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SUMMARY

The results of petrofabric studies in the laboratory on five samples of
high-density snow collected in 1954 and 1955 at depths of 8. 0, 15. 5, 23. 0,
34. 2, and 46. 3 m in a pit at Site 2 are reported. The porosity of the
samples, the number of grans/cm2, the mean number of adjacent grains
per grain, the mean grain cross section, the size distribution of grain
cross sections, and the orientation of c-axes were determined from en
larged photomicrographs of thin sections, using reflected light and trans
mitted polarized light. •

The number of adjacent grains per grain, the ratio of free to occupied
grain surface, and the sphericity clearly depended on porosity and on each
other. There was no strong relation between these data and the number of
grains/cm2. Hence, the structure of high density snow can be satisfactorily
described by the porosity and the number of grains/cm2 . Conclusions from
a two-dimensional thin section can be applied to a spatial sample only if
the sample is isotropic by strata.



SOME STRUCTURAL PROPERTIES OF GREENLAND SNOW

by

Alfred Fuchs

INTRODUCTION

This report represents the results of a petrofabric study on five samples of snow
from the Greenland Ice Cap (Site 2). The studies were begun in 1955 in the Wilmette
laboratory and were continued and completed at the Lizum station (Austria). The objec
tives of this work were to develop methods of preparation and investigation, and to
obtain results which show the significant data and their interrelations.

The work has been very time-consuming; several ten thousands of data have been
measured and evaluated. But it has been found that only two relatively easy measure
ments are needed to describe a snow sufficiently, at least for high-density snow.

This study is the first investigation on arctic snow fabric. Fabric studies on alpine
snow have been made much earlier. Bader (1939) developed a method for making thin
sections of snow and made the first precise measurements on the orientation of the
c-axes and on other structural characteristics. H. P. Eugster (1952) made a study on
75 samples, using Bader's preparation method in principle. Many of his terms are
used in this paper. With a new method for preparation of thin sections and replicas
(Fuchs, 1953; 1956), areas of any size (without gaps) can be studied by microscope and
universal stage, and homogeneity and isotropy (see Chapter C) can be characterized.
This method appears to give much clearer results and interrelations of the data, not
only in high-density Greenland snow but also in alpine snow of lower density.

METHODS OF PREPARATION

All five samples were taken in 1954 and 1955 in the deep pit at Site 2, Greenland Ice
Cap, altitude approximately 2000 m (Table I).

Table I. Source and orientation of samples.

Sample Depth
(m)

Deposited Density
of core

(g/cm3)

Source and orientation

I 8.0 1945 0. 5 Cores from the walls of the deep pit
II 15.5 1935 0. 58 in direction of main earth coordinates.

III 23.0 1925 0. 61 Stratification visible in all 3 samples;
sections cut perpendicular to strata.
Direction up or down unknown. Thin
sections cut at an angle of 45 ° to
core axes.

IV 34.2 1910 0.67 Cores obtained by drilling, from the
V 46.3 1892

(approx. )
0.73 bottom of the deep pit in 1954. The

hole was inclined approximately 80°E.
Direction up is known. IV faces, South
±10°. Azimuth of V could not be

determined.

Preparation of the thin sections is discussed in detail in Fuchs (1956). The thin
sections were photographed with reflected light (black underlayer) and with transmitted
polarized light. The photographs were enlarged to a scale 10:1. The grain boundaries
were drawn on the photographs using reflected light. This was done by comparing the
photograph directly with the thin section which was under the stereomicroscope with
mixed light (prevailing top illumination; dimmed changeable transmitted polarized
light). Then the grain boundaries were traced onto superimposed transparent drawing
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paper. Voids are shown as black; ice as white; boundaries between the grains are
shown by thin black lines (e. g. , Fig. 1).

A quadratic grid was laid over these pictures. The grid lines are marked with num
bers and letters to identify measuring areas of the thin section.

In order to make exact measurements of lengths and areas of single grains, the struc
ture pictures were blown up to a scale approximately 50:1 by projecting the picture by an
episcope onto a drawing paper and tracing the grain boundaries.

MEASUREMENTS OF STRUCTURAL PROPERTIES

Porosity: The porosity is the ratio between the volume of air in the snow and the snow
volume, expressed in %, or, in a two-dimensional section, the ratio between void-area
and snow cross-sectional area, expressed in %. Different ways of measuring the poros
ity were tried:

(1) Ozalid prints of the structure pictures were cut into squares along the grid
(size approximately 4 by 4 cm, original size exactly 4 by 4 mm, for section VA 5 by
5 mm). Voids and ice of each square were cut apart (by scissors) and weighed with an
analytic balance (accuracy 0. 1 mg = 1 mm2 paper). The homogeneity of the paper was
checked and also the possibility of a different specific weight of black and white ozalid
paper. After weighing the voids and the ice paper bits, they were collected in two con
tainers and weighed together. These weights and the total of the weights of the single
squares differed by 0. 6% at the maximum.

(2) In two structure pictures (Fig. 13, 17) the porosity was determined more
differentially by scanning with a small grid moved from 15 to 15 mm (center to center)
over the whole picture. The 88 points of the quadratic grid were in an octagonal area
with 25 mm diameter. Each point falling over black (or white in a snow with porosity
less than 50%) was counted and this number was written in the center of the counting
area. Finally the areas with the same number of points (transformed into porosity)
have been surrounded by lines.

The values obtained by weighing of paper bits have been evaluated analogously. In
order to see the influence of the size of the counting area the values for 1, 4, and 9
squares are shown in the diagrams.

Number of grains/cm2 (Eugster's term: "spezifische Kornzahl Z"; Sander's term;
"Kornigkeit" ): Grains were also counted for 16, 64, and 144 mm2 squares. Grain
cross sections crossed by the periphery line of the squares were counted as 1/2.

Mean number of adjacent grains per grain ("Proximitatszahl", Sander; "Bindungszahl
BZ", Eugster)": In parts of the structure pictures the number of adjacent grains for
each grain was counted and written into each cross section. The mean number

total of all adjacent grains , . , , , „. ,
= = —? ° was calculated for partial areas.

number of grains

Relative length of grain boundaries: The KM ratio

total length of grain-boundaries ice-ice
total grain circumferences

(Eugster's term: "Kornbindungsmass KM") gives a measure of the neighbor conditions
and of the size of the bridges between the grains. The measurements were made on 50:1
structure pictures with strips of mm-paper. For measurement, curved lines were
changed into polygons with many very short straight lines.

Mean grain cross-section: This value is obtained by dividing the area of ice by the
number of grains and indicates nothing about the size distribution of grain cross sections.

Size distribution of grain cross section: Values were obtained by planimetering the
cross sections in the 50:1 structure pictures.
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Sphericity: The sphericity is the quotient

circumference of a circle with the same area as the grain section
circumference of the grain cross section

3. 545 x \/grain cross-sectional area
circumference of the grain cross section

Orientation of the c-axes: Universal-stage studies were made on all samples except
III. All measured thin sections were oriented vertically.

The distribution of the c_-axis orientation was analyzed for section VA. Each grain
was numbered on the structure picture and on the fabric diagram. In this manner the
distribution of grains with a certain c-axis orientation could be determined.

MEASUREMENTS ON HOMOGENEITY AND ISOTROPY

Structure data measured on two-dimensional sections of snow samples can be used
to describe the structure of the spatial sample only if the degree of inhomogeneity and
anisotropy are determined. One must know the minimum size of the homogeneous areas,
the areas which can be interchanged with another one without changes (within certain
and known limits of variation) of a structural property. One must also know whether
a sample is isotropic or not. If a sample is anisotropic (for instance, snow with oblong
grains and voids with their long axes in a certain direction), a single section of random
position does not represent the spatial structure of the sample.

The homogeneity was determined by counting and measuring areas of different sizes.
The diagrams show the two-dimensional distribution of the data.

The degree of anisotropy can be determined in different ways:

(a) From visible differences in the structure picture (for instance a distinctive
stratification in regard to grain size),

(b) By evaluating the structure diagrams for porosity, number of grains/cm2 and
mean grain cross-section (e.g., Figs. 2-4). A rectangle with sides approximately
1:10, scratched onto a piece of plexiglass, is moved over the diagram searching for
contour lines which remain within the rectangle over its whole length. Positions and
directions of these lines can be recorded.

(c) By analogous measurements as in b, but on the original structure pictures.
Oblong ice areas (for instance, chains of grains) or voids can be determined with an
indicating rectangle.

(d) Isotropics and anisotropics of the grain-shape can be exactly measured by a
method for which an integration table is used: a bundle of rays is laid upon the structure
picture; lengths are measured for the single grains and voids. The values are recorded
for each direction of the indicating lines (rays).

(e) By structure measurements on several thin sections cut in different ways
(for instance, three sections perpendicular to each other, cylindrical or spherical
sections).

RESULTS

Structure data

The structure pictures of the samples and structure diagrams showing the distribution
of porosity, number of grains/cm2 and mean grain cross section, are given in Figs. 1-21
The structure data are summarized in Tables II-VI.

In the diagrams the mean value for the whole thin section is drawn as a heavy line.
Departing from these mean values, increasing and decreasing contours are indicated
as follows:

Hatch pattern Dot pattern

Porosity smaller greater
Number of grains/cm2 less more
Mean grain cross section large smaller
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H lcm

£ c

Figure 1. Structure of thin'section I. Depth: 8.0 m.

Thin section I: Figure 1 shows coarser grains and pores in the lower part (g, h, i).
In this area a greater porosity may be presumed. No sharp boundary with the upper part
can be seen.

The porosity diagrams (Fig. 2) show this stratification only when the largest counting
area is used (Fig. 2c, g - h).

The diagrams for number of grains (Fig. 3) and mean grain cross section (Fig. 4)
show no horizontal lines along this boundary, but there are less grains/cm2 and coarser
grains in the lower part.
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a. Counting area: 16 mm2 b. Counting area: 64 mm2 c. Counting area: 144 mm2

I ,2,3,4,516,7,8ij i: i31

Figure 2. Porosity, thin section I.

213 i h I 5 I 6 I 7 I 8

i I i—ji—i—i—t—r

Figure 3. Number of grains/cm2, thin section I

I I a l 3 i 4 , 5 I 6 I 7 I 8

l|g|3|4,5|6|7|8

I i 2.3,4,5,6,7,8

Figure 4. Mean grain cross section (mm2), thin section I.



STRUCTURAL PROPERTIES OF GREENLAND SNOW

h lcm

Figure 5. Structure of thin section II. Depth: 15. 5 m

Thin section II: A fine grained layer (a-d) and a coarser grained layer (e-j) are
visible (Fig. 5). Inhomogeneities in regard to porosity cannot be seen m the structure
picture.

The porosity diagrams (Fig. 6) show no horizontal lines in the vicinity of the visible
strata boundary. But the diagrams for number of grains^/cm2 (Fig. 7) and mean gram
cross section (Fig. indicate this stratification distinctly.
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Counting area: 16 mm2

i r "i—f

Fii

I i2,3|4i5|6,7.8.9

1 I I I

b. Counting area: 64 mm2
3,4,5,6,7,8,9

t—r —r

;ure 6. Porosity, thin section II.

c. Counting area: 144 mm2

Figure 7. Number of grains/cm2, thin section II.

Figure 8. Mean grain cross section (mm2), thin section II.
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H 1cm

Figure 9. Structure of thin section III. Depth; 23. 0 m

Thin section III: Figure 9 shows a finer grained layer in the upper part and a coarser
grained layer in the lower part, separated by a very coarse-grained thin layer (f).

The diagrams for number of grains/cm2 (Fig. 11) and mean grain cross section
(Fig. 13) show thiststratification very well. No clear stratification appears in the
porosity diagrams (Fig. 10); on the whole, the upper part is denser than the lower.
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a. Counting area: 16 mm2 b. Counting area: 64 mm2 c. Counting area: 144 mm2

' I 2 I 3 | 4 | 5 , 6 | 7 | 8 | 9 | 10 | 1 • 2 l 3 l 4 I 5 I 6 I 7 l 6 I 9 l l0 I

Figure 10. Porosity, thin section III.

4,5, 6 | 7 , 8 | 9 | 10

i i r

Figure 11. Number of grains/cm2, thin section III.

I 1213141516,71819, 10

T i—i—i—i—r

Figure 12. Mean grain cross section (mm2), thin section III.

2|3|4|5|6i7|8,9|IO 1 I 2l 3I4 I5 I4'7
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H lcm

Figure 13. Structure of thin section IV. Depth: 34.2 m,

Thin section IV: In layers a, b, and g, h (Fig. 13) relatively larger voids and
coarser grains can be seen. These layers also appear to be a little more porous.

The porosity diagrams (Fig. 14) show this stratification. But the diagrams for
grain number an ze show the stratification more clearly (compare Fig. 14b with
15b and 16b; 14c ith 5c and 16c).
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a. Counting area: 16 mm2 b. Counting area: 64 mm2 c. Counting area: 144 mm2

,2 , 3 , 4, 5 , 6 , 7 , 8 , 9 ,10,11 I , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , II | g g , 4 , 5 , 6 , 7 , 8 , 9 , 10 , II

r-TT- i -i—i—i 1—i—i—i—i—i—r

Figure 14. Porosity, thin section IV-

n 1—i—i—i—i—i—i—r

i 1 1 r

Figure 15. Number of grains/cm2, thin section IV.

' , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10,11 ' , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10, II I , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10

Figure 16. Mean grain cross section (mm2), thin section IV.
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Table II. Thin section I (33x36. 5 mm = 1204. 5 mm2; unit square: 4x4 mm = 16 mm2).
Porosity: from weighing core - 45.4%; from weighing ice and voids of single squares of
structure picture - 43. 5%; from weighing voids and ice of whole structure picture - 43. 5%.

Area a - i, b -e, e -f, g - ii g -i. b -d, c - e, d-f,

1 - 8 1 - 8 1 - 8 2 -4 4 -6 2 -4 2-4 2 -4

Size of area (mm2) 1152 512 144 144 144 144 144

Porosity (%) 43. 5 46. 2 46.4 41. 1 41. 7 40. 9

Total no. of grains 1397 689. 5 323 144. 5 157. 5 185. 5 188 174

Number of grains/cm2 121. 3 135 126. 2 102. 1 103. 8 13 5! 4 131. 3 123. 6

Mean grain cross section (mm2) 0. 454 0. 504 0. 502 0.415 0. 426 0. 465

Mean no. of adjacent grains
per grain 2. 31 2. 15 2. 31 2.40 2. 61

KM ratio 0. 354 0. 343 0. 345 0. 345 0. 354

Sphericity 0. 881

Table III. Thin section II (37.3x39.2 mm = 1462 mm 2; unit square: 4x4 mm = 16 mm2).
Porosity: from weighing core - 36. 7%; from weighing ice and voids of single squares of
structure picture - 36. 9%; from weighing voids and ice of whole structure picture - 37. 0%.

Area b -d, b -d, b -d, b -d, h-j, h-j, h-j,
1 -9 2 -4 3-5 4 - 6 2-4 3-5 4-6

Size of area (mm2) 432 144 144 144 144 144 144

Porosity (%) 36.4 35. 7 35. 7 37. 1 39.2 38. 7 39.4
Total no. of grains 632 207. 5 214 209 153. 5 143 159
Number of grains/cm2 146. 5 147. 2 153. 2 150. 5 106. 5 99.5 110. 5

Mean grain cross section (mm2) 0.435 0.448 0.433 0. 443 0. 571 0. 618 0. 547

Mean no. of adjacent grains
per grain 2. 83 2. 80 2. 73 2. 71 2. 76 2. 73

Table IV. Thin section III (41. 5x37 mm = 1535. 5 mm2; unit square; 4x4 mm = 16 mm2).
Porosity: from weighing core - 33. 5%; from weighing ice and voids of single squares of
structure picture - 34. 7%; from weighing voids and ice of whole structure picture - 34. 7%.

Area b -d, b -d, b -d, b -d, b -d, g " i> g " ii g " !,
1-11 1-10 2-4 3 - 5 3, 4 2 -4 3 - 5 3, 4

Size of area (mm2) 494. 5 480 144 144 96 144 144 96
Porosity (%) 32. 8 32. 8 33. 7 32. 7 37. 3 38. 3 38. 1 38.4

Total no. of grains 563. 5 192 183 130. 5 129. 4

Number of grains/cm2 117.4 90. 7 90.0

Mean grain cross section (mm2) 0. 573 0. 679 0. 688

Mean no. of adjacent grains
per grain 3. 10 2. 95 3. 05 3. 00 2. 72 2. 82 2. 83

KM ratio 0. 454 0. 46 0. 457 0. 410 0.410 0.410

Avg grain circumference (mm) 2. 89 2.99

Sphericity 0. 873 0. 881

Table V. Thin section IV (43x44. 5 mm = 1813.5 mm 2; unit square; 4x4 mm = 16 mm2).
Porosity: from weighing core = 26.9%; from weighing ice and voids of single squares of
structure picture - 28. 3%; from weighing voids and ice of whole structure picture - 28. 3%.

Area a -k. d -f, d -f, g " i. g - i- Area = 480 Number of

1-10 4-6 5 - 7 4-6 5 - 7 mm2 (1-10) grains/cm 2

Size of area (mm2) 1760 144 144 144 144 a - c 73. 2

Porosity (%) 28.3 25. 3 26. 5 27. 3 28. 1 b -d 77. 2-

Total no. of grains 1364.5 c - e 82. 6

Number of grains/cm2 77. 6 85. 8 85. 1 69. 8 69. 8 d-f 83. 3

Mean grain cross section (mm2) 0.925 0. 873 0. 865 e " g 82. 3

Mean no. of adjacent grains
per grain 3. 86 3. 76 3.91 3. 88 f -h 73. 5

KM ratio 0. 55 0. 538 0. 563 0. 565 g " i 73.0

Avg circumference 3. 78 3. 69 4. 04 3. 93 h-j 74. 5

Sphericity 0. 859 0. 861 i -k 79. 2
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H lcm

Figure 17. Structure of thin section VA. Depth: 46. 3 m.

Thin section VA and VB: The structure pictures (Fig. 17 and 18) and diagrams
(Fig. 19 - 21) show no inhomogeneous layers.

The thin sections VA and VB are vertical to each other and both are parallel to
the core axis. The following table shows a comparison of VA and VB structure data,

13
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Figure 18. Structure of thin section VB. Depth: 46.3 m. Vertical to VA.

Thin section

VA

VB

Porosity''"
(%)

18. 13

19. 19

Number of grains/cm2

78. 1

79. 1

* By weighing voids and ice of the whole sheet.

Mean grain cross
section (mm 2)

1. 05

1.02
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b. Counting area: 64 mm2

I 2 I 3 I 4 I 5 I 6 • 7 I 8 I 9 • l0 •

c. Counting area: 144 mm2

iLl* 6 i 7 •8 •9 •l0 •

-i—i—i—i—i—i—i—' i -i 1 r

igure 19. Porosity, thin section VB.

1 iLlLi

-i 1 1 1 1 1 r

Figure 20. Number of
grains/cm2, thin section VB.

—i—i—i—i—i—i—i—i—r i
Figure 21. Mean grain cross
section (mm2), thin section VB.

Table VI. Thin section VB (1746 mm2; unit
square: 4x4 mm = 16 mm2). Porosity: from
weighing core - 20.4%; from weighing ice
and voids of single squares of structure pic
ture - 19.2%; from weighing voids and ice
of whole structure picture - 19- 1%.

Area Whole

section
g -i.
3 - 5

g -ii
4-6

Size of-area (mm2) 1746 144 144

Porosity (%) 19.2 19,6 19.6

Total number of grains 110. 5 119. 5

Number of grains/cm2 79. 1 76.7 83.0

Mean grain cross
section (mm2) 1. 02

Mean number of
neighbors per grain N 3. 97 4.09

KM ratio 0. 633 0. 629

Mean circumference

per grain 3. 70

Sphericity 0. 866
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STRATA

a. b. Rotated 90°.

Figure 22. Petrofabric diagram, thin section vertical to I. Orientation
of c-axes. 416 c-axes. %:>4.3, 3.6, 2.9, 2.2, 1.4.

STRATIFICA

TION PLANE

b. Rotated 90°. SE = symmetry plane.

Figure 23. Petrofabric diagram, thin section II.
445 c-axes. %:>3.4, 2.7, 2.0, 1.3, 0.7.

Porosity and number of grains/cm2 are slightly greater in section VB (analogously
the mean grain cross section is larger in VA): there is the possibility of a small anisot
ropy in sample V. Considering the bilateral symmetry of the fabric diagram (symmetry-
plane SE in Fig. 25b) and the difference of the structure pictures (Fig. 18 has a larger
number of more extended void cross sections), the anisotropy becomes more probable.

No comparative measurements have been made in regard to the isotropy (for instance
grain diameter in relation to the directions of measuring lines).

Orientation of c-axes.

All petrofabric measurements were made on vertical thin sections. For sample I,
the thin section is perpendicular to the section from which the structure picture is
drawn. No universal stage measurements were made on section III.

The diagrams have been rotated 90° in order to show the shape and position of the
maxima in regard to the stratification — drawing - plane.

Lowest populated areas have not been indicated.

All thin sections show a clear maximum of c-axes perpendicular to the strata. This
maximum is more or less ring-shaped. Thin sections which could be cut exactly
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PLANE
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a. b. Rotated 90

Figure 24. Petrofabric diagram, thin section IV.
79 c-axes. %: 6.7, 5. 6, 4. 5, 3.4, 2.2, 0.6.

I SECTION VB SECTION VB

Rotated 90'

Figure 25. Petrofabric diagram, all (1427) grains
of thin section VA. %: 3. 5, 3, 2.5, 2, 1.5, 1.
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SE2

perpendicular to clearly visible strata-boundaries (II, IV; Figs. 23, 24) have the center
of the ring-maximum in the vertical of the strata; thin section VA (Fig. 25) seems to
show the same situation (vertical of the strata can be off up to 10° from the center of the
diagram). But in section I the c-axes maximum (Fig. 22) is quite off the pole of the
strata (which were very poorly visible during preparation).

Besides these main maxima there are less populated maxima. They are either
arranged in a girdle (V, Fig. 25) or they are more or less scattered over the whole
diagram (II and I; Fig. 23 and 22). The preferred orientation, concerning main and
secondary maxima, seems to become stronger with increasing depth.

A clear symmetry can be observed in some diagrams. Thin section V has one sym
metry plane ("SE" in Fig. 25b), IV shows two symmetry-planes ("SE1" and "SE2" in
Fig. 24b). II has one symmetry plane in regard to which the secondary maxima are
symmetrical in pairs (see numbers in Fig. 23b).

This preferred orientation of the c-axes and its symmetries cannot be explained
until the origin and cause of the maximum is clarified (such a maximum was found in
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Figure 26. Directions of extended voids
and ice area, thin section I - IV; VA shows
distribution of grains with c-axes falling
into ring maximum. Scanning area (mm);
I - 35x2; II, III - 40x3; IV, VA - 50x5.

1957 at a depth of 2. 5 m and can be suspected at depths less than 1 m) and fabric studies
can be made on exactly oriented samples.

Analysis of the distribution of the orientation of the c-axes

The study was made on section VA. The fabric diagram (Fig. 25b) was divided in
regard to its population. For instance a boundary was drawn between the calotte of the
ring-maximum and the low populated other part of the diagram. Each grain had been
numbered on the structure picture (Fig. 17) and on the fabric diagram, so that grains
whose axis fell within the ring-maximum area could be indicated in the structure pic
ture. This will show whether these grains are randomly distributed among the other
grains.

The result was a distribution which has to be considered as (almost) random. Per
haps a non-random distribution could be detected if the same analysis were made for thin
section VB also and for a section parallel to the strata.

Preferred directions of the fabric

In some structures, groups of grains arranged in rows or chains and/or oblong void
cross-sections can be observed. Such groups or voids sometimes lie in preferred direc
tions. To get an objective picture of this anisotropy, the structure pictures I-IV were
scanned with a rectangle marked on Plexiglass. The directions of oblong ice and void
areas are plotted in Figure 26: more or less distinctly preferred directions can be seen.
The following maxima of directions have been found in some sections: parallel to the
stratification, vertical to the stratification, and forming an angle of approximately 50°
with the stratification. *

To analyze the distribution of the orientation of the c-axes, it would be necessary to
study at least three thin sections perpendicular to each other in order to prove an
anistropy. And all the compared samples should have the same orientation.

An exact description of degree of anisotropy should be made by measuring the sec
tions with a bundle of rays as indicator.

Distribution of grain cross sections

Summary distribution curves of planimetered grain cross sections are plotted in
Figure 27. Figure 28 shows the derivative curves obtained by geometrically differentiating

The same directions have been found in alpine snow,

GPO 828082—5
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GRAIN CROSS-SECTIONAL AREA(MM2)
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Figure 27. Cumulative distribution curves of grain cross section, 4 snow samples,

A n%
A area

of the curves

The curve for section I has a sharp peak, III, b -d has a broad summit, the maximum
of III, g - i has two peaks, and curve IV, d-f (the deepest sample) has three peaks in a
very broad maximum.

The different shapes of the curves are not understood as yet. Some conclusion about
grain growth may be possible when more curves over a larger range of depth are available

Size and shape of the counting areas

The size of the counting area depends on the questions to be answered. If a differ
entiated representation of data is needed (for instance a study of anisotropy), the counting
area has to be relatively small — 5 - 15 mm2 in regard to the original thin section). But
if values representative for a whole layer are desired, a counting area of 80 - 100 mm2
(in regard to the original section) will give values (for porosity and number of grains)
with a scattering of ±8%. Three parallel measurements per layer will give a good
average.

Circular or isometric polygonal counters will reveal anisotropics in each direction.
But if it is known that there are no anisotropics non-parallel to the strata, or if these
anisotropics are of no interest, elliptical or rectangular counters can be used, with the
long axis parallel to the strata. With these counters, thin layers can be detected, which
is not possible with large isometric counters (e.g., Fig. 11).

INTERRELATIONS OF THE STRUCTURE DATA

1. Porosity and mean number of adjacent grains per grain are linearly related
(Fig. 29). It is not certain that the line can be extrapolated to porosity zero (dotted
line). Towards porosity 100 a transition or a curved part must be expected. Data for
alpine snow (porosity 48 - 87%) give a straight line (dot - dashed line in Fig. 29).
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Figure 28. Derivative distribution curves of grain cross section.
Obtained by graphically differentiating the cumulative curve

(Fig. 27) with respect to the cross-section area.

b

5

i

\
v

0 II9C-2 0957)

X VA

o YB.c-», 3-8

4
'i ^

• VB, f-h,3-8

*

GRi
«>

.ENLANI SN0W<

o IV, e-g,2-7
o IV, h-i, 2-7

+ m,g-i.2-6
x m, b-d, 1-8

6
• II, b-d,2-6

a> I, b-f,2-4

e I, g -i,2-6

\
14

fcB OLD SNOW,ROUNDED V
ALPINE j GRAINS s

SNOW <

(LIZUM)
^ DEP

* YOU

TH HOAR - N i

s.

0

N

K
*>

•

40 50 60

POROSITY (%)

80 9020

900 800 700 600 500 400 300 200 100 0

DENSITY (KG/M3)

Figure 29. Porosity and density vs mean
number of adjacent grains per grain.

I-VB: GREENLAND SNOW

//'

J

'/ |
OLD SNOW,

/ DEPTH HOAR

YOUNG FELTLIKE SNOW

/"

ROUNDED GRAINS

''ALPINE SNOW

(LIZUM)

0 0.1 0.2 03 0.4 0.5 0.6 0.7 08 0.9 01.0

KM RATIO ( T0TAL 0F GRAIN BOUNDARIES ICE -ICE \
\ TOTAL OF GRAIN CIRCUMFERENCES /

Figure 30. KM ratio vs mean number
of adjacent grains per grain.



STRUCTURAL PROPERTIES OF GREENLAND SNOW 21

2. Figure 30 shows the relation between the KM ratio

total of grain boundaries ice-ice
total of whole grain circumferences

("Kornbindungsmass", Eugster)

and the mean number of adjacent grains per grain. Greenland snow and alpine snow
values are each near straight lines (heavy dashed and dot-dashed). With more values,
it might be possible to draw one common line (thin dashed).

The line in Figure 30 cannot be extrapolated to KM = 1.0 (dotted line) if the extrap
olated line to zero porosity (Fig. 29) is correct (or vice versa), since the two lines
should reach this boundary at the same number of adjacent grains per grain.

A porous ice sample (no. 119C-2, taken in 1957 at a depth of 113 m) gave a porosity
= 1. 05%, mean number of neighbors per grain = 5. 53, KM = 0. 957. The values from
this single thin section (with only 51 measured grains) may not be reliable and repre
sentative, but they make it more likely that the line in Figure 29 can be extended straight
and that the line in Figure 30 becomes flatter, as indicated by the thin dash-dot line.

3. The diagram of. porosity versus number of grains/cm2 (Fig. 31) shows scattered
values, but a general tendency (dashed line) can be seen. It must be considered that
there is a great difference between summer and winter snow and that our samples may
be from both seasons. I am sure that much clearer relations could be found if we could

study the metamorphism of single strata for several years, or at least distinguish be
tween winter and summer snow.

4. Figure 32 shows the mean grain cross-sectional area versus the mean circum
ference of a cross section. The values lie close to a curve calculated for a regular
pentagon.

5. Nevertheless, there is a weak relation between sphericity

. _ circumference of a circle with area A .
circumference of a grain cross section with area A

and KM ratio (Fig. 33) and porosity (Fig. 34).

CONCLUSIONS

These studies of Greenland snow show a clear dependence of the mean number of
adjacent grains per grain, the KM ratio and the sphericity on the porosity and, of
course, on each other. By measuring one of these, the others are determined too.

There is no strong relation between these data and the number of grains/cm2. The
number of grains/cm2 and the mean grain cross section are more differentiated by
strata than the porosity. Our figures show that in several cases the porosity does not
change on divisional planes between strata with different grain sizes.

Therefore, the structure of high-density snow can be described sufficiently by only
(a) the porosity and (b) the number of grains/cm2.

Conclusions from a two-dimensional thin section can be applied to the spatial sample
only if the sample is isotropic by strata. If an anisotropy is suspected, it must be
checked.

The optimumsize of a counting area is approximately 80 - 100 mm2; if more details
are needed the counting area must be smaller.

A transition or the beginning of a curve in the lines of Figures 29, 31, 33, 34
around porosity = 50% is probable. This is the same porosity where the strength values
found by Butkovich (1956) have their transition to a flatter slope. Tests had previously
been made in connection with snow compaction with disaggregated snow filled into con
tainers under shaking (Fuchs, 1942): the final porosities were around 50%.

Above 50% porosity the grains have more or less freedom of position and shape;
below 50% they are more tightly packed. We shall be able to make a sharp boundary
between "high density" and "low density" snow. High-density snow (Greenland snow with
dry metamorphism) will show strong relations between the different structure data and
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between structure and strengths. Low-density snow will probably show less strong
relations and larger scattering of the values. For description of the first, only two
measurements, porosity and number of grains/cm2, are needed; for description of the
latter, more data may be necessary.

RECOMMENDATIONS FOR FURTHER STUDIES

In order to complete and round out this study of Greenland snow, the following
further investigations are suggested:

1. Two thin sections of high-density snow between porosity 10 and 15% and two
more samples of ice (up to porosity = 0) should be studied.

2. Studies should be made on 8 - 10 samples of low-density snow (porosity 50 - 100%;
from the uppermost 6 m of the snow cover).

3. When the significant structure data are known for low-density snow also, and
when a faster method for measuring the data is developed, the seasonal rhythm of the
layers and their metamorphism should be described.

4. Special attention must be paid to the transition zones between law-density and
high-density snow and high-density snow and ice. Which properties change continuously
and which ones discontinuously across these zones7

In the transition zone snow - ice (criterion: permeability becomes zero) the extent
of the interconnected pores in relation to other structural properties and to permeability
should be studied. Parallel with microscopic studies, permeability measurements
could be made in the following manner: A cylindrical plate (snow sample) is frozen
onto a base plate with a hole of a certain diameter. Thin white replica solution is pressed
through the sample from underneath. The sample is successively made thinner and
thinner (by sawing or shaving off layers) until the white liquid comes through. This
final thickness would be a useful value together with the other observations.

5. Complete universal stage studies should be made on a few exactly oriented sam
ples, each with three thin sections perpendicular to each other.

6. In all cases the possibility of an anisotropy of the samples must be kept in mind.

7. Measurement methods should be developed and made faster by mechanization
or semi-mechanization, by counting and measuring devices.
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