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THE COMPLEXITIES OF THE THREE-DIMENSIONAL 
SHAPE OF I N DIVID UAL C RYST A LS I N GLACIER I CE 

By G EO RGE P. RI GSBY 

(U.S. Army Cold R egions R esearch and Engineering Laboratory, Hanover, 
New Hampshire, 03755, U.S.A.) 

ABSTRACT. A block of ice (i'om Blue Glac ier . vVashington. was success ively sectioned at close intervals 
as a means of d etermining exact crysta l shape in three dimensions. Two crysta ls occupying over 20 per cen t 
of the entire sample a re used as examples, a nd their volumes ca lculated. These crysta ls were found to be 
much la rger and more complex in sha pe than expected from thin-sect ion exa minat ion a lone. The surface-to
volume ra tio was ca lcula ted using a simple re la tionship between the length of lines in a g rid crossing the 
c rysta l and g rid-line intercepts with the crysta l boundary. From this ratio the surface a rel of elch crysta l 
was ca lcula ted. 

A measurement of irregula rit y or jaggedness is in troduced in o rder to compare cr ysta ls of differen t size 
with one another. This is necessa ry because surface-to-vo lume rat io of a bod y of the same sha pe decre3Ses as 
the size increases . 

R EsUME. Les complexitis de lafonne tri-dimellsiollllelle de cristallx illdividllels de glace de glacier. Un bloc de glacc 
de Blue G lac ier , Washington, a ete coupe successivement it petits in terva lles comme moyen de determiner la 
forme tri-dimensionnelle exacte d es crista ux. Deux cristaux, occupant plus que 20 % d e tout I'echa ntillon , 
ont ete utilises comme exemples et leur volume a ete calcule. Ces crista ux furent plus grands et leur forme 
plus compliquee que la seule investigation d es coupes minces le la issa it prevoir. Le rapport surface-volume a 
ete caicule en utilisa nt une rela tion simple entre la longueur d e lines d'une g rille posee sur le crista l et les 
intersections de cette gri lle avec le contour du crista !' La surface de chaque crista I a e te caiculee it pani r de 
ce ra pport. 

U ne mcsure dc I'i rregula rite o u de boursoumure est introduite pour compa rer les cristaux de differentes 
ta illes les uns avec les autres. Cela est necessa ire pa rce que le ra ppor t surface-volume d 'une corps d e m eme 
forme decroit lorque la taille diminue. 

ZUSAMMENFASSUNG. Die Kompliziertheiten der dreidimensionalen Form einzelner Kristalle in Gletschereis . Von 
einem Eisblock des Blue Glacier , Washington, wurden dicht benachba rte Schnitte hergestellt , um die 
dre idimensionale Kristallgesta lt exakt zu bestimmen. Zwei Kristall e, die 20% der Gesamtprobe a usmachten . 
werden a ls Beispiele herangezogen; ihr Volumen wird berechnet. Diese Kristalle erwiesen sich a ls viel 
g rosser und komplizierter a ls ma n durch U ntersuchungen von Dunnschliffen a lle in erwarten wurde. Das 
Verhaltnis von OberAache zu Volumen wurde durch Verwendung e iner einfachen Beziehung zwischen der 
La nge von Gitterlinien , die d en Kristall kreuzen , und den Schnittpunkten von Gitterlinien mit d em Krista ll
rand, bestimmt. Aus diesem V erhii ltnis wurde die OberAache jed es K ristalls berechnet. 

Ein M ass fur die Unregelmassigke it od er Ziihnung wurde eingefUhrt , um Kristalle unterschiedlicher 
Grosse miteinander vergleichen zu konnen. Dies ist notwendig , weil das Verhiiltnis der OberAiiche zum 
Volumen eines g leichgestalteten K orpers mit zunehmender Grosse abnimmt. 

I NTRODUCTION 

In many scientific fields, cellular structures or crysta l aggregates are observed only in two
dimensional section. The relationships in three dimensions must be inferred. Examples 
include the petrologist's thin section , the polished section of the opaque minerals and the 
biologist's microtome slice. H enri Bader (personal communication, February 1962) observed 
that little is known about shapes of the ice crystals in glacier ice. The obj ective of the present 
study, motivated by this observation , was to trace the crystals in three dimensions and to tes t 
statisti cally whether- three-dimensional shape parameters could be obtained from random 
sec tioning. 

Most cores from glaciers appear the same in thin sections of different orientation. Rare ly 
is there any observable preferred orientation of elongated crystals, although the orientations 
of the optic axes in glacier ice are usually highly anisotropic. 

A sample of fairly coarse-gra ined glacier ice, with crystals from about 3 to 8 cm across was 
desired . If the grain-size were too small , determination of crystal boundaries in the third 
dimension would be difficult , and if too large, handling too much ice to obtain sufficient data 
would be required. The sample chosen proved excellent for the techniques finally used . 

The ice sample was collected from Blue Glacier, Olympic Mountains, Washington, 
during the summer of 1962. It came from a loca tion only a few hundred yards above the part 
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of the terminus where the slope increases drastically, and slightly east of the centel' on the 
transverse line. The foliation dipped about 40° up-glacier. Only a few inches of the surface ice 
were removed before chopping out the block. Although the location was in the ablation zone, 
this part of the glacier is free of debris and undoubtedly the ice was active. The laboratory 
work was done at the Cold R egions Research and Engineering Laboratory, Hanover, New 
Hampshire, which provided excellent facilities and an assistant. 

DESCRIPTION OF SAMPLE AND LABORATORY METHOD OF STUDY 

The trimmed block of glacier ice measured about 32 X 2 [ X 23 cm. To the writer 's 
knowledge, thin sections from such large samples had not previously been made, especially as 
thin as required for the accurate orientation of the optic axes. It was initia lly felt that the 
crystals might be traced by etching the boundaries and making successive pencil rubbings on 
faces spaced every 3 or 4 mm through the block. T his me thod gives no crystal-orientation 
data and experiments with artificial ice showed that the boundaries of the individual crystals 
could not be followed from one rubbing to another. Etching and photographing a lso proved 
unsuccessful. Bright spots from the lights obscured some of the boundaries and , of course, no 
crystal-orientation data were obtained. 

Therefore, it appeared that successive thin sectioning with orientation determination of 
each crystal by a universal stage was the only sure way to follow the crystal s through the block, 
even though handling large thin sections without breaking or shattering was difficult. 

A technique was developed in which a plate of window glass was frozen to the smoothed 
upper surface of the ice. Thus supported , the ice section could be cut as thin as 1.5 mm with a 
large band saw. After sawing, the section was further thinned with coarse sandpaper g lued 
to a flat board. After thinning to about I mm, another glass was frozen to the exposed side 
giving a good surface for photographing between crossed polaroid sheets. This was done on 
4 X 5 cm polaroid film (PIN type) to produce immediately a negative and a positive. Photo
graphs of two orientations, rotated about 40- 45° were required in order to see most of the 
boundaries (Figs. 1- 6). When obscure boundaries were encountered , they were traced on the 
photographs from the universal stage during the axis-orientation process. 

Enlarged photographs, printed with a matte surface, were used to number the grains for 
recording the orientation and to trace the boundaries. From these photographs the final 
tracings were made on plastic film which could be xeroxed for measuring, and for coloring or 
other means of identification of individual crystals. Very few of the photographs were exactly 
to scale, but corrections in numbers of intercepts, length of lines and areas were made. For 
location reference, the left and bottom margins on all section tracings are in register. 

This procedure resulted in a minimum of about 3.5 mm between successive cuts. Irregu
larities in sawing caused the distances between successive thin sections to vary between 3. 2 
and 7. [mm. The thickness for each section given in Tables I and II in column t is the 
value m easuring from half-way between each section , as these values seemed best to use for 
volume calculations. 

After photographing the large sections, they had to be cut into small units (4 X4in; 
10.2 X 10.2 cm) to be used on the universal stage. The top glass cover plate was removed by 
a pplying just enough heat uniformly over the surface of the glass to loosen it. ' '''ith the section 
still frozen to the bottom glass, 10.2 X 10.2 cm squares were marked and cut to the g lass with 
a hand saw. After preparing again with sandpaper, a glass cover plate cut to the sam e size 
was frozen to the upper surface of each square before removal from the large bottom plate. 
The final preparation of the sections was made on the microtome. The ice thickness was 
between o. I 0 and 0.15 mm when the final bottom glass (12.7 X II .4 cm) was frozen to the 
section. A bead of ice was then frozen to the edge of the smaller or top glass to prevent 
sublimation of the thin section . 
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Fig. I . Section 4 j polarized light 

Fig . 2. Section 4; rotated 40° from Figure I 
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Fig . 3 . Sectioll J 7 ; IJoiari zed light 

Fig . 4. Seclioll 27; polarized ligh t 
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Fig. 5. Section 33; polarized fight 

Fig. 6. Section 39; polarized light 
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Section 

2 

3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
15 
16 
I7 
18 
19 
20 
2 1 
22 

23 
24 
25 
26 
27 
28 
29 
30 

3 1 

32 

33 
34 
35 
36 
37 
38 
39 
40 

4 1 
42 
43 
44 
45 
46 
47 
48 

(49) 

N 

o 
o 

27 
26 
33 
37 
42 
44 
57 
69 
73 
68 
66 
8 1 
82 
98 

110 
135 
11 0 
125 
135 
120 
140 

150 

149 
145 
120 
11 0 
I 11 

120 
123 
88 
67 
49 
53 
6 1 
68 
63 
58 
47 
36 
19 
14 
16 
11 

10 
5 
3 
o 

3374 

L 
cm 

o 
o 
8 .1 

2 1.6 
34·4 
48.4 
58.2 

69-4 
83 .6 
99.0 

101.2 
11 0.8 
105.8 
11 0.8 
11 2.8 
118.0 
128.8 
128.6 
102.8 
107.2 

11 9.2 
141.8 
165.0 

137·4 
138.2 

121.0 

112.8 
11 2·4 
116.8 
107.6 
102.8 
65.6 
53. 1 

50 .4 
45.6 
52 .0 

46 .0 

58.4 
42 .0 

29.8 
25·4 

9.2 

7-4 
8.2 
7.8 
8.0 
3.0 

0 .6 
o 

3437.0 
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A 

o 
o 
4. 0 

10.8 
17 .2 
24.2 
29 . 1 

34·7 
4 1.8 
49·5 
50 .6 
55-4 
52 .9 
55·4 
56.4 
59 .0 

64·4 
64·3 
51.4 
53.6 
59.6 
70 .9 
82·5 
68·7 
69. 1 

60·5 
56 .4 
56 .2 

58 -4 
53 .8 
5 1.4 
32 .8 
26.6 
25.2 
22.8 
26 .0 
23. 0 

29 .2 
21.0 
14·9 
12·7 
4.6 
3·7 
4. 1 

3·9 
4.0 

1.5 
0·3 
o 

TABLE 1. C R YSTAL A 

PIA 

5. 2 7 
1.93 
1.5 1 
1. 20 
1. 13 
1.00 
1.0 7 
1.0 9 
1. I 3 
0.96 
0.98 
1. 15 
1.1 4 
1.30 
1.34 
1.65 
1.68 
1.83 
1.78 
1.33 
1.33 
1. 70 
1.70 
1.88 
1.6 7 
1.54 
1.49 
1. 79 
1.88 
2 .1 0 
1.99 
1.54 
1.82 
1.84 
2.3 2 

1.70 
2.16 
2-48 
2 .23 
3.2 4 
2.98 
3.36 
2.20 
1.98 
2 .60 
8.00 

/) 
cm 

2 1.2 
20-4 
25 ·9 
29.0 

33 .0 

34·7 
44·7 
54. 1 

57·3 
53·4 
5 1.8 
63 .6 
64-4 
77 .0 

86·4 
106.0 
86·4 
98 .2 

106·3 
94·3 

110.0 
117.8 
117.0 

114.0 
94.6 
86-4 
87. 2 

94·3 
96 .6 
69. 1 

52 .7 
38.5 
41.6 
47 .8 
53 ·4 
49 ·5 
45·5 
36 .9 
28 ·3 
14·9 
11.0 
13.8 
8 .6 
7·9 
3·9 
2-4 
o 

S/V 

6.67 
2-4 1 
1.92 
1.53 
1.44 
1.27 
1.36 
1.39 
1.44 
1. 2 3 
1. 2 5 
1.46 
1.45 
1.66 
I. 71 
2. 10 

2. 14 
2·33 
2.26 
1.69 
1.70 
2. 18 
2. 16 
2 .40 

2. 13 
1.96 
1.90 
2 .23 
2·39 
2.68 
2.5 2 

1.94 
2.32 
2·34 
2.87 
2. 16 
2.76 
3· 15 
2.83 
4 .13 
3.78 
3.90 

2.82 
2 .50 

3·33 
10.00 

P 2651.8 A = 1 7
18

,5 = 1.543 (for the sect ions which contain par t of the crysta l) 

From tota l Na nd L: 

P. 
A 

7TN 7T (3374) 

2L 2(3437) 
1.542 

cm 

0.490 
0.4 10 
0.390 
0.425 
0-400 
0.400 
0·375 
0·375 
0.360 
0·335 
0·375 
0 .4 10 
0.440 

0·455 
0-445 
0-4 10 
0·395 
0-430 
0.450 
0-455 
0.550 
0.675 
0.560 
0-430 
0·445 
0 .460 
0 .460 
0-430 
0 .4 10 
0.405 
0-480 
0·475 
0 .505 
0 .500 
0·375 
0.450 
0.525 
0 .5 10 
0.460 
0.440 
0.480 
0.530 
0·555 
0 .530 
0-490 
0.5 15 
0.550 
0·555 
0.290 

v 
cml 

o 
o 
1.56 
4·59 
6.88 
9.68 

10.9 1 
13.00 

15.0 5 
16.58 
18·97 
22.7 1 
23.28 
25 .2 1 
25. 10 
24. 19 
25-44 
27.65 
23· 13 
24·39 
32 .78 
47.86 
46.20 
29·54 
30 .75 
27 .83 
25·94 
24. 1 7 
23 ·94 
2 I .79 
24.67 
15.58 
13-4 1 
12.60 
8·55 

11 .70 
12.08 
14.89 
9.66 
6·55 
6. 10 
2·44 
2.05 
2·17 
1.9 1 
2.06 
0.82 
0. 17 
o 

S 
cm2. 

o 
o 

10·53 
11 .05 
13.20 
14.80 
15 ·75 
16.50 

20 .52 
23. 12 
27 ·37 
27.88 
29 .0 4 
36.85 
36 .49 
40 . 18 
43-45 
58 .0 5 
49.50 
56 .87 
74. 2 5 
8 1.00 
78 .40 

64.50 
66.30 
66.70 

55 .20 
47.30 

45 .5 1 
48.60 
59.0 4 
4 1 .80 
33.84 
24.50 
19.88 
27·45 
35.70 

32 . 1 3 
26.68 
20.68 
17.28 
10.07 

7·77 
8.48 
5·39 
5. 1 5 
2 ·75 
1.66 
o 

1539. 16 
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TABLE H. CRYSTAL B 

Section N L A /) /A P S / V V S 

cm cm' cm cm e n1 3 enl! 

0 0 0 0.490 0 0 
2 0 0 0 0.4 10 0 0 

3 0 0 0 0.390 0 0 

4 12 2.6 1.3 7·'27 9·4 9 .23 0 .425 0·55 5. 10 

5 12 5.6 2.8 3.38 9-4 4.29 0.400 1. 1 '2 4.80 
6 25 11.6 5.8 3·39 19.6 4 ·35 0-400 2.32 10.00 
7 37 ,6.2 8., 3·59 '29.0 4 .56 0 ·375 3.04 ' 3.88 
8 59 27 .6 '3 .8 3.36 46.3 4 .28 0·3 75 5·17 22. 12 

9 46 35.8 17·9 2.0'2 36. , 2·57 0.360 6-44 , 6.56 
10 55 46.6 23·3 1.86 43.2 2.36 0 ·335 7.8 , , 8-42 

'I 8 , 63-4 3 1. 7 2.0 1 63.6 2·55 0·375 '1 .89 30.38 
''2 80 76.0 38.0 1.64 62.8 2.08 0 -410 15.58 32.80 
13 11 2 86.6 43·3 2.04 87·9 2·59 0-440 19.52 49. 28 

'4 162 114.8 57-4 2.22 '27. 1 2.82 0-455 26.' 2 73·7 ' 
' 5 170 , 65 .8 82·9 1.6, 133 ·4 2.05 0-445 36.89 75.65 
, 6 , 64 '7,·8 85·9 1.50 ' 28 ·7 1.9' 0-4 ' 0 35.22 67.24 
'7 , 63 ,87-4 93·7 1.37 ' '28.0 1.74 0·395 37 .0 ' 64·39 
18 206 207.8 103.9 1.56 , 61.8 1.98 0-430 44.68 88,58 

'9 193 209-4 104.7 1.45 151.5 1.84 0-450 47. 12 86.85 
20 190 237.0 11 8·5 1.'26 149·3 1.60 0·455 53.92 86-45 
21 26 7 230. 1 11 5.1 1.82 '209·7 2.32 0.550 63-28 146.85 
22 296 270 .8 135-4 I. 72 232.2 2. 18 0.675 91.39 199.80 
23 288 '267·4 133·7 1.69 226. 1 2. 15 0 .560 74.8 7 ,61.28 
24 3 19 286.2 ' 43· ' I. 75 250.6 2.23 0-430 6 ' ·53 ' 37· ' 7 
25 337 306-4 ' 53· ' 1. 74 264.9 2.20 0·445 68"7 ' 49.96 
26 336 294.8 '47 -4 1.79 264 .0 2.28 0.460 67.80 154.56 
27 335 372.8 186·4 1.4 1 263-4 1.80 0-460 85 ·74 ' 54· ' 0 
28 362 395.6 197.8 1.44 284.0 1.83 0-430 85.05 155.66 
29 373 408.0 204.0 1.44 292.8 1.83 0 -4 10 83 .64 152.93 
30 395 400.8 200-4 1.55 3 10.3 1.97 0-405 8 1.1 6 159.78 

3 1 369 37 1.2 185.6 1.56 289.0 1.99 0 -480 89 .09 177· ' 2 
32 356 337.6 , 68 .8 1.66 279-4 2. 11 0-475 80. , 8 , 69 · , 0 
33 335 3 , 8·3 ' 59 .1 1.65 263.4 2. ' 0 0.505 80·37 ,69 · '7 
34 295 276.2 ' 38 . , 1.68 23 , ·6 2· ' 4 0.500 69.05 ' 47.50 
35 279 259 .0 129.5 1.69 2 19 .0 2.15 0 ·375 48,56 104.63 
36 285 248 .0 124.0 1.80 233·7 2.30 0-450 55 .80 128 .25 
37 32 ' 267.2 ' 33.6 , .89 25 1.9 2-40 0.525 70.'4 168.52 

38 348 294.6 147·3 1.86 273. 1 2.36 0·5 ' 0 75. 12 ' 77.48 

39 353 3 19.0 159·5 1. 74 277.0 2.2' 0.460 73·37 162.38 

40 36 , 326 .6 , 63·3 1. 74 283.6 2.2 ' 0.440 71.85 158.84 
4' 326 287.0 ' 43·5 1.78 256 .1 2.27 0-480 68.88 '56 .48 
42 322 265.6 ' 32.8 1.94 252.9 2-42 0 .530 70.38 ' 70.66 
43 324 204 .6 ' 02·3 2-49 254.6 3· ' 7 0 ·555 56 .78 179.82 
44 292 208.2 104. ' 2.20 229 ·5 2.8 , 0.530 55· ' 7 154.76 
45 269 '97.0 98.5 2.15 2 I 1.1 2·75 0 .490 48.26 131.8 1 
46 247 223.2 ,11.6 1.74 194.0 2.21 0 .5 15 57-47 127. 20 

47 243 258.0 129.0 1.48 190.8 1.88 0.550 70.95 133 .65 
48 197 254.8 127-4 1.22 ' 54.8 1.55 0·555 70.7 1 109. 34 

(49) t 122·5 * 1·55 0.290 35.52 54.8 , 

' 0597 9 8 ' 5.0 4 g0 7·5 8330 .6 22.265 2 364.72 5 ' 00.02 

* Assumed. 

t From Chart I ; not included in tota l. 

p 8330.6 6 ... 4 = --- = ,. 97 (for the 45 sect ,ons wh 'ch contam part of the crystal) 
. 490 7.5 
P 7TN 7T ( 1O 579) 

1.696 :4 = 2L = 2(9 8 ' 5) 
S 5 ' 00.02 
17 = 2364.72 = 2"57 
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U sing the above procedure, it became ev ident that many grains seemingly separate in one 
thin section were actuall y part of the sam e crystal. Therefore, two complex crystal s were 
selec ted for complete determination of size a nd shape. These are identified by patterns, and 
the letters " A" and " B", in the eight sec tion tracings reproduced (Figs. 7- 14) as representative 
of the total 48 sections made. Tracings of a ll 48 sections are reproduced elsewhere (Rigsby, 
in press) . 

It was hoped that at least one of these crystals would be complete within the sampl e block. 
Although the smaller crystal A appears to be nearly complete, it touched the edge of the block 
in two places. Even though it cannot be demonstrated that these lateral extensions did no t 
expand to larger size outside the sample block, this crystal is believed to be representative of a 
complete crystal. It had a volume of nearly 800 cm ). 

The larger crystal composed over 16 per cent of the total sample, and it was certainly no t 
complete as it was cut by four sides of the block. Its volume with in the sample block was 
nearly 2 400 cm 3. In the bottom section (No. 48), this crystal still covered 127 cm ' . It was so 
complex in section 45 that it was cut 33 times in the one 32 X 2 I cm thin section. Sections 33, 
39 and 47 each cut it 20 or more times. The crystals intertwine so extensively that the assem
blage r esembles a bowl of spaghetti , frozen and then sliced. They are, in fact , even more 
complicated , because they branch many tim es and exhi bit great changes in thi ckness . 

Crystals illustrated in other patterns and identified by letters on the drawings (Figs. 7- 14) 
bad essentially tbe same orientation of tbeir opti c axes as crystals A and B, but they could not 
be found actually to join anywhere in the sample block. It is pos ible that some of these may 
have joined outside the b lock as many of the crystals were not complete. 

The orientation of the g rains identified as C was only 2- 50 from the very large crystal B. 
This was well witbin tbe spread of the axis o ri en tations of B, but wherever the two grains were 
seen in juxtaposition , a definite boundary was present. T be gra ins labeled D have tbe same 
orientation as crystal B, and even though no connection or juxtaposition was seen in an y of the 
sec tions, these crys tal s may a lso have joined outsid e the sample. 

Crystal A 11 
. . . . 

Crystal E . . . . 
) 0 00 0 

Group C 
00 0 0 
) 0 0 0 0 
() n n () ( 

Croup 't-
-~-

-~-
-~-

Cro1.lp E 

.... .. ... .... . 

Gr oup F' • 
Group G • Legend Jar Figures 7- 14 
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Fig. 7 

Fig. 8 
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Fig . 9 

Fig. 10 
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TH R EE-DIMENSIONAL SHAPE OF CRYSTALS IN GLACIER I CE 

Fig. I1 

Fig. 12 
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Fig. ' 3 

Fig. ' 4 
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The axes of grains identified as E on the drawings a ll seemed to range within abo ut 
[ 0 - [ 2 ° of crys tal B, some having greater and some lesser az imuths, while others had abo ut 
the same azimuth but had abou t 10 ° less inclination to the horizontal or section surface. T he 
orientation of the axes of this group seemed too different from that of cr ys tal B to be considered 
part of it . 

T he axes of the F group of grains had azimuths almost the same as or smaller than those of 
crystal A, whil e those of the G group had somewhat larger azimuths. The various measure
men ts on crys tal A throughout a ll sections gave the axes as nearl y horizontal. Crystal A and 
groups F and G migh t comprise another system of related crystals with nearl y parallel axes 
similar to crystal B and groups C and D . 

T he drawings can be compared with the photographs for better understanding of the text. 
F igures 1 and 2 show the two different orientations between the crossed polaroid shee ts of 
sec tion 4. Compare these with the drawing of section 4 in Figure 7. The intet'ference co lol's 
(shades of g ray in the photographs) of the various grains which a t'e shown as part of the same 
crysta l va ry slightly due to som e variation in thickness from one side to another and a lso due to 
the conoscopic effect when photographing a la rge section with a relat ively wide-angle lens. 

It is known that crystal axes in strongly stressed ice become a ligned such that movement 
can take place a long basal glide planes (Rigsby, 1955, 1960) . However, very littl e is yet known 
about such orientation control during recrystallization near the surface of the g lacier. Rigsby 
(195 1, [960) has already published information concerning the preferred orientation of the 
optic axes in temperate glaciers, where it is almost certa in that considerable recrystalli za tion 
had occurred after deformation, a nd in pola r glaciers where the evidence is strong that li ttle 
or no recrysta llization occurred after deformation. 

Study of a ll crystal orientations reveals only a few major o rientations in this sample. T his 
ind icates that nearly a ll grains as seen in each cut may be parts of on ly a few la rge crys tal s. 
Approximately a ll but 4 per cent of the crystals by a rea were within five majOl' orientat ions. 
In most instances, the spread in orientation of the optic axes in each of these major di vision 
was somewhat greater than that found throughout the span of single crystals; however , 
the fact that all were so closely a ligned indicates som e relatedn ess . One might sp :,:cula te that 
there are relat ively few crystals in the entire coarse-gra ined pa rt of a temperate glacier. 

In a single crystal extending over distances of 30 cm or more, the orientation of the opti c 
axis ranges at least 10 ° . In many instances the bifurcated parts of crystals rejoin but with a 
discernibl e boundary (Fig. [5) ' As illustrated in the drawing, there is suffi cient difference in 
orientation between a and b, and c and d, to permit a crystal boundary, but a continuous pa th 

Fig . ' 5 . A represelltatioll rif a clystal in thill section; a com/)osite 0/ several/eatll res not necessarily shown ill {[TO' Olle sectioll 
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can be traced from a to b around another crystal (usually a longer di stance than shown in the 
two-dimensional drawing. In laboratory deformation studies (Rigsby, 1960), single crystals of 
ice were bent with a large change in the orientation of the optic axis. It has been generally 
assumed that recrystallization usually relieves this change in orientation, but with such 
complicated shapes it is not surprising that a gradual orientation change of 10° may occur. 

In many instances a slight change in orientation of the parts of a single crystal could be 
related to a perceptible line in the next section (either above or below). Conversely, in at least 
two instances, a faint boundary near the margin disappeared in the interior of the crys tal in 
the observed section as illustrated in Figure 15 at e. 

With so few single crystals in the sample, it was obvious that the original plan to obtain the 
distribution function according to grain-size could not be made, but showing the actual shape 
and volume of a few single crystals made it worth while to complete the study. 

PARAMETERS U SED IN THIS STUDY 

Rosiwal analyses have been used by petrographers for many years to make quantitative 
measurements of volume percentages of various phases in rocks. The length ofa line or grid of 
lines crossing one phase, divided by the total length of line traversing a two-dimensional 
section , is in direct proportion to the amount of that phase present in the total sample (by 
volume) . This is provided that the shape of the cells in the phase has no preferred orientation 
and that the sample is representative of the whole. This ratio is proportional not only to 
volume (usually given in per cent) but also to the area of the phase divided by the total area 
of the thin section . 

A la rge single crystal can be treated as a phase or as a separate mineral and its total 
volume calculated , except that a random section is not likely to cut a single crystal in a 
representative manner. Therefore, the area of a crystal exposed in a thin section can be calcu
lated by the line me thod, and where consecutive thin sections are close together, the area 
multiplied by the thickness gives a very close approximation of the volume. This is true even 
with sloping boundaries, if the area is taken in the center of the segm ent. In this case, the grid 
was chosen with a spacing of 0.5 cm and therefore the area in square centimeters is one-half 
the length of line in centimeters. The volumes of each individual segment are added for the 
total volume of the crystal. 

The thickness (t column in Tables I and 11) for any section was found by taking half the 
distance between the section chosen and the section above, and then adding that value to half 
the distance to the section below. Column V in Tables I and 11 presents the results of these 
calculations; column L is the total length of line in the various parts of the two crystals, 
A and B. 

For a three-dimensiona l grid, the ratio of the length of line in the crystal to the total length 
of line in the sample block a lso gives the volume of the crystal. The ratio of the a rea of the 
crystal in each section to the total area of the crystal segment is proportional to the total 
volume of the segment of t thickness. Therefore, if the segment thicknesses were constant, a ll 
a reas could be added to give the percentage of the crys tal to the whole. Because they were not 
of constant thickness, the volume of each segment had to be calcula ted separately. 

Smith and Guttma n (1953) have shown by a study of geometric probabilities that in a 
two-dimensional structure the ratio of the length of perimeter to the a rea enclosed is a simple 
direct function of the average number of intercepts per unit length of an intersecting straight 
line (or grid) randomly applied to the structure. This ratio is piA = 7TNI2L, where p is the 
perimeter of the cells (in the case illustrated here), A is the area of the cells, N is the total 
number of intercepts with p, and L is the total length of the straight line in the cells being 
measured. 

They have also shown that the average number of intercepts per unit length of a random 
line (or grid ) drawn through a three-dimensional struc ture is exactly half the true ratio of 
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surface to volume: Sj V = 2NjL , S is surface area and Vis the volume of the cell or cells, and 
Nand L are as defined above. Therefore, with this ratio and the volume, the surface area 
can be calculated. 

The use of these two relationships makes it possible to obtain the volume and surface area 
of both crystals A and B (Tables I and II ) . The grid with a spacing of 0.5 cm simplified 
calculations. To assure that this spacing was not too large, the areas of the grains on many 
sections were a lso measured by planimeter which checked within 2 per cent in most cases. The 
surface areas, S, given in Tables I and II do not include the top and bottom surfaces of the 
segment which are not part of the crystal surface. 

TABLE Ill. PERIM ETE RS OF GRAINS BY I NTER C EPT 

Ca/CII/ated P Average 
Mea- by 
sured Grid at 0° Grid at 30° Grid at 60° Grid at 900 inter-

Section P .N L PIA P .N L piA /) .N L piA P .N L PIA P cept 

cm enl C lll Cln cm 

Crystal A 

2 1 108.6 129 11 9. 1 1.70 10 1·4 125 120·9 1.62 98.3 141 11 8 .1 1.8 7 11 0.8 146 I 18 ·9 1.93 114·11 106·3 
27 97·7 123 I I 1.8 1.73 96.7 123 11 3·5 1.70 96 .7 I I7 I 12.8 1.63 92.0 118 I 13.0 1.64 92.8 94.6 
33 50 .2 58 54.8 1.66 45.6 68 51.8 2.06 53·4 70 52 .8 2.08 55.0 72 52.82. 16 56.6 52.7 

Crystal B 
21 210·4 244 240 .1 1.60 19 1.8 256 226.0 I. 78 20 1.2 277 228·9 1.90 217 .6 290 226 .6 2.01 228.0 209.7 
27 263.0 326 370.6 1.38 256. I 326 375.6 1.37 256 . I 34 1 37 1.9 1-44 268.0 348 373·3 1-46 273·5 263-4 
33 264.2 332 3 I 8.2 1.64 261.1 32 1 3 17.6 1.59 252. 1 3373 19.8 1.65 265.0 35 I 317.8 I.73 275 ·5 263-4 

Table III gives the m easured value of p by map measurer and the ca lculated value of p, 
using intercepts, in four orientations of the grid on three sections . The fact that the number of 
intercepts was somewhat higher for some orientations of the grid shows that the grains were 
not completely at random in their shape (the long dimension of the grains tended to have a 
preferred directionality) . The lines of the grid were first parallel to the bottom edge (called 
0°) , then the measurements and counts on the same grains were made at 30°, 60° and 90° 
rotation. It will be noted that the values of L (and therefore the area ) remain nearly constant 
regardless of the orientation of the grid, but that the values of N change. 

The value of piA and Sj V obtained by averaging the Land N values in these different 
directions are quite close to the measured value and therefore are considered mOl'e accurate. 
Because the length, L , did not change appreciab ly with grid orientation, this was usually 
measured only once, but most of the values for N are averages of two or more grid orientations. 

The photographs of section 4 (Figs. I and 2 ) and section 17 (Fig. 3) visually show some 
elongation of the grains a long parallel lines dipping to the right and making about a 25 ° angle 
to the bottom edge. These lines are parallel to the foliation in the ice and the number of 
intercepts was greater, generally, when the grid was placed perpendicular to this foliation 
dir'ection than when parallel to it. 

Where the crystal is not complete a long the sample edge due to the saw cut, the length of 
line, L , was m easured to this straight line which is obviously not the crystal boundary, but the 
intercepts on this edge were not counted because the errors wou ld have been compounded. 
For the same reason , only the exposed part of the actual boundary was m easured with the map 
measurer. A discussion concerning the counting of intercepts on incomplete grains wi ll be 
given in the appendix to the more complete report (Rigsby, in press) . 

Smith and Guttman ( 1953) have stated that in using the relationships, p jA = TTNI2L 
and SI V = 2NjL , " It is not necessary to utilize a well-ruled grid of parallel lines, but any 
array of lines repeatedly applied to the structure in a random fashion is satisfactory provided 
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that a sufficient number of in tersections is counted. If the structure itself is random, a single 
line (not necessarily straight) of sufficient length is adequate." 

It must be remembered , however, that these relationships presented by Smith and Guttman 
are generally applied to various phases in a representative sample and certain considerations 
must be made which cannot be called random when applied to measuring parameters of a 
single crystal. For example, the grid can be applied in a random fashion on a two-dimensional 
surface if the grain shape can be considered isotropic, but the grid must cover all the parts of 
the crystal in the sample in order to obtain the volume a nd area-to-volume ratio for only one 
particular crystal. Also, a well-ruled grid of parallel lines with a constan t spacing must be 
used for calcula ti ons of the area cut by the thin section . The distance between sections 
becomes important as this affects the volume found in the segment. Therefore, special 
appli cations of these formul ae are used in this paper and the intercepts of the ruled grid are 
used as a method to find the surface a rea of the crystals which would be difficul t to m easure 
in any other way. 

The use of a grid of 0.5 cm spacing a llows som e simplification of the calculations. The 
following rela tions hold : 

A = L j2, 
PIA = 71"N /2L, 

/J = 71"NA /'2L = 71"N L/4L = 71"N /4, 
V = At, 

SjV = '2N jL, 
S = '2N VjL = '2N At/L = '2 N Lt/2L = N t, 

where L is the total length of the grid lines within the crystal boundaries, N is the total number 
of intercepts of the grid lines with crystal boundaries (if a line is only tangent to the boundary 
there is only one in tercep t) , A is the area of the surface cut by the thin section , S is the area of 
the crystal surface, p is the perimeter of surface A in the thin section and V is the volume of the 
crystal. Of course, these simplified formulae for A, p and S apply only for the special case 
where the spacing of the grid lines is one-half the units being used . 

The volume (V column) is calculated by taking the area represented in each thin section 
and multiplying by the thickness of the increment. Volume differences due to any sloping 
boundary surfaces above and below the center are expected to be averaged by taking the area 
in the center of the incremen t. The total volume of crystal A, adding all segments together , is 
776 .5 cm >, and the volume of crystal B in the sample obtained by adding segments is 
'2 364.7 cm 3. 

S/ V for crystals A and B, as found for each section, is given in Tables I and H. The surface 
area of each increm ent was calculated and is given in the S column. The total area of the 
natural surface of the crystal in the sample is simply the sum of the increments in the S column. 
This value is the mos t accurate way of finding the surface area because each increm ent is 
weighted correctly by the volume whi ch is a fun ction of the increment thi ckness. 

It might be argued that the S to V ratio for only a part of a crystal has little m eaning as it 
represents the crystal as a whole, and that the true value of this sample ratio is affected by size, 
assuming some sort of constant shape. An attempt to show that the ratio on only a part of the 
crystal is approximately the same as that on the whole crystal is made in Table IV. SjV is 
calculated for various parts of each crystal and comparisons can be made. I t will be noted 
that the ratios for crystal B are quite close regardless of which part of the crystal they are 
calculated for, except in the first ten sections the ratio is higher where the crystal is rapidly 
expanding in size. Perhaps there is not enough of the crystal in these first sections to give a 
good value. The same thing is noted for crystal A except that the value of the ratio is low for 
the first ten sections and high for the last ten sections, and the value approaches the one for the 
whole crystal as more sections are included. Apparently the top part of this crystal is simpler 
in its shape, giving lower values for Sj V. In general , one would not expect this much change 
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in the value of the ratio between two sides of a crystal. Note a lso that the value of the ratio is 
quite close to the total figure for only the center ten sections of each crysta l ( 1.982 for crystal A 
as a whole and 2.020 for the center ten sections ; 2. 157 for the tota l sample of crystal Band 
2.06 I for sections 2 [- 30) . 

TABLE IV . S/ V AND SJ"/ VRATIOS FOR VARIOUS PARTS OF THE CRYSTALS 

Sections N L V S SW S 1" / V 

CrystaL A 

1- 10 335 422 .7 78.25 125.47 1.603 17.96 1 
1- 15 705 964. 1 193.52 283.10 1.463 24.6 14 
1- 20 I 283 1 549·5 318 .32 53 1. I 5 1.669 38.46 
1- 25 1977 2 251. I 505.45 895 .60 1.772 53.03 
1- 30 2583 282 1. 7 629. 12 I 158.9 1 1.842 62 .71 
1- 35 2993 3 139.2 703.93 I 337.97 1 907 69·53 
1- 40 3 290 3367-4 758.81 1480.6 1 1·954 75.08 
1- 48 3374 3437.0 776.53 1 539. 16 1.982 77-76 

39- 48 219 141.4 33·93 105.9 1 3. 13 1 32. 123 
34- 48 5 13 393.8 93·75 245·57 2.619 4 1.048 
29- 48 I 022 839·7 193. 14 474.36 2-456 53.492 
24- 48 1 6 16 I 461.5 33 1.47 774.36 2.336 65.009 
19- 48 2326 2 097.5 505.83 I 114.38 2.203 73·544 
21- 30 I 300 I 272.2 310.80 62 7.76 2.020 50.60 7 

CrystaL B 

1- 10 246 146.0 26-45 90.88 3-436 32.755 
1- 15 85 1 652.6 136 -45 352.70 2.585 48.544 
1- 20 I 767 1 669.0 354-40 746.2 I 2. 106 57.5 17 
1- 25 3 273 3 029.9 713.64 I 541.27 2. 160 84.786 
1- 30 5 074 4901.9 I I I 7.03 23 18.30 2.075 99.929 
1- 35 6708 6464.2 1484.28 3 085.82 2.079 11 5.489 
1- 40 8376 79 19.6 1 830.56 3 881. 29 2 120 132.082 
1- 48 10 597 9 81 5.0 2 364.72 5 100.02 2.157 153.670 

44- 48 I 247 1 141.2 338 .08 711.57 2. 105 56.144 
39- 48 2933 2544.0 679·34 1 539· 75 2.26 7 88.938 
34- 48 446 1 3 889.0 998 .0 1 2 266. 13 2.27 1 108.093 
29- 48 6289 5724.9 1 4 12.45 3 093.23 2.190 121.800 
24- 48 7978 7380.7 I 780.74 3 844.68 2. 159 133.872 
19- 48 9 212 8595-4 2 11 1.32 45 15.9 1 2. 139 143·735 
21- 30 330ll 3 214.9 762 .63 1 572.09 2.06 1 8 1. 734 

CRYSTAL IRREGULAR ITY 

Introduced here is another parame ter for solids not previously seen in the li terature, a 
d imensionless ratio called an irregularity factor or jaggedness ratio. A similar ratio has been 
used in two dimensions by Pounder and Little ( 1959) in trying to distinguish between glacier 
ice and sea ice. T hey used the ratio of the perimeter squared to the area on photographs as a 
numerical value for their "jaggedness ratio", because this removes the size factor of the grain 
from the value. For example, the most regular or least jagged would be a circle, and the value 
of p2jA for a circle of any size is 417 or 12.566 ... ; any other shape wi ll give a larger number 
than 417. T his led to the reasoning that if one raised the surface area of a solid to the power of 
3/2 and divided by the volume that again a dimensionless ratio is obtained and a numerical 
figure could then indicate an irregularity or jaggedness ratio. Using a sphere as the least 
jagged , the numerical value of S 3/

2 /V of any sphere is six times the square root of 17 or 
10.6347 ·· ·, and any other shape wi ll give a larger number. For examp le, the value of Sl/2j V 
for any size cube is '4.69 7 .. . and for a tetrahedron the value is '9 .342 ... . 
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To illustrate the irregula rity of crystal A in the section drawings (Figs. 7- 14), the jagged
ness value is 77.76, and for crystal B the value is 153.67 for the part of the crystal in the 
sample. The calculations are given below: 

(1539. 16)31
2 

= 6 
776.53 77·7 

(5 100.02 )3 / 2 

2364.72 = 153.67. 

C rystal B does appear to be more irregular because of the many branches, some of which have 
a small size, and therefore it appears that the numerical value is at least this large. The true 
value is probably somewhat larger than 153.67, if the trend indicated in the last column of 
Table IV is correct as larger and larger parts of the crystals are taken. 

Table IV gives the various values of this irregularity or jaggedness ratio for the same parts 
of crystals A and B which were used for the simple S/ V ratio. It is obvious that the ratio does 
become larger as more and more of the crystal is included. This indicates that the complete 
crystal is necessary for the numerical value to have much meaning. Although this ratio is 
dimensionless and does not change with crystal size, the shape obviously is not expressed 
completely by only a part of the crystal. Therefore, S3/2

/ V for crystal B, as with any incomplete 
crystal, is not absolutely correct, but the appearance is certainly that it is much more irregular 
than crystal A. This subject is discussed at greater length in the appendix to the paper by 
Rigsby (in press) . 

As has already been shown, the SI V ratio tends to remain constant for any proportion of the 
crystal. If this is true in general , then it is impossible for S3/21 V to remain constant for varying 
parts of the crystal. 

The over-all usefulness of this irregularity ratio may be limited to complete crystals, but it 
appears to the writer that the concept may be a useful one. 

CONCLUSIONS 

The most striking result of this study is the ability to demonstrate complexities in shapes of 
ice crystals in a block of glacier ice. It is probable that most ice near the surface in the active 
terminus area of temperate glaciers will have similar complex crystal shapes, interlocking in 
complicated ways and of much more extended dimensions than usually thought. Although 
Bader (1951 ) showed that the stagnant ice in Malaspina Glacier, Alaska, had large inter
locking crystals, the idea has persisted that in more active ice the crystals would be geometri
cally more simple and not so extensive. This may be partly because it was reasoned that 
movement would not allow such extensive crystals to develop, and partly because the crystals 
appear in two dimensions to be relatively simple and roughly equidimensional. Bader's work 
on Malaspina Glacier did not show as much complexity as demonstrated here. 

This study also throws some doubt on many of the fabric diagrams obtained in active 
temperate glacier ice, including those of this writer, because of the likelihood that many of 
the axes plotted in one maximum really represent a single crystal. When one considers that 
there can be at least a 10° spread of the orientation direction of the axis as measured in 
different parts of a crystal plus the errors in measuring on the universal stage, it is easy to 
understand why each separate cell in a thin section would usually be considered a separate 
crystal. In fabric work, the writer, along with many others, considered each cell in a thin 
section as a separate crystal, unless two or more cells had the same extinction angle and were 
near each other. It did not seem possible at that time that cells 30 cm or more apart in ice of 
this so-called "grain-size" could still be part of the same crystal. It is not known at this time if 
the finer-grained ice from polar glaciers or from the highly stressed zones in temperate glaciers 
have this same complexity in shape. 
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