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INLAND ICE CRYSTAL MEASUREMENTS AT EQE,
WEST GREENLAND

By M. Bove (Bordeaux) and A. CarLLEUX (Paris)

AnsTracT. At Eqe, on the western border of the Greenland Ice Cap, measurements of the crystals by Seligman’s
method give a mean crystal diameter of 216 cm. at a place where the ice velocity is o'10 m./day. The “heterometry
index”” measured from granulometric curves by Cailleux’s method shows that melting, active ice crystals have
reasonably homogeneous dimensions, with a mean diameter from 2 to 2°4 cm.

Resumi. Des mesures de cristaux de glace faites sur la bordure occidentale de I'Inlandsis groenlandais, a I'Eqe,
donnent un diamétre moyen du cristal de 2,16 cm pour une vitesse d’écoulement de la glace de 0,10 m par jour.
L’indice d’hétérométrie mesuré sur les courbes granulométriques d’aprés la methode de Cailleux, montre que la
croissance du cristal de glace active, prés du point de fusion, semble homogénéiser les dimensions autour d’un
diamétre moven optimum de l'ordre de z a 2,4 cm.

INTRODUCTION

DURING the first of the several expeditions to Greenland led by M. Paul-Emile Victor, we found
an opportunity for making crystal measurements by Seligman’s method! at Eqe, near Port-
Quervain (lat. 69° 42’ 56" N., long. 50° 07’ 50" W.), and we would like to acknowledge here the
help Mr. Seligman gave us both before leaving and also by checking our results after our return.

Rubbings were taken of an area of about 400 cm.? on the western ice wall of a marginal crevasse
parallel to the ice-cap boundary. This crevasse (alt. 580 m.) was on the true border of the inland
ice, 200 m. from the terminal moraine on the route from Sondagsfjeld (on Yderland) to Camp IIT
(on the glacier), see Fig. 1, p. 325. To the south the nearest outflowing ice tongue was Sermeq
Kujadlek, a minor tongue, whose axis was 1-5 km. from the crevasse ; to the north, the left margin
of Eqip Sermia, a major ice tongue flowing down to the sea, was 7 km. away.

As the crevasse cut through the ablation moraine and was used as a channel for slush, the
bottom was half filled with morainic boulders ; so that rubbings could not be taken more than 2 m.
below the surface.

METEOROLOGICAL AND (GLACIOLOGICAL DATA

We cannot give any accurate figures for the mean temperatures of air and ice at this spot
throughout the year ; the only available data on air temperatures are those in Bouché’s report.2 At
Camp III (alt. 615 m.), 600 m. east, observations from 14 July to 26 August gave a maximum
of +7° C. and aminimum of —85° C., although temperatures of about —15° C. were occasionally
recorded at the beginning of September. The mean annual temperature of the air is certainly be-
low o° C. since this is true even at the coast.

There are no local data on the mean temperature of the ice, but we know from several thermo-
metric records from borings made during the 1949 and 1950 expeditions,? that the inland ice
remains in overall thermal equilibrium with a slight negative vertical gradient instead of the positive
gradient expected. In other words the inland ice is too cold for the present climate to a depth of
at least 100 m. However, close to the border of the cap, the ice seems to be less than 100 m. thick
—at B.zo (Fig. 1), 400 m. south-east, it is 4041 m. thick according to Martin*—and it is there-
fore not at all certain that the vertical thermal gradient would be the same as further in.

The speed of ice flow was measured at the B.1 beacon near Camp II1; it was o-10 m./day, to
the south-west. 5 The total distance that this ice has flowed since precipitation cannot be computed
with any certainty, because precipitation occurs over the whole ice cap; nor is it possible to know
from what depth the measured crystals have come, because of the overthrusting and folding of the
ice. The results of the geodetic party in 19506 shows that at Camp 1V, 25 km. east-south-east of
Camp II1, the annual flow was 35 m., which gives the same mean velocity as that recorded at
beacon B.1, so that this figure would seem to be typical of the ice edge.
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EXPERIMENTAL METHOD

Four rubbings were taken, partly superposed on each other. After they had been photographed
they were collected on a single drawing (Fig. 2, below), on which the crystals are numbered 1-77.
In numbering we neglected partially recorded crystals; if such a crystal is large, like those marked
E, F, the statistics might be altered by its omission, but in fact sufficient crystals are included to
overcome this objection. Morcover, owing to melting, the paper quickly became soaked, and the
outlines did not always appear satisfactorily, especially in the case of some smaller grains (see the
top right of Fig. 2 between Nos. 13 and 69). The ratio between the number of large and small
neglected crystals is much the same as for the measured crystals, so the results should not be
seriously in error.
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Fig. 1. The border of the Inland Ice at Eqe, West Greenland

Fig. 2 (right). The assemblage of the four rubbings; crystals
numbered 1-77

Areas were computed using Seligman’s method of comparison with standard circles of log-
arithmically increasing diameterl; and the root mean square diameter was calculated. We also
calculated the average grain area by Ahlmann’s method,” in which the longest dimension of each
crystal’s section, Ly, is multiplied by the greatest breadth, E,, measured perpendicular to the
vector, L.

REesuLTs

The results obtained on Seligman’s method are summarized in Table I. The assemblage (Fig. 2)
was referred to Mr. Seligman, who found 84 crystals as against our 77, and made the root mean
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square diameter 2-20 cm. as against our 2°16. This agreement shows that the method yields
reasonably consistent results from one observer to another.
The results obtained using Ahlmann’s method are summarized in Table II.

TasLE I
Grain size determined by Seligman’s method

Diameter of equiv. circle (em.).. o025 o4 o6 10 16 2°5 40 6-3 Total
(smallest) (largest)
No. of grains i R 6 13 7 19 9 & 3 2
Equivalent area of one grain
(cm.2) .. - - GO o013 o3z 079 201 49 126 312

Calculated area of all grains (cm.2 0°05 o8 48 134 380 441 882 936 2829
Percentage of total area .. i o-oz 028 ity (- S 13 16 31 23 1009,

Mean area of one grain=3'67 cm.?

Mean crvstal diameter=2:16 cm.

TasLe 11
Grain size determined by Ahlmann’s method
Largest size ' Smallest size
Number of erystals i Awerage size
Lgmm. Esmm. Ls < Es l Lg E; Lsx Es
77 92 49 4508 ‘ 3 z 6 499°6=4-9 cm.2
DiscuUssIoN

The mean diameter (2:16 cm.) and the average area (4'9 cm.?) are close to those found by
Ahlmann? for the marginal stagnant ice of Isfallsglacidren in Swedish Lapland (2-4 cm. and
4'5 cm.). Similarly the mean diameter is within the range of values found by Seligman (z-05 to
2-34 cm.) at the snouts of various glaciers in the Swiss Alps which had 2 mean slope from berg-
schrund to snout of less than 10° (the Findelen Glacier, the Gorner Glacier and the two main
streams of the Great Aletsch Glacier).

More data from other places are needed to know whether this agreement is a mere coincidence,
or whether a diameter of z to 2+4 cm. is actually characteristic of the crystals at the end of a glacier,
where melting can occur.

In order to compare the two methods, we have drawn granulometric curves (distribution
curves of grain size), plotting diameter on a logarithmic scale against the cumulated area (Fig. 3,
p. 327). Curve I was obtained by summing up the areas computed by Seligman’s method ; this
gave 8 points (A) corresponding to percentages at the standard diameters. From the areas calcu-
lated using Ahlmann’s method, percentages were plotted against L, dimensions. More points
(QO) are obtained by this method, but the calculation is more tedious.

The two distributions are exactly similar. To verify this we moved all the points (O) to the
right by the amount necessary to bring the “509, point” onto the Curve L. In this way we see
that all the moved points (+) coincide with Curve 1. The systematic space between the two curves
means that:

L, according to Ahlmann .
standard diameter according to Seligman™

172
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This agreement emphasizes the value of Seligman’s method, for it is much quicker than
Ahlmann’s method, and is just as accurate.

In order to compare the variation in size of the grains from an ice cap with the granulometric
distribution of various detrital formations, the “indice d’hétérométrie” (heterometry index) was
measured on Curve I by Cailleux’s method.8

Using the statisticians’ ““method of quartiles,” Cailleux has defined this index as the minimum
value reached by the ratio

44

= dm
m is the cumulated mass (of pebbles, for instance) expressed as a percentage and plotted on

ordinates (arithmetic scale) against the dimensions of grains, £, on abscissae (logarithmic scale).
Consequently the scale of ¢ is arithmetic (Fig. 4, p. 329).

where ¢=—Log, ¢
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Fig. 3. (A)—Curve I computed by Seligman’s method
(O)—DPoints computed by Ahlmann’s method
(4)—Points O translated by the distance needed to bring them onto Curve I

Thus this index is the inverse of the slope of the steepest part of the curve corresponding to an
interval of a quartile (4m—259 ; so selected to avoid errors from defects in drawing the curve) ;

o . : 4 T
see the example in Fig. 4. In other words, as Cailleux says8: “Dire que zsd—i est égal & 1, 2, 3 ou
4, revient a dire que la dimension des éléments [here, ice crystals] est divisée respectivement par
2, 4, 8 ou 16, lorsque, descendant I'échelle, on franchit un intervalle égal au quart (25%) de la
masse totale de I’échantillon.”” That is to say the heterometry index is small if grains are of similar
size and large if they vary over wide limits.
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On Curve I, m expresses the areas of crystals summed up in percentages; &, the standard
diameters. The index is:
A S
25 E—ﬂ-fO':,l
This value is rather low when compared with those found for detrital materials (pebbles,
gravel or sand: from o2 to 3 or 4); so that crystallization scems to produce crystals of rather
homogeneous dimensions. Indeed, as the dispersion in section is small, in volume it would be
even smaller, because certain small areas on the section may be the cut of larger crystals. This may
be evidence that melting accelerates the drainage of the liquid phase from the smallest crystals,
which consequently melt faster as Seligman has suggested ! leaving a higher percentage of larger
crystals in the aggregate.
Melt water percolating through the interstices ought to wear away the crystal boundaries to a
certain extent. To investigate this, we measured the “indices d’émouss¢” (indices of smoothness)

: 2r ar ; !
by Cailleux’s method? ; these are —!and f where 7, is the smallest radius of curvature on the

E
apparent outline, L the longest dimension of a crystal in section, and 7, the smallest radius, other
than 7, of a point M such that between M and the point where r, is found there is at least one
point where the radius is R>r,>7. The ** indices d’émoussé ” were only measured on the longest
crystals, because the uncertainty in the outlines of the smaller ones does not allow the computation
of a radius of curvature.

TasLe I1I
Indices of Smoothness of the Larger Crystals

No. on Fig. 2 L(mm.) T r2 ? » 1000 -1% * 1000
64 91 04 o4 9 9
22 79 od 03 8 8
59 75 o0°3 o'4 8 10
16 49 o3 o4 12 16
44 66 o4 o4 12 12
18 62 o4 o4 13 13
14 54 o4 o4 15 15
2 40 o4 o4 20 20
51 38 o5 o's5 26 26
17 41 o6 o7 29 34
32 42 o3 o4 14 19
23 47 o3 o4 13 17
SUMMARY
Dimensions -
- Mediym size Number of erystals % f
from to
38 mm. o) 50 12 o013 0'015

The indices of medium size, 0-013 and o-o15, are very low and have little significance, since
they are near the errors of measurement. In other words, ice crystals show no noticeable erosion of
their outline, but melt in thin films along their boundaries.

As it seems that large crystals do grow at the expense of small ones, rather than by the
coalescence of several crystals of the same size, does the melt water play some other part?
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Seligman! suggests that: ““Thaw water, percolating in thin films through the interstices, will
freeze on to the crystals when the temperature falls. The small crystals can thus thaw away and the
large crystals grow.” But he adds the qualification . . . at the few places where this ‘thaw-freeze’
can occur summer thaw will remove the whole glacier surface so affected.”

Renaud 10 presumes that the growth of glacier crystals depends essentially on their temperature,
especially close to the melting point, because of the faster drainage of the saline water film off the
interstices between two neighbouring crystals, which ought to make their coalescence ecasier. He
adds: “L’orientation des cristaux ct la pression jouent peut étre un réle dans ce processus de
croissance qui a le caractére d’une soudure autogéne, sans modification dans I'équilibre thermique.”

These two hypotheses do not explain directly the low heterometry of the formation. It may be
that there exist critical dimensions beyond which smaller crystals are absorbed in the growth of
larger ones, as was first propounded by Hagenbach-Bischoff in his theory of 1888.11

At all events, in active ice which is not flowing too fast and is at the melting point, the growth
of ice crystals scems to tend to homogencous crystal dimensions with a mean diameter of 2 to
2-4 cm,

MS. recerved 4 September 1953.

{00 ] | 100 7
TAm
+
€ ———
75 L 75
50 J 50
+
25 25
A
o e rie] I g i RN RN S oo i L
128 64 60 8§ &« Z| / 05 025 0125 003 mm
413 -1 4] o 1 1 3 4 & @

Q: 0 R

Fig. 4. Granulometric curve of quaternary alluvium from the River Marne near Champigny (Seine)—after
Cailleux.® Abscissae show the dimension, &, of the pebbles and grains in mm., with a scale of ¢ below. Ordinates
show the mass of pebbles and grains of dimensions larger than & as a percentage of the total mass. Q2 is the

4
median, Q1 and Q3 are quartiles. 25 i is lowest between A and B.
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COMMENTS ON THE PAPER BY MM. BOYE
AND CAILLEUX

By A. RENAUD
(Commission Helvétique des Glaciers—S.H.5.N.)

THE observations of MM. Boyé and Cailleux are of considerable interest. In conjunction with
those of Ahlmann and Seligman they give good evidence of the petrographic similarity between
the ice at the ends of alpine glaciers and that of the marginal zones of ice caps which have been
subjected to summer melting.

Nevertheless, it seems to me, as it does to the authors, that further observations are very
desirable before one can definitely fix the characteristic sizes of the glacier grains in these regions.

Further, the slight heterogeneity of these sizes poses a delicate problem, for the interpretation
of the problem, not of the sizes, for which two alternate hypotheses can be stated :

(a) Homogeneity is the last phase of the growth of the crystals (by coalescence or recrystalliza-

tion or both these factors).

(b) Homogeneity results by change following melting, the small crystals disappearing before

the larger ones.
The total mass of the small grains is relatively small, and when these grains melt they cannot have
great influence upon the “index of smoothness” of the larger grains.

For temperate glaciers, as for the marginal ice studied by MM. Boy¢ and Cailleux, the exclusive
interpretation of the homogeneity by the first alternative cannot be accepted without reservation.
The final phase of the growth of the crystals must be studied well inside the body of the glacier to
the exclusion of any process of change. Nevertheless, the interesting work of these authors, and the
reserve with which they temper the discussion, shows once again the necessity to direct the study
of the physics of glaciers towards the conditions in the interior of the ice mass which so far have
been studied all too little.

ALPINE RESEARCH COURSE, 1933

Tauis Course took place from 8 to 18 September 1953 at the Gepatschhaus in the Oetztaler Alpen.
It was the tenth in the series of Research Courses and was again under the leadership of Professor
R. Finsterwalder, who had led the last five courses of the series. The party numbered thirty-five.

The work, which was both theoretical and practical, covered a number of subjects. A 1:5000
photogrammetric map was drawn, mainly to determine the extent of the glacier recession. On
the subject of the mechanics of glacier flow the new concepts of Nye and Glen were tested ; the
results of new and detailed petrofabric analysis of the ice of the Pasterzenkees provided good
evidence of the value of their work.

In addition to the photogrammetrical measurement of glacier speeds these were also measured
with high-accuracy theodolites.

Glacial, periglacial and geological conditions and the study of the vegetation of the periglacial
regions were the subjects of lectures and excursions. Seismic soundings of the depths of some of
the firn fields made during the Course were examined and discussed in session.

Tt is proposed to hold the next Course in September 1955. R. FINSTERWALDER
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