
CORRESPONDENCE 

The Editor, 

Journal of Glaciology 

SIR, The origin of vertical c-axis ice on Peters Lake, Alaska 

In our recent paper in the J ournal of Glaciology (Vo!. 4, No. 36, p. 689- 708), we made a rather hasty 
speculation about the origin of vertical c-axis ice on Peters Lake, Alaska. T h e speculation offered does not 
expla in every case but suggests on ly one possibility. We should like to offer another explanation. 

Knight (1962) h as observed that w ind is a primary factor in the formation of ice having c-axes which 
are predominantly vertical or predominantly horizontal and the break-up of the initial ice skim wh ich 
results from wind action is also important. 

Arakawa and Higuchi (1952) and Arakawa (1954, 1955) have determined the physical cond itions 
under which disc crystals are produced and continue to grow in stellar form, as a result of a series of 
detai led studies on freezing water. A disc crystal floating on the water surface has a vertical c-axis and 
can only be produced when the water temperature is very close to the ice point. 

Since supercooling, heat conduction and convection should be considered important in the freezing' 
process, it is difficult to explain how an initial ice skim with vertical c-axes can be produced over an 
extensive lake area under natural conditions. In an ordinary case, the distribution of the c-axes should be 
random. The initial ice skim would be formed by various types of ice crystals, i. e. needle, feather, and 
disc or stellar forms (Arakawa and Higuchi , 1952 ) . The mode of formation is illustrated in Figure I . 

SIDE VIEW 

Fig . I . The mode of formation of the initial ice skim 

If the supercooled water layer is thick, barb-like vanes with c-axes normal to the plate of the vane will 
grow rapidly in the supercooled water from the needle crysta l on the surface, because of the rapid growth 
of basal planes of ice crystals (Lyons and Stoiber, 1962) . Even if crystals of disc or stellar form are 
produced among the n eedle crystals floating on the water surface, their growth will be restricted by the 
rapid growth of the needle and barb-like vane crystals on the water surface and in the water. This 
might be called the first step of orientation select ion by grain growth, which is characterized by a 
predominance of horizontal c-axis crys ta ls. 

W ind breaks the initial ice skim, so that each of the barb-like vanes is freed and may then float on 
th e water surface. Since the c-axis orientation of each feather-like crystal is normal to its vane plate, the 
newly formed ice skim has vertical c-axes. Wind would a lso push this newly formed ice skim towards 
the edge, so that the ice in this part of the lake would have vertical c-axes. The orientation of the c-axes in 
the ice skim would greatly affect the c-axis orientation of the ice which subsequently grows in the water. 

The mode of random distribution of c-axis orientation is necessary for a clearer understanding of the 
histograms of c-axis orientation given in our previous paper (Muguruma and Kikuchi, 1963). Random 
distribution of c-axis orientation m eans in a statist ical sense that c-axis orientation is distributed uni
formly on a In ·:mispherical surface. Then it is expressed as the ratio of the area of the h emisphere to the 
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area of a zone which is cut at an arbitrary latitude as shown in Figure 2. The la tter area can be calculated 
by th e fo llowing equa tion: 

S = 27TR' J cos Cf. dCf., 
a , 

where S is th e area of the zone, a nd Cf., and Cf., are the latitudes of the upper and lower e nds of the zone. 
Taking Cf. , - Cf. , = 10

0
, the mod e of ra ndom d istribution of the c-axis orientation is shown in Figure 3. 

This figure shows that, even if 50 per cent of the ice grains have a c-axis ori enta tion of e = 60 ~ goo, th e 

Fig. 2. The hemispherical surface with a zone cut at an arbitrary latitude , used for calculation of a random distrihutioll of c-axis 
orientation 
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Fig . 3. H istograms illustrating random distribution of c-axis orientatioll 
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ice cannot be said to have pt'edominantly horizontal c-axes. Wh en the distribution of the c-axis o rien ta 
tion is considered , the m ode of random distribution of the c-axis should always be kept in mind . Statistical 
treatment is also necessary for detailed a nalysis of the data of c-ax is distribution . In this sense, the data 
obta ined by observing T yndall figures at Peters Lake support the con clusion that the ice has a pre
dominantly horizontal c-axis orientation. 

We are grateful to Drs. K. Arakawa and C. A. Knight for their valuable suggestions a nd discussions. 
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H okkaido University, 
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SIR, 

D iscussion on Kamb and LaChajJelle's paper " D irect observation of the mechanism of glacier sliding over bedrock" 

In their paper, K amb a nd LaChapelle ( 1964) conclude that the observed velocity of cubes I cm . on a 
side pulled through ice disagrees with th e prediction of figure 2 in my original sliding paper (W eertman, 
1957) . Figure 2 indicated that a I cm ) cube pushed with a force of 16 kg. will move through ice at the 
sam e velocity regardless of whether the m echanism of motion is provided entirely by pressure m elting 
or by creep-rate enhancem ent. The results of Kamb and LaChapelle show that at a force ( 17 . 6 kg. ) 
which is close to 16 kg., the velocity is faster if pressure melting is the operative m echanism . Moreover, 
K amb and LaChapelle point out that in their experiment, the effective stress to be used in the creep 
enhancement m echanism must be increased over the stress I u sed by factor of 2 . This modification 
increases the predicted velocity of the creep-rate enha ncement m echan ism by a factor of 2", wh ere n is 
of the order of 3 to 4. This increase makes the disagreemen t be tween theory and experimen t even greater. 

In figure 2 of my original pa per Glen's value of 11 = 4 ' 2 was used in the calculation. It is more 
fashionable now to use a value near 3. If Glen's other value of n = 3' 2 is used in the calculations, the 
velocity predicted by figure 2 for the creep enhancement mecha nism is decreased by a factor of 8. This 
factor of 8 has to be multiplied by 2" = 2 3 '2 = 9' 2 in order to make a comparison with the experiments 
of Kamb and LaChapelle. Thus the velocity due to the creep-ra te enha ncement m echa nism is a factor of 
9·2/8 = !· 15 larger than that g iven by figure 2. It would appear that theory and experiment st ill 
disagree. 

Although Kamb and LaChapelle modified the calcu lat ion of the creep-rate en hancement velocity 
by the factor 2 ", they neglected to make a similar modification in the pressure-m elt ing velocity calcula
tion. They pointed out that the h ydrostatic pressure difference on either side on an obstacle should be 
increased by a factor of 3 over th e value I used , but they did not correct figure 2 for the resultant fac tor 
of 3 increase in velocity. They a lso neglected to take into account the fact that the therma l diffusion 
coeffi cient used in my calculat ions for figure 2 was a factor of 2 ' 4 smaller than the thermal d iffus ion 
coefficient of dunite and p le xiglass used in their exper iments. Therefore, the calculated p ressure melting 
sliding velocity of figure 2 shou ld have been increased a factor of 2' 4 X 3 = 7' 2 . The sliding velocity 
due to the pressure-melting m echa nism thus should be a factor 7 ' 2 / I ' 15 = 6 · 2 larger than that of th e 
creep-rate enhancement m echanism. These modifications of the calculations resu lt in a predicted 
pressure-melting velocity of 3 cm. /day, as compared to that observed, at the m elting point, of 3' 4 
cm./day for a duni te cube and 1·6 cm./day for a p lexiglass cube. The theoretical value for th e velocity 
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