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THE ROLE OF VOLUME DIFFUSION IN THE 
METAMORPHISM OF S OW* 

By P. V. HOBBS and L. F. RADKE 

(Cloud Physics Laboratory, D epartment of Atmospheric Sciences, University of Washington, 
Seattle, Washington , U.S.A. ) 

ABSTRACT. A theoreti ca l expression is derived for the rate of increase in the density of a compact of 
uniform ice spheres due to volume diffusion in the ice. The diffus ion occurs due to the existence of high 
concentra tions of vaca ncies in the ice just benea th the conCa ve surfaces of the necks which grow between 
the ice spheres . Accurate measurements on the densification of a compact of ice spheres as a fun ction o f 
time, tempera ture, and particl e size a re found to be in excellent agreement with the theory. The importa nce 
of this process in the metamorphism of dry snow a t a un iform temperature is discussed . 

RESUME. RoLe de La diffusion VOLllInelri"lIe dans Le metamorjJhisme de La neige. Une expression thecriquc est 
e ta blie pour la vitesse d ' augmenta tion de la dens ite d ' un agglomerat de spheres de glace uniformes due it la 
diffusion volumetrique dans la g lace. eette diffusion a li eu par suite d e I' existence de ha lltes concentra tions de 
vides d a ns la glace juste sous les surfaces concaves des goulo ts qui croissen t entre les spheres de glace . Des 
mesures precises de la densifica tion d 'un agg lomcra t de spheres d e glace en fonc tion du temps. tem peratu re 
et dimension des grains, ont montre un bon accord avec la theori e. O n c1iscute I' importance de ce processus 
du meta morphisme de la neige seche it temperature uniforme. 

ZUSAMMENFASSUNG . D ie RoLLe der VoLlImdiffllsion bei der fI![elalllorphose von Se"nee. Es wircl ein theoret ischer 
Ausd ruck a bgeleitet, del' di e Dichtezuna hme in ein em von g leichfbrm igen E iskugeln erfUllten Gefass durch 
Volumdiffusioll beschreibt. Die Volumdiffusion ist di e Folge e iner hohen K onzentra tion von Leerstell en 
im E isg itter knapp un ter den konkaven O berA achen del' Brucken (odeI' " H a lse") . di e zwischen d en einzelnen 
Kugeln wachsen. Gena ue lVlessungen del' Di chtezuna hme dieses Agglomera ts von Eiskugeln a ls Funktion 
del' Zeil. d el' T empera tur und d es Kugeldul'chmessers sind in ausgeze ichneter U bere instimm ung mit del' 
Theori e. Die Bed eu tung dieses \fOl'ga ngs fur di e Mctamorphcse von trockenem Schnee gleichfii rm iger 
Temperatul' wird diskuti ert. 

I NT RODUCTIO N 

Snowflakes undergo changes in sha p e shortly after depos ition even though the a ir 
temperature may be well below the melting point. The initia l stage of this metamorphism 
consists of the rounding of the sharp edges of the fl a kes due to evaporation from convex 
surfaces. Th is is followed by the break-up of individual fl akes into a number of iso lated 
grains, so tha t there is a decrease in the average size of the particles. As the particles decrease 
in size the snow undergoes partial coll apse which pl'Oduces a more efficient packing of the 
g rains. At points where the grains are in contact, ice bonds 01' necks begin to gl'Ow by 
sintering, and the streng th of the snow increases with time. Simu lta neously, the g rains tend 
to become more uniform in size, for the sma ll er ones evapora te a nd lose their mass to the 
la rge r gra ins. The time required for dry snow to tra nsform into this weakl y cohesive aggrega te 
of rounded grains increases with decreasing temperature; at - SoC. it takes a matter of weeks. 

T he gmwth of ice bonds between spherical particles of ice held a t temperatures below 
theil" melting point, has been investigated in recent yea rs by a number of workers (Kingery, 
1960; Kuroiwa, 1961 ; Hobbs and M ason, 1964). The driving force fo r the transfer of materia l 
to the neck between two particles is provided by the g radient in chemical potential existing 
between the highl y stressed region beneath the concave surface of the neck and points else
wh ere in the system . Under the influence of this force, molecu les can move to the neck by 
four m echa nisms: transfer via the vapour phase, volume diffusion through the ice, sUI"face 
diffusion ovel" the ice, a nd plas ti c or viscous fl ow. These four mecha nisms are not, of course, 
mutua lly exclusive, each contributes to the growth of the neck to a g rea tel" or lesser ex ten t. 
H obbs a nd Mason ( 1964) m ade theoreti cal estimates of the contributions to the neck g rowth 
between two ice spheres from each of these four m echanisms, a nd concluded that the transfer 
of materi a l to the neck by the diffusion of water molecules through the a ir should be the 
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dominant mechanism. The growth of the neck by vo lume diffusion and surface diffusion 
was estimated to be smaller than the dominant m echanism by about four orders of magnitude. 
M easurements of the rate of growth of the neck between two ice spheres were found to be in 
good agreement with this theory . More recently, H obbs (1965) has shown that the theory 
can also account for the observed time dependence of the strength of firn. 

Probably the most striking phenomenon associated with the metamorphism of snow is 
the increase in density. Freshly fallen snow has a d ensity in the range o· 01 to o · 25 g. cm. -3 ; 

the rounding of the flakes followed by grain packing can increase the d ensity to a m aximum 
value of o· 58 g. cm . -3 (the critical d ensity), which corresponds to close random packing of 
the gra ins (Anderson a nd Benson, 1963) . For old snow a t a uniform temperatu re further 
increases in the density must occur by the mutua l interpenetration of the grains at their 
points of contact. Now it is clear that although the growth of the neck between two grains 
of ice may be dominated by the transfer of materia l through the air, this mecha nism cannot 
contribute to the densification of old snow since it does not produce any change in the distance 
between the centres of the grains. Similarly, the transfer of material to the neck by surface 
diffusion will not affect the d ensity of old snow. The movement of material to the neck b y 
volume diffusion, however, will produce a decrease in the distance between the centres of 
two grains and this m echanism will therefore give rise to d ensification. As the pressure of 
the overlying snow increases, a point will eventua ll y be reached where visco-plastic flow 
occurs and this may then dominate the densification process . 

This paper is concerned with a theoretical and experimental stud y of the densification of 
old snow in the absence of temperature gradients and prior to the onset of visco-plastic flow 
due to overburden pressure. W e derive first a theoretical expression for the rate of increase 
in the d ensity of a spherical compact of ice sphel"es due to volume diffusion at the points of 
contact between the spheres. An exp erimental technique which allows accurate m easure
m ent of the changes in density of a sample of ice spheres is then described , and the results 
of a series of m easurement on the densification of compac ts of these spheres are presented. 
Finall y, the experimenta l results are compared with the predictions of our theoretical model. 

THEORY 

We consider first the sin tering of two isolated spheri cal particles of ice which have the 
same radius r (Fig. I). If the neck between the two particles is assumed to grow predominantly 
by the transfer of material through the vapour phase, the radius x of the neck after time t 
is g iven by (H obbs and Mason, 1964) : 

[
::] 5 = 20yo3a [ k Tf3 + L~mf3] _ 1 t ( r) 
r kTr3 pomDG KkT2 

where y is the surface tension, 0 the interm olecular spac ing, a the cond ensation coefficient, 
f3 the d ensity, m the mass of a m olecule, and Ls the latent hea t of sublimation of ice, po the 
equilibrium vapour pressure of ice a t temperature T, a nd D G and K are respec tively the 
diffusion coefficient of water vapour in a ir and the thermal conductivity of air at temperature 
T; k is Boltzm ann's constant. For simplicity Equation ( I ) may be written as 

[~r = ~: (2) 

where B is a temperature-dependent term given by 

_ 20yo3a [ kTf3 L~m f3] _ I (3) 
B - -----rr- pomD G + KkT 

Experimental m easurem ents (Hobbs and Mason, 1964) of the radius, temperature, a nd 
time dependence of the growth of the neck between two ice spheres, 25 ",m. to 350 ",m. 
radius, in the temperature range - 3° to - 20°C. are found to be in good agreement with 
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p 

<-- x -> 

Fig. I. The geometry ~r two sinlering spheres 

Equation ( [) . The absolute size of the neck at time t is a lso given by equation ( [) if the 
condensation coeffi cient ()( is taken as o· 2. 

The transfer of molecules by volume diffusion through the ice lattice to the surface of 
the neck between two particles is caused by a g radient in the concentration of vacancies. 
It is well known that the equilibrium concentration of molecules in the vapour phase is less 
above a concave surface than above a plane surface, the difference being g iven by K elvin's 
equation. Similarly, the equilibrium concentration of vacancies Cp just beneath a concave 
surface is g reater than that beneath a plane surface Co . In thi s case Cp is related to Co by 
an expression a nalogous to K elvin 's equation, namely 

Cp = Co ex p [:~] (4) 

where the curvature of the neck has been taken as I /p since, except at the very initial stages 
o f sintering, x ~ p. Approximating the exponential in (4) yields 

CoyS 3 
!lC = Cp- Co = kTp' (5 ) 

Due to this difference in concentration of vacancies, molecul es will diffuse from the interior 
o f the neck to the surface. H ence, the distan ce between the centres of the two spheres will 
gradually decrease due to the continua l collapse of the spheres over their area of contact. 

To calculate the ra te of change of the distance between the centres of two spheres, it is 
necessary to determine the mass of materia l that diffuses to the surface by volume diffusion. 
The number of vacancies J moving away from the surface of the neck in unit time is g iven 
by 

J = - AD grad C (6) 
where A is the surface area of the neck, D the diffusion coeffi cient for vacancies a nd grad C 
the gradient of vacancies . The precise path which the vacancies take is not known with 
certainty. However, we may assume that the grain boundary between the two spheres acts 
as an efficient sink for the vacancies and that the concentration of vacancies at a grain 
boundary is the same as that a t a plane surface Co. The distance over which the concentration 
of vacancies falls from its value Cp at the surface of the neck to Co will be taken as ap where 
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a is a constant of proportionality. If the neck is considered to be a cylinder of radius x and 
height 2p, the surface area is A = 47TXp. Equation (6) may therefore be written as 

J = 47TXpD I1Cfap, (7) 
or 

J = 47TxDCoyl)3. 
akTp 

(8) 

H ence, if V' is the total volume of material that has moved to the surface of the neck by 
volume diffusion through the ice after time t, 

dV' 47TXDvyl)3 

dt akTp 
(9) 

where Dv = DCo83 is the volume self-diffusion coefficient for water molecules in ice and 
03 has been taken as the volume of a vacancy. Provided xlr is not too large, we have from 
the geometry of the system p = x2 /4r, and the volume of the double spherical cap of height 
y is V' = 27Tfr. Therefore 

dy 4Dvyll3 
Y dt = akTx' 

Combining Equations (2) and (10) and integrating gives 
= [I OD vyIl3] ' /2 t2/5 

Y akT B' llOr' !; 

( 10) 

( II ) 

where 2.Y is the change in centre-centre distance between two spheres after they have 
sintered together for time t. 

We turn now to the densification of a compact of uniform ice spheres due to volume 
diffusion. For simplicity a spherical compact will be considered. If the initial volume and 
radius of the compact are respectively V and R, and these quantities diminish by amounts 
11 V and I1R in time t, 

I1V = 47TR2I1R. 
If there are n spheres of radius r in the length R, 

I1R = (1I- 1)2.Y, 
or, for large 11, 

I1R ~ 2ny. 
Therefore, 

I1V 3Y 
V r 

From equations ( I I) and (14) , 

~ V = [I ODvy83] ' 1
2 

t2/5 

V 3 akT B' l lOr6 /S ' ( 15) 
This theoretical expression for the change in the volume of a spherical compact of ice 

spheres by volume diffusion, can be checked experimentally in the following ways. First, 
Equation ( 15) predicts that a log-log plot of 11 VI V against t should be a straight line of 
slope 2/5. Secondly, at a fixed temperature, a log-log plot of r against Ithe time required to 
produce a given value of ~VI Vshould be a straight line of slope 1/3. However, the magnitude 
and temperature dependence of ~ VI V cannot be predicted from Equation ( [ 5) since the 
magnitude of the proportionality constant a and its variation with temperature are not 
known. 

EXPERIMENTAL TECHNIQUES 

Compacts containing approximately 105 ice spheres of uniform size were required for the 
densification measurements. The apparatus used for producing the ice spheres is shown in 
Figure 2. Water droplets were produced by directing an axially symmetrical j et of air along 
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Warm Air-t. 
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o 4:"" Wot.r Drop. 
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~ Insulated Cylindr ical 

Coo li nljJ Tower 

(-100· to -160·C.) 

Li quid Nitroven 

Ice Spher .. 

Fig. 2. Apparatus for jJroducing uniform ice spheres 

the outside of a hypodermic needle through which water was passed under slight pressure. 
The air jet caused the water to be blown off the need le in the form of a single stream of 
fairl y uniformly sized droplets . The stream remained stable for the required period of fi ve 
to seven hours necessary to coll ect a tes t sample. By changing the pressure-head of wa ter 
a nd the ve locity of the air j et the diameters of the droplets could be varied from about 200 

to 1000 /-Lm. The droplets were frozen in free fa ll by passing them through a very cold tower 
which was refrigerated by cold air. The frozen droplets were caught at the base of the tower 
in a flask containing liquid nitrogen. 

After the required number of droplets had been collected they were transferred to a cold 
room and sized by wash ing them with liquid nitrogen through a set of standard sieves. 
T his process removed the badly fractured spheres, ice fragments and aggregates. The particles 
removed as undersized were usuall y less than 3 per cent of the ol'ig inal volume, while the 
oversized particles amounted to about 5 to 10 per cent. Direc t measurem ents on the sizes 
of the remaining spheres showed tha t more than 85 per cent of them were within 10 /-Lm. 
of the m ean size, although a few of the remaining 15 per cent differed by as much as 50 /-Lm . 
from the mean diameter. After the spheres had been sorted and sized they were returned 
to the liquid nitrogen for storage . No bonding between the ice spheres could be detected 
when they were stored in this way. 

The m ethod for measuring the change in vo lume of a compact of the ice spheres with 
time had to sa tisfy several stringent requirements. It needed to have a sensitivity of not less 
than o· I per cent of the total vo lume of the compact. Since the compacts that were used 
had volumes of about 500 cm .3, this meant that changes in volume of 0·5 cm. 3 had to be 
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m easurable. Moreover, the compact had to be sealed in order to prevent net evaporation 
losses to the air, and had to be kept at a uniform temperature. An ideal method was eventually 
developed which satisfied a ll these requirements. Prior to the use of this m ethod, however, 
two other techniques were tried which yielded some results. Since we will need to refer 
later to some of these early results, a brief description will first be given of these two methods, 
and the final m ethod that was employed will th en be described in detail. 

In the first m ethod that was tried the ice spheres, together with some auxi liary weights, 
were poured into an uninflated neoprene weather balloon until the skin of the balloon drew 
tightly around the compact. The balloon was then immersed in a refrigerated bath of 
kerosene and attached by m eans of a long thin wire to a sensitive analytica l balance. The 
changes in the volume of the compact could then be deduced from the changes in its apparent 
weight. This simple device was, in principle, very accurate. With a compact of total volume 
300 cm. 3, consisting of spheres 400 fLm. in diameter , a change of 10- 2 fLm. in the distance 
between the centres of pairs of spheres could be detected. It was found , however, that on 
some occasions small amounts of kerosene had penetrated into the interior of the balloon. 
In an effort to eliminate this serious source of error, the kerosene was replaced first by an 
automotive oil and then by a low viscosity Arctic motor oil. These fluids were noticeabl y 
less diffusively penetrating than kerosene, but since the possibility of some penetration of 
the fluid through the walls of the ba lloon could nevel- be completely eliminated this m ethod 
was fin a lly abandoned. 

The second m ethod that was tried utilized a modified version of the Beckman gas 
p ychnometer. This instrument consists of a pair of identical piston-compression cylinders 
which are connec ted by a differential pressure gauge. The ice spheres were again placed 
into a neoprene balloon which was put into one of the cylinders. The other cylinder was 
constructed so that at the ex trem e inward tt-avel of its piston the entrapped air was com
pressed to an overpressure of one atmosphere. T he volume of the compact could be d eter
min ed by compressing the cylinder in which it was contained to the same overpressure as 
the other cylinder , and measuring the corresponding distance of traverse of its piston. By 
simulta neously pressurizing both cylinders at the same rate, thus eliminating failure of the 
gas law, and by taking repeated m easurements, the volume of the compact could be deter
mined to within o· I cm ) . Unfortunately, this m ethod had to be abandoned owing to 
repeated mechanical failures of the instrument a t low temperatures. 

The above two techniques served to demonstrate the accuracy that could be obtained 
in m easuring the changes in volume of the compact by means of a displacement method. 
The final method that was adopted was therefore of the displacement type, but it avoided 
the difficulties of the two earlier methods and was more accurate. The compact of ice 
spheres was again contained in a neoprene weather balloon. The undistended volume of 
the balloon was less than the volume of the compact so that the balloon gripped the compact 
and conformed accurately to its surface contours (Fig. 3). In order to fill the balloon, the 
ice spheres were placed in a plastic bottle which was fitted at its base with a three-way 
stopcock. The balloon was fastened to the neck of the bottle, inflated slightly, and then 
fill ed with the spheres by inverting the bottle. After the excess pressure in the balloon was 
r eleased, the balloon was sealed. The apparatus for measuring the changes in the volume 
of the balloon with time is shown in Figure 4; we shall call this instrument the mercury 
dilatometer. It consists of a large a luminium container fitted with a I mm. diameter g lass 
capillary tube and a reservoir with piston. This apparatus was placed in a large cold chamber 
and, after placing the sealed balloon in the container, the top was bolted down. The reservoir 
was then fill ed with m ercury and with the aid of the piston the mercury was forced into 
the container and up to a certain level A in the capi llary tube. As the compact densified the 
m ercury level in the capillary tube would drop to some leve l E, a few centimetres below A , 

at which time the m ercury level would be returned to A . By measuring the volume of the 

https://doi.org/10.3189/S0022143000020177 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000020177


ROLE OF VOLU M E D I FFUS I ON I N SNOW MET A MO R PH I S M 885 

Fig . 3 . A j)ortion of Ih(balloon. The black spots are bumps made by Ihe ice sl)heres immediately beneath the surface. Full si~e 

capillary tube be tween points A a nd B the magni tudes of the changes in volume of th e compact 
in given in tervals of time could be obtained . T he instrument was mad e semi-au toma tic by 
placing a photo-d iode a nd peanut bulb across the capilla ry tube which would sound a n 
a la rm whenever the m ercury level fell below B. To minimize tempera ture fluctua tions, the 
a luminium con ta iner was placed in con tact with a bout 50 kg. of a luminium in the cold 
cham ber. T he large heat capacity of this m ass helped to keep the tempera ture of the sample 
constan t to within a few tenths of a degree. C ha nges in the volume of the compact of I pa rt 
in 10 ' could be measured eas il y with this a pparatus; improvem ents in the accuracy of 
measuring the leve ls a t A and B could have increased the sensitivity by a n order of m agnitude, 
bu t this was no t necessary for our m easurem ents. 

T he m ercury dila tometer provided di rect experimental da ta on the ra te of change in 
the volume of a spherical compact of ice spheres a t differen t times. Stepwise summation of 
these da ta gave ~ V as a fun ction of time t, and these results could be used to check the 
va lidity of Equation ( IS). 

Rigid 

Lamp ~ 

Gla .. 

Capillary 

Tube 

Mercury 

AlumirUn- - - - - -

Container 

+-Photodiode Level Sensor 

Piston For Adjusting 
Mercury Level 

f-- MerCury. 
ReserVOir 

:"b1lJ+-+--Balloan ContoininQ 
Ice Spheres 

Fig . 4. The merCIl1Y dilatomeler 
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EXPE RIM ENTAL RESULTS 

The initia l densities of the compacts were a bout o' 55 g . cm . -3, indicating that the 
arrangem ent of the spheres was not far removed from close random packed . The experi
m enta l resu lts showed that the compacts underwent small but significant changes in d ensity 
with time. For example, with 600 p.m. diameter spheres a t - 100 e., the density increased 
by approxim ately 2 per cent after 1000 m in. of sintering. D etails of the experimental results 
a re given below. 

Time dependence 

Log-log plo ts of D. VI Vas a fun ction of time for differen t sizes of ice sphere and differen t 
temperatures a re shown in F igu res 5, 6 and 7. All of the experimental results lie on a series 
of stra ight lines with very little experimenta l scatter. The two separate runs a t -9 ' 6°e . and 
- 10' ooe . on spheres 370 p.m. in radius, shown in Figure 5, illustrate the reproducibility of 
the data. For temperatures be tween - 7° a nd - 20°C. the average slope of the log (t.V(V) 
against log t results is o· 39. H owever, the slope is defini tely dependent on tempera ture, for 
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it increases from about 0'25 at - 2·5°C. to about 0'42 at - 15°C. Below - 15°C. the slope 
remains approximately constant. 

Size dependence 

Figure 5 illustrates the effect on the densification of changing the radius of the ice spheres. 
It can be seen that at the sam e temperature a compact of smaller spheres densifies by a 
greater amount in a given time than does a compact of la rger spheres. This effect is dis
played in a different form in Figure 8 where log r is plotted against the logarithm of the time 
required to reach a given value of ~ VI V. The slope of the line through the three experimental 
points is o · 2g. 

Magnitude if the densification and its variation with temperature 

R earrangement of Equation (15) gives 
Dv _ BI /sk T [r3] 4/5 
-;; - goy83 t 

2r---------------------------------------------------------~ 
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Fig. 7. Eifecl oJ temperature on densification as aJunction oJ time 
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From the m easured va lues of !:i VI V, t and r, and the known values of the other parameters 
on the right-hand side of Equation (16), va lues m ay be ca lculated for Dv/a as a function 
of temperature. T his qua ntity gives a m easure of the m agni tude of the densifi cation . The 
results a re shown in F igure 9 where log (Dv/a) is p lotted against 1/ T. On this plot the 
experimental resu lts li e roughly on a straight line, which indica tes that 

Dv [- E] 
-;; CA. exp kT . ( 17) 

The m agnitude of Dv/a a t - 13°C. is about 10- 7 cm ! /sec. and the experimental va lue of 
E is approximately 20 ± 2 kca l. /mole. 

Pressure dependence 

The results described a bove were all obtained using the m ercury dila tom eter. In this 
device the compact is under a sm a ll hydrostatic overpressure of about 18 in. (46 cm. ) of 
mercury, a nd it is possible that this pressure could affect the densification. To see if this was 
the case an experiment was carried out in which the height of the m ercury in the capillary 
tube was initia ll y 9 in. (23 cm. ), a fter a period of time this was increased to 18 in . (46 cm. ) 
and subseq uently to 27 in . (69 cm. ). These changes in the applied overpressure produced 
no detectable change in the densification of the compact. 
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Another check which can be made to see whether or not the overpressure affects the 
densification , is to compare the results obtained with the mercury dilatometer with those 
obtained from the other two devices described in the last section. The overpressure in the 
oil-immersion technique was only about 0·3 in. (8 mm. ) of m ercury whilst in the Beckman 
Gas Pychnometer the compact sintered at zero overpressure, although this was raised 
momentarily to one atmosphere when m easurements were taken. In Figure 10 som e m easure
m ents from these three instruments are compared. It can be seen that in the ra nge 0·3 in. 
(8 mm.) to 18 in. (46 cm.) of m ercury, the densification is not changed significantly by the 
overpressure. 

Effect of environment 

A few experiments were carried out in which compacts were first allowed to sinter for a 
certain time in air, and then the ice spheres were covered with silicone oil. Subsequent 
measurem ents on the densification of the compact did not reveal any significant changes in 
the rate of densification, although the measurem ents in this case were not nearly as accurate 
as those in air. 

DISCUSSION OF RESULTS 

The average value of the exponent for the time dependence of the densification found 
experimen tally, namely 0·39, is in excellent agreement with the value of 0·4 predicted by 
Equation (15). However, the observed variation of this exponent with temperature is not 
predicted directly by our theory. This variation can be explained if the value of the exponent 
for the time-dependence of the neck growth between two spheres increases with increasing 
temperature. For example, if instead of x ex: t' / 5 in Equation (2) we write at high temperatures 
x ex: 1' /4, then l,VI V ex: 13/8 instead of 12 / 5. This explanation is supported by the fact that in 
experimental measurem ents on the growth of the neck between two ice spheres, Kuroiwa 
(1961 ) found that there was a tendency for the magnitude of the exponent of I to increase 
with increasing temperature. It should be borne in mind, however, that the experimental 
m easurem ents at higher temperatures show more scatter than those at lower temperatures 
and are therefore less reliable. 

Equation ( J 5) predicts that a graph of log r against the logarithm of the time required 
to produce a given value of l, VI V should have a slope of 0·33. This is in good agreement 

0- 4..5°c;.r =470j.L,slope = 0 3 9, overpr ... ure = 0.6 1 Qtm,(Mercur'l Dilatometer ) 
6- 4a-c,., =500j-L,slope = 0 .39 , ovt rpr ... ure = 19.z~tfl. (Oil Immersion} 

20 0 _ IOec.' =60 0fL,slope :: 0 .36, ovtr pr luur. = 10 otm.(Oi l Immll"lion) 
o -IQ·C.,r =525fL ,llope :: 0 .36 , overprellur. :: 0 atm.(Gos Pychnomtter) 
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with the experimen tal slope of o · 2 9 (Fig. 8) . However , it should be noted that the experi
mental value is based on just three experimental points, a lthough these are separated by 
two orders of magnitude on the time scale. 

If the experimental values of !1 V/ V are substituted into Equation (15), the variation of 
Dv/a with temperature may be deduced. The results are shown in Figure 9 where they are 
compared with some independent measurem ents of the volume diffusion coefficient Dv 
obtained by different workers. Kopp and others ( [ 965) , using nuclear magnetic resonance 
techniques, found the activation energy of Dv for the diffusion of HF in ice to be 13' 4 ± [ ·8 
kcal. /mole. Blicks and others (1966) obtained an activation energy for Dv of [4'4± 0 '7 
kcal. /mole for the diffusion of tritium in ice. Itagaki ( [964) a lso used tritium as a tracer and 
found that the activation energy of Dv was time-dependent, after one day it was 24' 2 

kcal. /mole and after seven days [5"7 ± 2 kcal. /mole. In general , therefore, our experimental 
value of 20 ± 2 kcal. /mole for the activation energy of Dv/a is larger than the activation 
energies that have been measured for Dv. This difference could be due to the temperature 
dependence of the factor a. 

In order to check if the absolute magnitudes of Dv/a deduced from the densification 
measurements are reasonable, it is necessary to know the value of the proportionality constant 
a. Unfortunately, the magnitude of this quantity is a matter for speculation. In the original 
work on the sintering of ceramic and metallic particles Kuczynski ( [ 949) assumed that the 
value of a was unity; the true value, however, could well be as small as 10 - 2

, corresponding 
to a diffusion length of a few hundt'ed molecular layers. If we accept a value of unity for a, 
it would appear at first g lance that our experimental values for Dv are about three orders 
of magnitude larger than those obtained from radioactive measurements. However, it should 
be noted that the present results were obtained using ice spheres which were very poly
crystalline, whereas, the radioactive measurements were made on single crystals of ice. 
Diffusion coefficients for polycrystalline specimens are commonly found to be an order of 
magnitude larger than those fo r single crystals of the same material. Moreover, Itagaki 
( [ 964) found that at short times (less than I day) the diffusion coefficient of tritium in ice 
may have a value a lmost an order of magnitude larger than the value m easured after ten 
days. Finally, it is interesting to note that the magnitudes of the diffusion coefficient of 
hydrogen fluoride in ice measured by Kopp and others ( [ 965) lie quite close to our experi
m enta l values of Dv/a. 

Independent es timates of the value of Dv/a were obtained by m easuring the rate of 
growth of the neck between two ice spheres completely immersed in sili cone oil. Under 
these conditions the neck cannot grow by the transfer of material through the environment, 
and volume diffusion should therefore provide the main contribution to the growth of the 
neck. Two ice spheres were placed gently in contact in air and a llowed to sinter together 
for a short time. Si licone oil was then poured over the spheres and measurements on the 
growth of the neck were continued. Due to the difficulties of making accurate measurements 
of the size of the neck through the si licone oi l, the results showed considerable scatter. 
Nevertheless, the neck continued to grow in the si licone oi l but the time required to reach 
a given value of x/r was increased by about an order of magnitude over the corresponding 
time in air. Similar resu lts to this were obtained by Kuroiwa ( 1961 ) and Hobbs and Mason 
(1964) for the sintering of ice spheres in liquid kerosene. It is interesting to note that Hobbs 
and Mason found that when two ice spheres were immersed in silicone oi l and then pushed 
into contact, no neck growth took place. T his must have been due to the fact that actua l 
physical contact of the two spheres never occurred, presumabl y due to the presence of a thin 
layer of silicone oi l between them. Assuming that in the presence of silicone oil sintering 
occurs by volume diffusion alone, the value of Dv/a is found to be about 10- 8 cm!/sec. at 
- [ Ooe . It can be seen from F igure 9 that this value is about an order of magnitude smaller 
than that deduced from the d ensification experiments, however, it does provide experi-
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m ental confirmation that the magnitudes of Dv/a are considerably higher than might have 
been expected. 

The observed decrease in the rate of neck growth between two spheres in silicone oil, 
corresponds to a reduction of about one order of magnitude in the value of B in Equation 
(2) . Hence, the densification of a compact of ice spheres in silicone oil should be given by 
the same expression as that in air, namely Equation (15), except the value of B will be 
one-tenth that in air and the surface tension y will be reduced by about 20 dyne/cm. These 
changes make the densification after a certain time in silicone oil about o ' 7 that which 
would have taken place in air. This is a sma ll difference a nd accounts for the fact that no 
difference could be detected between the amounts of densification in a ir and silicone oi l. 

The high values of Dv/a found in this work indicate that the contribution to the neck 
growth between two spheres due to volume diffusion cannot be ignored. The values of 
Dv/a deduced from the d ensifica tion m easurements are comparable to the values of the 
transport coefficient for transfer through the vapour phase deduced by Hobbs and Mason 
( 1964) . This would imply that volume diffusion and transfer through the vapour phase 
contribute equal amounts to the growth of the neck between two ice spheres situated in 
air. However, the fact that the neck growth is found to be an order of magnitude less in 
silicone oil than in air, suggests that in air transfer through the vapour phase dominates 
volume diffusion by about an order of magnitude. It should be emphasized that the use of 
Equation ( I) in deriving the expression for the densification of a compact of ice spheres, 
relies only on the empirical correctness of this expression and not on its theoretical foundations. 

In summary, the theory and experiments described in this paper indicate that volume 
diffusion in ice can play an important rol e in the metamorphism of dry snow. Densifica tion 
by volume diffusion alone can increase the density of dry snow beyond the critical value for 
a close random packed array of spheres, and this mechanism can proceed in the absence of 
any temperature gradients or overburden pressure. 
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