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ABSTRACT. A water table appea ring every summer where the ice begins, at a depth of approximately 
30 m, accelerates the transformation of firn into ice during the summer (80% of the ice formed every year 
appears in less than 2 months). The ice formed in this way con tains from 0 to 0.6 % water. The average 
water content increases gradually with the depth because of the heat of deformation. But, near bedrock, 
between 180 and 187 m, the permeability of the blue ice is such that the water content drops (0.3 % as Com
pared to 1.3 % between 160 and 180 m ). 

From a depth of 33 m , a foliation of sedimentary origin gradually develops in the ice. I ts dip increases 
regularly to a depth of 145 m. At 145 m it jumps suddenly from 20° to 40°, then at 170 m from 40° to 65°, 
which can be expla ined by old modifications in the bergschrund. This foliation disappears near bedrock 
(180- 187 m ), where there are no bubbles in the ice. 

The average size of an ice crystal increases slowly in the firn, sh ows seasonal fluctu a tions between 30 and 
50 m, then jumps from a diameter of I or 2 mm to 10 or 20 mm between 50 and 80 m. Between 180 and 
187 m, the ice is made of large crystals (3- 10 cm diameter; the figure, however, is probably inexact due to a 
recrystallization of the samples) . 

The very strong sub-verti ca l orientation of the optic axes of the firn crys tals disappears quickly, and from 
66 m on, in ice with large crystals, a fabric of multiple maxima appears (genera lly, 3 or 4 directions, forming 
a tri a ngle or a rhombus) . On the other hand, in the small crystals that form bands parallel to the plane of 
foliation, only one direction of preferential orientation can be seen, or two close to one another. Crystals 
of intermediate size (10 to 50 mm) generally have two directions of preferred orienta tion at an angle of 
approximately 50° to one another. No matter h ow big the crystals a re, the angle be tween the most common 
c-ax is orientation and the vertica l does not ch ange from 60 to 170 m depth. 

R ESU,"L Etude d'une caroUe de glace jllsqll'au lit dons la zone d'accumlllation d'WI glacier tempire. Un niveau 
aquifere apparaissant chaque ete au contact de la glace, vers 30 m d e profondeur, a ccelere la transformation 
d u neve en g lace durant l'ete (80% de la glace formee chaq ue a nnee apparait en 2 mois) . La glace a insi 
fo rmee renferme de 0 it 0,6°{, d 'eau liquide. La teneur moyenne en eau liquide a ugmente progressivem ent 
a vec la profondeur, par suite de la chaleur d e deformation. M a is a u contact du lit, e ntre 180 et 187 m , la 
permeabilite de la glace bleue est tell e que la teneur en eau devient faible (0,3 % contr'e 1,3 % entre 160 et 
180 m ). 

Dans la glace, it partir d e 33 m de profondeur, se developpe progressivement une foliation d'origine 
sedimenta ire. Son pendage eroit regu lierement jusqu'it 145 m d e profondeur. A 145 e t '70 m, il passe 
brusquement de 20° it 40° puis de 40° it 65°, ce qu 'on explique par d'aneiennes modifica tions de la rimaye. 
Cette foli ation dispara it au voisinage du lit ( 180 it 187 m) ou la glace ne renferme aucune bulle. 

La taill e moyenne d es cristaux augmente lentement dans le neve, montre des flu ctuat ions saisonnieres 
dans la glace entre 30 et 50 m, puis passe rapid em ent de I ou 2 mm it 10 ou 20 mm d e diametre entre 50 e t 
80 m. Entre 180 e t 187 m la glace es t form ee de gros cristaux (3 it 10 cm de dia m etre, va lour toutefo is 
probablement faussee par une recrista llisa tion d es echa ntillons) . 

L'ori enta tion subver ti ca le tres forte des axes optiques des cristaux de glace du neve disparait rapiderr,ent 
et des 66 In apparait dans la glace it gros crista ux une texture it m aximums multiples (genera lement 3 o u 4 
directions dessinant un triangle ou un losange) . Pa r contre, les tout petits cristaux forma nt des ba ndes 
pa ra lleles au plan de fo liation montrent une seule direction d 'o ri entation preferentie lle , ou deux proches. 
Les cristaux de taille intermedia ire ( 10 it 50 mm) on t generalement deux d irections d 'ori e ntation preferentie lle 
it une cinquan taine de d egres l'une de I'a utre. Q,uel le que soit la ta ille des crista ux, I'angle entre la direc tion 
la plus frequente d 'ori entation des axes c et la direction verti cale ne va ri e pas de 60 it 170 m de profondeur. 

ZUSAMM ENFASSUNG. Un lersllclzllllg eines Eishohrkemes his ZlIm anstehendell Fels in der Akklllllulatiollszolle eines 
alpineTl Gletsclzers. Eine wasserfuhrence Schi cht, di e jeden Sommer in etwa 30 m Tiefe, dort wo d as E is 
a nfangt, erscheint, bcschleunigt d ie Umwandlung von Firn in Eis wahrend des Sommers (80% des j ahrli ch 
gebilde ten Eises en tsteht in weniger a ls zwei M ona ten). Das auf diese Art gebi lde te Eis enthalt zwischen 0 
und 0,6% "'"asser. D er durchschnittli che vVa ssergehalt nimmt wegen del' Deform a tionswarme a ll mah lich 
mit zunehmender Tiefe zu. In der Nahe d e3 Felsuntergrundes hingegcn, zwischen 180 und 187 m, ist die 
Durchlass igkeit des blaue n Eises so hoch, dass d el' vVassergehalt abfallt (von 1,3 % zwischen 160 lInd 180 m 
auf 0,3%) . 

Von einer Tiefe von 33 m an entwickelt sich im Eis a llmahlich eine Banderung sedimentaren Ursprungs. 
I hre Neigung nimmt ste tig bis zu einer Tiefe von 145 m zu. Bei 145 und 170 m springt sie plotzlich von 20° 
auf 40°, dann von 40° a uf 65°, was durch a lte re V eranderungen im Bergschrund erkla rt we I'd en kann . Diese 
Ba nderung verschwindet in d el' Nahe des Felsuntergrundes ( 180- 187 m ), wo das E is blasenfrei is!. 

Die Durchschnittsgrosse eines Eiskristall s, die im Firn langsam zunimmt, Auktuiert jahreszeitlich zwischen 
30 und 50 m, dann, bei 50- 80 rn , wachst der Durchmesser rasch von I odeI' 2 mm auf 10 odeI' 20 mm an . 
Zwisch en 180 und 187 m bes teht da; Eis aus grossen Kristallen (3- 10 cm Durchmesser ; diese Zahl istj ed och 
wegen einer R ekristallisation del' Probe n wahrscheinlich ungenau) . 

https://doi.org/10.3189/S0022143000030677 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030677


14 J OU R NAL OF GL AC I O LOGY 

Die sta rk a usgeprag te subver tikale Orien tierung der optischen Achsen del' Firnkrista lle verschwindet 
schnell und von einer Tiefe von 66 m a n, im grosskristalligen Eis, ist eine T extur m it m ehreren Maxima 
vorzufinden (im allgemeinen 3 oder 4 Richtungen, die ein Dreieck od er einen Rhombus bilden). Anderer
seits kann in d en kleinen Kristallen, die Bander para llel zur Banderungsebene bilden, nur eine H auptorientier
ungsrich tung festgestell t werden , oder aber zwei, d ie nahe beieinander liegen. K ristalle mi ttlerer Grosse 
( IQ- IS mm) besti zen im allgem einen zwei bevorzugte Orientierungsrich tungen, die unter einem Winkel von 
50° zueina nder stehen. U na bha ngig von der G rosse des Kristalls bleiben die Winkel zwischen den am 
haufigsten vorkommenden Richtungender c-Achse und den Vertika len in del' T iefe von 60 b is 170 m un
verander t. 

I. I NTRODUCTION 

Though the texture of firn and of deep ice at the polar ice caps is fairly well known, 
thanks to the work of, for example, Schytt (1958), Langway ( 1967), and Gow (1970), the 
same is not true for the accumulation zone of temperate glaciers, except for the pioneeing 
work of Perutz and Seligman ( 1939). We have tried to fill this gap by drilling to bedrock in 
the accumula tion zone of a temperate glacier . 

The site chosen was the upper plateau of the ValUe Blanch e in the Massif du M ont-Blanc, 
at an altitude of approximately 3 550 m. It has already b een the site of several previous 
studies because of its accessibility thanks to the cable-car (telepherique) of the Aiguille du 
Midi, and to the service cable-bucket of the R efuge des Cosmiques, belonging to the Labora
tory. A seismic survey made a calculation of the thickness of the ice possible : it is a very 
uniform 145 m covered by 30 m offirn (Llibou try and Vivet , 1961 ). A measure of the solid 
discharge coming out of this cirque led to the calculation of the average yearly balance at 
2.70 m of wa ter. In 1960, the firn was studied with pits and d escents into crevasses. With a 
SIPRE coring drill , samplings were carried ou t to a depth of 55 m in 1963, 36 m in 1966 and 
33 m in 1970 (Vallon, unpublished ). In June and July 1971 , using an electric drill developed 
by Gillet (1975), the first complete sampling of an alpine glacier in its accumula tion zone 
was performed . 30 m of firn and 150 m of ice were found . 

2 . STRATIGRA PHY OF FIRN 

In the winter, 6 to 8 m of light, cold, powder snow accumulates. Owing to the extremely 
low therma l conductivity of the snow, there is very little diffusion of the cold towards the 
older layers; in the spring, the snow is only really cold (-4°C to - 10°C) in the first 5 to 7 m 
in the layer deposited during the winter ; beyond 12 to 15 m , the firn from the previous years 
always stays a t o°C. 

In the spring, the water that filters down will refreeze upon contact with the cold firn . 
The amount of cold stored in the snow will only refreeze a significant quantity of water if its 
temperature is below - 10°C . T he appeara nce of a layer containing a number of strata of 
ice, the density of which is about 10% higher than that of the surrounding snow, is thus seen 
at a depth of approxima tely 2 m , in the coldest zone. 

In the summer, the precipita tion, almost a lways in solid form, is destroyed by ablation, 
and the dust that it contains concentrates on the surface to form a grey cover . 

In autumn, there is again diurnal thawing, but the humid firn refreezes every night near 
the surface, and a number of more or less thick strata of ice are formed. 

Although the sequence is sometimes diffi cult to distinguish , when both the descriptions of 
the samples and their densities a re availa ble, interpretation is a lways possible. The study of 
four drillings ( 1963, 1966, 1970 and 197 I) has m ade it possible for us to trace the annual layers 
hack to the budget year 1954- 55 . H owever, the refreezing of the melt water in the spring 
(" interna l a ccumulation" ) takes place in that year's layer, and in the two or three preceeding 
layers as well. The balance for the successive budget years cannot, therefore, be determined 
exactly. Only the average balance for the p eriod 1954- 7 I is close to exact. 
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This average balance is 318 ± 4.6 cm of water per year. Because every summer some 
20 cm of water percolates to the bottom of the firn , the annual accumulation should be larger, 
close to 3.5 m of water per year. Several ki lometres away, at the Col du Geant, in a location 
almost as high (3 370 m ), but better protected from the western wind, a precipitation gauge 
has only captured 2.09 m of water p er year between 1961 and 1970 (Bezinge and Bonvin, 
unpublished). At Chamonix ( I 035 m ), the average annual precipitation between I October 
1954 and I October 1971 was 128,5 cm of water per year. These figures are similar to those 
measured in the Bernese Oberland. 

3. CRYSTALLINE TEXTURE OF THE FIRN 

The firn of one year is essentially made up of round crystals with I mm cross-sections. 
The growth of the crystals is very slow, and 6 years later, at a depth of 30 m, the average area 
of cross-section is about 2 mm, the largest crystals reaching IQ mm . 

Unlike in cold firn (Schytt, 1958; Langway, 1962; Gow, 1963) , the anisotropy here is 
very strong, and all the stereograms show a single sub-vertical preferential direction for the 
optic axes (Fig. I). Though certain stereograms show that the preferential orientation is 
reinforced with depth between the surface and 15 m, they do not allow the determination of 
which orientations disappear through recrystallization. In Figure 2 , the number of axes 
observed in zones ro O wide, centered on the vertical, is shown for the textures showing an axis 
of symmetry close to the vertical. 

Assuming that snow crystals that settle are oriented at random, the histograms show that 
the crystals whose optic axes form an angle of 40° to 60° with the vertical are the first to 
disappear, leaving those whose optical axes are close to vertical. R ecrystallization in the first 
few metres is certainly due to seasonal fluctuations of temperature, which create in the surface 
layer a fairly strong thermal gradient. In fact, two positions thermodynamically favorable 
to the growth of a crystal in a thermal gradient seem to exist: when the hexad axis, or one of 
the binary axes is parallel to the gradient (optic axis parallel or perpendicular to the gradient) , 
the ice crystals grow fairly rapidly (Shumskiy, 1955) . Basal ice from an ice core in T erre 
Adelie shows a similar fabri c with two preferred orientations; in this case we are dealing with 
ice which probably is of marine origin (Lorius and Vallon, 1967) ; that ice recrystallizes in a 
thermal gradient and this recrystaIIization involves a strong desalination (actual sodium 
content 20 X 10- 6) . 

Lower, between 10 and 30 m below the surface, the crystals whose axes vary from the 
vertical by more than 30° are the first to disappear. In this zone, the temperature is almost 
constant, so another factor must enter, probably stresses. In fact, the stresses are not hydro
static in the firn . Knowing the vertical and horizontal velocities we can use Haefeli 's con
struction (Bader and others, 1939) to determine the directions of the stresses (this assumes 
no sliding, no thickness variation and equilibrium between stresses on the vertical faces of a 
prism). Knowing the surface slope we find the direction of compression is about 20° off the 
vertical, the maximal extension 70° (Petit, unpublished) . Between 20 and 30 m, the prefer
ential direction is no longer rigorously vertical, but is inclined from ro O to 20° (Fig. I) . 

On passing through the water table, at a depth of approximately 33 m , the preferential 
orientation which had appeared, disappears somewhat. The tendency of the optic axes not to 
vary from the vertical by more than 40° continues, n evertheless, to be observed . 

4. VARIATION OF THE DENSITY WITH THE DEPTH, AND TRANSFORMATION OF THE FIRN INTO ICE 

In Figure 3, the densities observed for the different seasonal horizons are represented. 
The metamorphosis of the spring and autumn horizons is much faster than the metamorphosis 
of the winter horizons. Since they contain a number of ice strata, their permeability is lower. 
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Fig. 1 . Orientation of optic axes of the ice crystals injim. H orizontal sectiolls, equal-area projection Oil the upper hemisphere. 
The contour lines correspond to densities (percentage of points in 1% of the area) of 3 , 7, I D and 15% . 
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Fig. 2. Orientation of the optic axes versus depth. The hatched line represents the frequencies corresponding to a wziJorm density; 
frequencies that depart from this curve significantly (approaching 2%) are shaded. 
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They retain more water , ~ettl e more quickly, and normally reach the d ensity of ice at a 
depth of approxima tely 28 m. Winter horizons, on the other hand, turn abruptly into ice 
at 32 m. 

Every summer, a wa ter table develops on the ice. The level of this water table has been 
studied during the summer of 1971 , in the drill hole of June 1970, with the aid of a limni
graph. In addition, on I and 17 September , the exac t d epth and thickness of the aquifer 
were de termined by noting the level of the water in the bore hole for different rates of pumping 
(Petit , unpublished). 

In June, the firn was dry and we introduced some tens of litres of wate r into the hole to 
determine the impermeable level. Abla tion began around I July, and the level of the water 
started to ri se towards 15 July ; around 15 August, the ablation season was over , but the water 
level continued to rise un til I September. The water table being at a distance of about 30 m 
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Fig. 3. Density verslIs depth . 

from the surface, that corresponds to a speed of the water wave of 12 cm p er hour, a speed 
comparable to that observed for the daily melt-water crest near the surface of the Seward 
Glacier by Sharp ([1952] ). 

The rise of the water , and of the impermeable level are reported in Figure 4 . From 15 July 
to 15 September, the level of the iee rose 2.9 m. Since in 1963, 1966, 1970, and 197 I , all the 
drillings hit ice at the same depth , the a verage annual speed of the rise of the impermeable 
level is almost the same as the ver tical speed of the ice at the base of the firn: about 3.5 m per 
year. Thus, more than 80 % of the ice is formed during the summer, during the time that the 
firn just above the firn- ice transition is sa turated with water. 

It is out of the question that there should be a simple closing-off of the pores at this time. 
While the firn at a depth of 30 m can contain 8 to 10% water, less than I % remains in the 
impermeable ice (cr. below). The water present must intervene to promo te the settling and 
the sintering of crystals (Wakahama, 1968) . 
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Fig. 4. Level of the impermeable horizon, and level of the water table during the summer of 1971. 

5. STRATIGRAPHY OF THE ICE 

We found three kinds of ice: full of bubbles, without foliation; foliated (with alternation 
between bands of blue ice without bubbles, and white ice with bubbles) , and blue (without 
bubbles). The percentage of these three types of ice for successive lengths of 10 m is given in 
Figure 5. 

Down to a depth of about 100 m, the percentage of foliated ice (20-35%) is almost the 
same as in the foliated layers of the spring and autumn firn, and one can guess that it comes 
directly from that. Yet, the distinction between foliated ice and non-foliated ice is not clear 
enough to be used to identify the annual layers of the ice from its stratified texture alone with 
certainty. 

It is quite possibly for this same reason that the percentage of foliated ice increases with 
depth below 100 m . The vertical contraction of the ice, as it is buried, results in the classifica
tion as "entirely foliated", of a zone where both foliated and non-foliated sections would 
have been distinguished before contraction. 

All of the rare layers of debris observed between 60 and 171 m are concordant with the 
foliation. We conclude from this that in the Vallee Blanche Superieure, the foliation has a 
sedimentary, and not a tectonic origin . (The reader will find an expose of this question, 
debated for over a century, in Lliboutry (1964- 65, Tom. 2, p. 612- 14).) 

In Figure 5 the dip of the foliation is also given. At the start, at 30 m depth, it is equal to 
the slope of the surface (5 to 7 %) , which is to say that the blue bands are parallel to the surface. 
Then, this dip increases gradually, with two sharp discontinuities, at 147.7 m and 171.5 m 
(i.e. 39.3 m and 15.5 m from bedrock). Although the device for measuring the strike did not 
work, there is no reason to believe that the dip of the foliation changes its bearing with depth. 
It should always remain downwards. 

Between 147.6 and 147.8 m there exists a layer of small crystals (I to 5 mm2 in cross
section) with silt in it. The dip of this layer is 20 to 30°. In the next sample, just below, the 
foliation is clear, with a 4So dip. 

At 170 m the dip of the foliation is 45°. Between 170 and I] 1.2 m the ice was not kept 
for later study. The next sample showed however, towards 171.5 m, a bed of gravel concor
dant with a relatively discrete foliation, having a dip of 60° from the horizontal. 

Near these two discontinuities, we see that the preferential orientation of the optic axis 
is very strong ( IS % of the points in 1 % of the area). Once past the discontinuities, this 
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Fig. 5. Percentage offoliated, bubblY, and blue ice, and slope of the foliatioll as a jimctioll of the depth. 

preferential direction maintains the same relation to the vertical, with no relation to the 
foliation , which confirms that the foliation h as nothing to do with syntectonic recrystallization 
(Vallon , unpublished ; jonsson, 1970). 

Ifwe assume a uniform vertical contraction (Nye's fl ow, according to Lliboutry (1964- 65, 
Tom. 2, p . 576)) and an average bala nce b without secular variation, the age t of a shee t 
located at a height z above bedrock is: 

t = (hjb) log (hjz). 

30 m of firn equal 2 I m of ice, so h will be h = 178 m , b = 3.6 m p er year. It follows 
that the two discontinuities at 39.3 and 15.5 m from bedrock were formed 75 and 121 years 
ago (1896 and 1850), that is, at the time of the two principal retreats of the alpine glaciers . 
The ice flow velocity at the location of our drill hole being 8 m per year (Petit, unpublished ), 
an estimation of the route followed in approximately 120 years leads us to the slopes of Mont 
Blanc du Tacul, near the b ergschrund. 
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According to Professor Lliboutry, these two discontinuities are the traces of an old 
bergschrund pulled down-valley. Normally, the bergschrund separates a base of more or 
less motionless cold ice, joined to the wall of the cirque, from the temperate glacier. A long 
cold period should be able to make the cold ice base get bigger, with strata of very sharply 
inclined ice parallel to the slope. At the time of a warming of the climate, a new bergschrund 
would form further up-ice as shown in Figure 6. However this does not explain the slow 
increase in dip of stratification with the depth between the surface and 147 m . 

Temperate ice 

Fig. 6. Origin of the discontinuities observed ill the deep foliation : the bergschrund might have shifled. (Sketch by Professor 
Lliboutry. ) 

6. CRYSTALLINE TEXTUR E 

(a) The size oJ the cr)lstals 

Between 30 and 50 m (Fig. 7) , there is no evolution in the grain size but ra ther periodic 
fluctuations, proof of the stra tification of the firn . After 10 years, even after passing through 
the water table, the summer a nd autumn horizons are made of much larger crys tals than the 
winter horizons, which did no t alternately fl-eeze and unfreeze. 

Then , the grain-size increases rapidly be tween 50 and go m (Fig. 8) . It could be that this 
is a particularly active layer , as the very high degree of free water con tent, found in certain 
sa mples at 70 m sugges ts. Also, in this region numerous strata of blue ice (Fig. 5) can be seen , 
which could be blue tectonic bands, parallel to the plane of maximum shear stress. However 
we do not find in the blue bands any different fabric from the one in the surrounding ice; 
as a rule there is no difference either in crysta l size or c-axis orientation . Only once near 
66.7 m did a blue ba nd show a slightly different fabric from the surrounding ice : small er 
crystals (m ean diameter 0 .7 cm , er. o .g cm in nearly bubbly ice) and a weaker fabric (3 
maxima wi th maximum d ensity 2 to 3% , cr. 4 maxima with 4 to 5%) . Beyond 100 m , the 
size of the crystals does no t increase, except very close to b edrock, where the last 7 m of blue 
ice are made of very la rge crystals (average cross-section about 10 cm). A very thick bed of 
blue ice of 5 to 20 m near the bedrock seems to be a common feature of tempera te glaciers . 
We have found this in all drillings on the Glacier de Saint Sorlin and Kamb and Shrevc 
(1963) report the same for the Blue Glacier . 
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Fig. 7. Periodic variation DJ the crystal size (coring DJ 1963). 
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In polar ice caps, near bedrock, the size of the crystals decreases (Koerner, 1968). It is also 
small at the base of the tongues of active temperate glaciers, as we saw in our observations of 
the samples that were taken from beneath the M er de Glace, against bedrock, in the E.D .F. 
galleries, and that were immediately immersed in liquid nitrogen. 

If kept in the cold bath, crystals are small (m ean section 5 mm2) and show a strong fabri c 
(3 maxima with densities of 15 to 17 % of points in 1% of area and one maximum of6 %) . 
After 2 d at o°C, the same sample shows mean section of crystals of 70 mm 2 and the same 
orientation of c-axes but with maximum densities of 4 to 9% (the same number of c-axes 
being used ) (Fa bre, unpublished ) . 

The cores extracted from the Vallee Blanch e Superieure were not immediately immersed 
in liquid nitrogen, but only cooled to - 5°C at the most, with the intention of m easuring 
the free water content. During transport to our cold chamber in Chamonix, then from 
Chamonix to Grenoble, they warmed to o°C. They must have undergone, therefore, some 
recrystallization and the size of the grains which is given may b e overestimated. 

(b) Form DJ the crystals 

Initially round, the crystals rapidly acquire a complex form with numerous r e-entrants, 
comparable to those seen in an ablation zone (Rigsby, 1968): the ratio between the area of the 
average quadrilateral or ellipsoid inscribed in the cross-sections of the crystals and their 
real mean area changes from I to 3 between 60 and lOO m, to more than 7 beyond 140 m. 
At the same time, the elongation of the inscribed quadrilateral increases with the d epth: the 
ratio between these dimensions is calculated to be I. I and I -4 between 60 and 150 m; 1.45 
and 1.55 beyond 160 m. When the elongation is clear (ratio above to 1.3), the direction of 
the elongation is not linked to the direction of the foliation, but to the average orientation of 
the crystallographic axes: the crystals are elongated parallel to the trace of the basal planes 
(Fig. 9). 
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(c) Priferential orientation of the optic axes 

The very strong subvertical preferential orientation of the crystals in the firn (maximum 
density of 10 to 15% of the p oints, in 1 % of the area, between 15 and 33 m), is not found in ice. 
Between a depth of 34 and 60 m, the ster eograms show one or several preferential directions, 
but they are no longer sub-vertical. The maximum densities are from 5 to 8 % of the points 
in 1 % of the area when a single preferential direction exists (perpendicular to the stratifica
tion), 3 to 7 % when several more or less inclined preferential directions exist. From one slide 
to another, one notices a difference in ice fabric according to the size of the crystals: the small 
crystals (2 mm in diam eter) show a single preferential direction , the larger crys tals (4 to 5 mm) 
two directions, 40 to 500 from one another. The vertical plane passing through the line of the 
greatest slope of the foliation , is, roughly, the plane of symmetry of the texture. 

Beyond a depth of 60 m , the crystals reach 1 cm in diameter, and the stereograms become 
comparable to those obtained in an ablation zone (Kamb, 1959; Rigsby, 1960; Vallon, 
unpublished ; Jonsson , 1970) with four preferential orientations more or less placed at the 
corners of a rhombus. Between 66 and 171 m, the most important preferential direction is 
inclined from 300 to 45 0 in the same direction as the pole of the plane of foliation, that is, in 
the vertical plane of the line with the greatest slope, the top tilting downwards. But, though 
between 60 and 171 m the dip of the foliation increases from 150 to 65 0

, the preferred directions 
of the optic axes show no systemat ic variation with the d epth. In the ablation zone of Blue 
Glacier, Kamb and Shreve ( 1963) on the other hand observed a shift of c-axis orientation with 
depth. 

R egardless of the d epth, the bands of small crystals inset into zones with predominan tly 
larger crystals always show the same fabric: a single preferential direction for the small 
crystals (2 mm), and two directions for the intermediate sized crystals (3 to 8 mm). For the 
small crystals, the most significant preferential direction is the same as for the very large 
crystals (Fig. 10). The correlation between the size of the crystals and the number of prefer en
tial directions is much clearer than tha t observed by Kizaki ( 1969) in Antarctica. 

The texture of the blue ice at bedrock is more difficult to study: the crystals are very 
large, there is no structure with which the elements of the core sample can be oriented to 
each oth er, and the number of orienta tions from which the stereograms can be established is 
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Fig. 1 0. Preferential direction of the optic axes in the ice (66-171 m) (Schmidt equal-area projection). It was assumed that 
the line of the greatest slope of folia tion lies in the same vertical plane from the surface to the bedrock. 
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very small. Nevertheless, with 48 crystals and a count of7.5 % of the total area we obtain a 
fabri c identical to that of the adjacent ice: four preferentia l directions placed approximately 
at the corners ofa rhombus (maximum density 2 to 5% in 1% of area). 

7. LIQUID-WATER CONTENT 

Lliboutry (197[ ) defines temperate ice as "an ice containing inside it a liquid phase .. . 
and in local equilibrium with it" . This water could have been imprisoned in the ice at the 
time of its formation, or it could be produced by the heat released at the time of deformation 
of the ice. 

On the Vallee Blanche, between 34 and 54 m, J oubert ( 1963) observed a fluctuation in 
the water content from 0 % for the summer and autumn horizons (transform ed progressively 
into ice at a depth of approximately 28 m ) , to 0.7 % for the winter horizons ( transformed 
suddenly at 33 m, at the level of the aquiferous horizon). On the Glacier d e Saint-Sorlin, 
Dupuy (unpublished ) found 0 % near the surface, I % at 22 m and 1.2 % at 55 m . 

One of us (Petit, unpublished) has developed a portable calorimeter allowing the deter
mination , by refreezing, of the water content in samples 10 cm in diameter and 5 cm long. 
The margin of error of the measurements is about o. I % . 

Even if the extracted cores are packed in melting firn , and stored in the dark , their degree 
of humidity is bound to change slowly because of a slight perm eability, and because the adia
batic expansion that came with their extrac tion, has stored in them a degree of coldness. 
Therefore, we measured the water content soon after the cores were extracted . Because of 
this, it was only possible to perform one m easurement for each 2.5 m core extracted . 

In Figure [I the results obtained by Joubert are only given as an indication, because his 
measuring technique was extremely defective (non-agitated refrigerating bath, measurements 
too long, imprecise calibrations) . In 1971 , a breakdown of the apparatus for recording the 
temperatures prevented us from making these m easurements until after the coring had already 
reached 70 m . The degree of humidity of recent ice is therefore unknown. Not including 
two exceptionally high values between 70 and 80 m, the degree of humidity changes slowly 
with the depth: average content of 0.67 % between 80 and 100 m, 0.70% between 100 and 
120m, 0.79 % between 120 and 140m, 1.25 % between 140 and 160m, 1. 3 1% between 160 
and 180 m. At bedrock, the water content is very low (0.32 % ) . 

As the calculations given in the Appendix show, the increase of the water content starting 
from an average value of 0.6 to 0.7 % at the close-off, to a value twice that , can be explained 
by the heat of deformation. To explain why in the last 7 m , where one would expect a very 
high water content, and where there was, on the contrary, very li tt le water, it must be 
assumed that the ice has becom e permeable to water. 

The permeability of the ice at the melting point was studied recently by Lliboutry (197 I) 
and Nye and Frank ( [ 973). The permeability calculated by Nye, assuming that all the water 
is localized at the limits of three grains, is high as soon as the water content reaches 10- 3 ; 

for the degree of humidity m easured , approximately [ % , it is completely unreasonable. 
Looking for the mechanism that rendered the ice impermable, Lliboutry ( [ 9 7 [ ) thought at 
first of the obstacle created by the air bubbles, but concluded that with an air content of 
[- 2% , this m echanism is insufficient. But the air content used by L1iboutry was that of blue 
ice, without bubbles. Glacial ice normally contains much more air, about 10% for ice with 
bubbles. The obstacle created by the bubbles blocks the intercrystalline water channels, 
on the average, every 2D/3e (where D is the diameter of the bubbles, and e the air content of 
the ice) or 7 mm for bubbles with 1 mm diameter. When the crystals are close to I cm in size, 
the air bubbles do becom e an obstacle to the filtration of the water, and we can explain the 
observations reproduced in Figure [0. 

https://doi.org/10.3189/S0022143000030677 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030677


ICE CORE TO THE BED RO C K 

0,--------------------------------------, 

Water cont ent 

Wafe r fab l e 

:. -~ : 
- __ -4- - I 

50 1 _ 1 
-I I 

E 

.c 
Co 

'" o 

KJO 

150 

o 

1 I 
1 I 
1 I 
1 1 
1 -l 
1 _ 1 
1- 1 

Zb'31 _- I -
1- 1 
\ -I -I- - \ 
\ 1 Zb= 2 
\ 1 

\--1 
\ - --\--\ 
\"" \....-

\ \
\ ,

- " , " \ 
" ~, ................... -

- -" -" ...... ::.. 
-- ',~----==--

--- --
Water content 
I 1 I I 

2 % 

2 % 

Fig. 11. Waler content oJ the ice. The curves are theoretical increases dlle to the hea t oJ diformatioll. Zb = pgh sin al21a 1 8 ' /3 
= 458- ' /3 sin a, 8 being expressed in bar- 3 year- '. 

But the bubbles will only stop the filtration if their average size is larger than the diameter 
of the cha nnels. T he radius of the channels R in Nye's model is R = ( ]a2/6'T7'V'2)~ with ] as 
the degree of humidity, a nd a the average diameter of the c rystals (Frank, 1968) . For the 
crystals I cm in diameter, the channels have a diameter of 0.40 mm when the water conten t is 
I %, and 0 .54 mm when the water content is '2 %. One must expect, therefore, in the deep ice 
of the Vallee Blanche, where the average diameter of the b ubbles is abou t 0 .5 mm near a 
depth of ISO m, to observe a fi ltration when the water content reaches I to '2%, 

Near bedrock, in blue ice, where the quantity of air is only around 0.5 %, the filtration 
becomes possible because the average length of the channels between the bubbles is (again 
for bubbles 0.5 mm in diameter) around 7 cm, larger than the crystals. This fi ltration will 
take place if, at the ice- rock interface, there are open pa ths for the water. 
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APPEND I X 

AMO UNT OF WATER PRODUCED IN THE ICE BY THE HEAT OF DEFORMATION SINCE ITS FORMATION 

By L. LLlBOUTRY 

GIVEN a glacier with a Rat surface, le t us ta ke for coordina te axes: Ox along the steepes t descending slope, Oy 
along a level curve, O z towards the bottom. \ Ne call two-d im ensiona l Row where stresses T ij a nd stra in rates €ij 

are independent of x Nye Row. Then, Exx = a, a constant. T a king as the Row law of ice y = BT3, where 
y = 2y - j, and T = Y - I ,', j , a nd I z' being the second inva ria nts of the stra in-rate a nd stress d eviator 
tenso rs respec ti vely (see L1iboutry, 197 I , for further deta ils) , on the surface the viscosity "I and T are then equa l to: 

"10 = (4a'B)-1/3 TO = 21al"l0 = (2Ia IIB)I/3. (A I) 

Take (J. as the slope of the surface, a nd pg the specific weigh t of the ice. (The layer offim will be replaced by 
a layer of ice of the same weight. ) Using the reduced va ria b les: 

"11"10 = r, pgz sin a. ITo = Z, (A2) 

it was shown (Lliboutry, 1964-65, Tom. 2) that Yand Z were related by: 

The force dissipated per unit of volume is: 

The verti ca l velocity is 

h being the th ickness of the glacier. 

d W lclt = "IY' = 4a'''I + (pgz sin a. )'frJ 
= 4a'7)0 (r + Z 2 IY) = 4a'7)oY- '. 

d zldt = a(h - z ) 
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Fig. AI . Heat oJ deformation accumutated ill the ice since i ts deposit (variables normalized ). 
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The total amount of energy dissipated per unit of volume from the moment of its deposit is : 

I z 

W = J 4a''1oY- ' dt = 4lal'1o J Y-'(h-Z)-I dz. (A6) 

o o 

If the thickness of the glacier is assumed to be uniform, the fri c tion on the bedrock equals pgh sin", = Tb. Let : 

Tb / TO = .(b (A7) 

then Equation (A6) can be written: 

(A8) 

o 

This integral is eas ily calculated if Y is given decreasing values starting from Y = I , and if .( is calculated 
ea ch time with Equation (A3). The results are shown in Figure AI. The quantity of water produced by the 
deformation is W j pL, L being the heat of fusion of the ice. 

L = o.go (g/cm ) x 80 (caljg) X4.18 (J jcal) = 300J/cm = 3000 bar. 

In the case considered, the 30 m of firn equal about 20 m of ice, so h = 177 m. For this equivalent homo
geneous glacier , the speed of sinking of the surface, equa l to the a nnual bala nce, in m etres of ice, is aft = 3.6 mj 
year. From which a = 0.020 year- I, probably with a reasonably high precision because the secula r variations 
of the climate are weak at high altitude. B = 0.17 year- I bar- J according to Lliboutry, and 0.25 year- I bar- 3 

according to Haefeli . From which: TO = 0.55 to 0.62 ba r. M oreover, the slope is 0.Og± 0.02, so Tb = 0.93 at 
1.54 bar. It follows that .(b = 1.5 to 2.8. 

Ifwe assume that the ice is rigorously impermeable, we can calculate the theoretical increase in water conten t. 
C urves for Zb = 2 and Zb = 3 ha ve been added to the experimental values in Figure 11. The m agnitude is 
correct for TO = 0.6 ba r a nd Tb = 1.5 ba r ( .(b = 2.5), but the increase with the measured depth is m ore uniform, 
closer to linearity, than the theory predicts. 

REFERENCES 

Lliboutry, 1. A. 1954- 65. Traite de glaciologie. Paris, M asson et Cie. 2 vols. 
Lliboutry, 1. A. 1971. The glacier theory. Advallces in Hy drosciellce, Vol. 7, p. 81 - 167. 

https://doi.org/10.3189/S0022143000030677 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030677

