
the densification processes in stages III and IV, in which relative motions of in-
dividual ice particles are almost excluded and the predominant process of densifica-
tion is plastic deformation.

Diffusion models for the densification of powder compacts have been presented
by CoBLE (1970): according to the models the strain rate of densification of a
snow compact is written as

L 40D,2 ( p;z | 7
o1 _ el LU - + B 3
£=plo 3d*kT ( 0 r ) )
for lattice diffusion, and
. 148D,082 ( 0T T )
S . B + A 4
‘ d’kT 0 r @

for grain boundary diffusion. Here d is the grain diameter, & is the Boltzmann’s
constant, r is the radius of pore, T is the temperature, § is the width of the grain
boundary, y is the surface energy of ice, p; is the theoretical density of ice, Q is
the molecular volume of ice, and zis the applied stress. D, and D, are respectively
lattice and grain boundary diffusion coefficients, and are expressed as

D1=Dlo exp(—*El/kT>a <5>
and

D, =D,y exp (— E,/kT), (6)
where Do and Dy, are pre-exponential constants, and E; and E;, are the activation
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energies for lattice and grain boundary diffusions respectively.

Equations (3) and (4) are essentially the Nabbaro-Herring and Coble creep
equations which are often applied to creep behavior of polycrystalline materials.
A variation is the introduction of an effective stress in the porous mass, p; /p, in-
sfead of <.

For the plastic deformation caused by the movement of dislocations, a power
law creep model presented by WILKINsON and AsHBY (1975) is used:

o 24(01—p/p) < ,21)”
{1-(1=p/p)""}"\ n
for cylindrical pores, and
__34(—plp) [i{ — (pi=pp. H
A== ple) ™ L 2 T (e ®
for spherical pores containing air. Here 4 and n are constants appearing in the
following empirical power law of creep:

™

Strain rate = Ac"=B7t"exp (—E,.[kT), 9)

where B is a constant and E, is the activation energy for the mechanical creep. po
is the initial internal air pressure within pores when the bulk density is po.
The strain rate of snow densification was estimated using eqs.(3)—(9) for

Table 1. Symbols and numerical values.

Molecular volume Q2 3.27x 1072 m?
Boltzmann’s constant k 1.38x 10728 J-K~!
Pre-exponential for D,y 3.0x1072 m?.s7! ITAGAKI (1964)
lattice diffusion constant
Pre-exponential for Dy, Dy
grain boundary diffusion constant
Activation energy for E, 66.2 kJ-mol™! ITAGAKI (1964)
lattice diffusion
Activation energy for E, (2/3)E;
grain boundary diffusion
Theoretical density of ice 01 917 kg-m™3
Surface energy of ice 7 0.1J-m?
Width of grain boundary ] 2b
Burgers vector of dislocation b 4.5%1071°m
Pre-exponential for dislocation B 9.72x 107 s~1! BARNES ¢t al. (1971)
creep (MN™!m#)"
Stress exponent n 3.08 BARNES et al. (1971)
Activation energy for creep E. 74.5kJ-mol™!
Accumulation rate of snow a 70kg-m~2 year™! MaeENo and NArrta (1979)
(Mizuho Station)
157kg-m~? year'! Gow (1968)
(Byrd Station)
Initial air pressure of pores Do 74.5kPa
(Mizuho Station)
80.6 kPa

(Byrd Station)
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Mizuho and Byrd Stations. Numerical values used are listed in Table 1. The
initial air pressure of pores, p,, was assumed to be the present mean air pressure
and the close-off density, po, was taken to be 840 kg-m™. The diameters of ice
particles, d, become larger with depth, therefore with time: the following em-
pirical relationships were used,

d*=1.02x10"%4+1.34x 107 m? (10)
at Mizuho Station (after the data given by NARITA and MAENO, 1979), and
d*=60x10"743.81x 107! m?® (11

at Byrd Station (Gow, 1971), where ¢ is the time (seconds) after deposit on the
surface of the Ice Sheet. It is known that the growth rate of ice particles varies
with depth at Mizuho Station, but eq.(10) obtained at depths shallower than
35 m, was used in the present calculation.

The surface energy terms in egs.(3) and (4) were considered negligibly small
in the present pressure sintering estimate: since the radii of air pores in Antarctic
snow are roughly 100 um (MAENO ef al., 1978), the magnitude of y/r is of the
order of 1kPa, which can be neglected as compared with the applied stress, e.g.
200 kPa at the density of 700 kg-m™ (Mizuho Station).

Though the models used are too simple to describe the complex densification
processes of snow, the results given in Figs. 4 and 5 show that the densification
rates before and after the close-off of air channels can be roughly simulated with
power law and diffusional creep equations respectively. It is possible to get values
nearer to the measured ones with a small adjustment of parameters, which is not
given here since it does not seem to bear an obvious physical meaning and the
detailed processes involved are not yet understood.
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Fig. 4. Strain rate of snow densification in stages Il and VI at Byrd Station.
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Fig. 5. Strain rate of snow densification in stages III and IV at Mizuho Station.

After the close-off of air bubbles, the internal air pressure increases as the
densification proceeds, and the effective stress decreases. Consequently the con-
tribution of power law creep reduces rapidly, and that of diffusional creep becomes
more important. The tendency of increase in the calculated strain rate due to power
law creep at Mizuho Station (Fig. 5) is considered to be caused by the errors
involved in the measured densities: according to the observations by NARITA ef al.
(1978) cores recovered below about 70 m depth (roughly 860 kg-m™) contained
various mechanical disturbances such as tiny cracks.
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