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ABSTRACT. More than 8,000 ice crystals have been oriented and measured for crystal fabric studies from 
widely separated temperate and polar glaciers, using a large universal stage and thin-section techniques. 
Very strong fabrics have been found and a number oflaboratory experiments on deformation and recrystal­
lization of ice were conducted in an attempt to solve some of the perplexing problems raised concerning 
glacier flow. 

In polar glaciers the c or optic axes of the ice crystals tend to be perpendicular to the foliation plane 
(alternating planar structures of bubbly and clear ice). In areas of high shearing stress the preferred orienta­
tion of the axes reached 39 per cent in I per cent of the area when plotted on a Schmidt equal-area projection. 
In temperate glaciers the optic axes tend to form three or four strong maxima which also appear related 
to the foliation. 

Patterns from ice deformed in the laboratory resemble some of the fabric patterns found in polar 
glaciers. During deformation of laboratory specimens, large crystals have been observed recrystallizing into 
many smaller ones, while fine-grained ice, after completion of deformation (both glacier ice and laboratory 
d eformed ice), has been annealed at melting temperature into a few large crystals with different orientations 
from the original pattern. 

REsUME. Au cours d 'etudes des orientations preferentielles de cristaux de glaciers de provenance de 
regions polaires et temperees, on a oriente et mesure plus de 8000 cristaux de glace par la technique des 
sections minces et d'une grande platine universelle. On a trouve des orientations preferentielles tres marquees 
et on a fait une serie d'essais de laboratoire sur la deformation et la recristallisation de la glace, en vue 
d 'eclaircir certains des problemes compliques qui se posent au sujet du mouvement des glaciers. 

Dans les glaciers polaires l'axe c ou I'axe optique des cristaux de glace tend a occuper une position 
perpendiculaire au plan de schistosite (structures planes alternatives de glace claire et de glace contenant 
des bulles). Dans les zones ou la tension de cisaillement est elevee, l'orientation preferentielle des axes atteint 
39 pour cent dans I pour cent de la surface quand elle est reportee sur une projection de Schmidt. Dans les 
glaciers temperes, les axes optiques ont tendance a former deux ou trois maxima tres prononces qui semblent 
egalement avoir un rapport avec la foliation. 

La texture cristalline de la glace deformee en laboratoire ressemble a certaines textures trouvees dans les 
glaciers polaires. Au cours de la deformation en laboratoire on a pu constater que de grands cristaux se 
recristallisaient pour en former un nombre de plus petits; d'autre part, on a recuit une glace a granulometrie 
fine a la temperature de fonte , apres avoir complete la deformation (glace provenant de glaciers et glace de 
laboratoire), et on a obtenu un petit nombre de grands cristaux dont l'orientation etait differente de celle 
des cristaux originaux. 

ZUSAMMENFASSUNG. Vber 8000 Eiskristalle wurden orientiert und unter Verwendung eines grossen 
U-Tisches und Diinnschliffe gemessen, urn Aufschliisse iiber das Kristallgefiigebild von weit auseinander­
liegenden gemassigten und polaren Gletschern zu gewinnen. Sehr starke Gefi.ige wurden gewonnen, und 
eine Reihe Laboratoriumsversuche iiber Deformation und Rekristallisation des Eises wurde vorgenommen, 
die zur LOOung einiger der schwierigen mit der Gletscherbewegung verbundenen Probleme dienen soli ten. 

In polaren G letschern neigen die coder optischen Achsen dazu, senkrecht zur Banderung (wechselnden 
p lanaren Lagen von blasigem und klarem Eis) zu stehen. In Gebieten hoher Scherspannung betrug die 
bevorzugte Achsenorientierung auf einem Schmidt-Netz eingetragen 39% in I % des Areals. In gemas­
sigten Gletschern bildeten die optischen Achsen bevorzugt 3 oder 4 ausgepragte Maxima, die dem Anschein 
nach auch in Beziehung zur Banderung stehen. 

Gcfi.igebilder des im Laboratorium deformierten Eises nahern sich einigen aus polaren Gletschern an. 
Wahrend der Deformation von Laboratoriumsproben wurden grosse Kristalle bei der Rekristallisation in 
viele kleinere beobachtet, wahrend feinkiirniges Eis (sowohl Gletschereis als auch im Laboratorium deform­
iertes Eis) nach der Deformation bei Schmelztemperatur in einige grosse Kristalle abgeki.ihlt wurde, deren 
Orientierungen anders als die urspri.inglichen waren. 

INTRODUCTION 

Since it was first recognized that glaciers move down their valleys under the influence of 
gravity, many attempts have been made to explain the mechanism of this flow. The mass of ice 
in a glacier is almost completely crystalline and viscous flow formulae cannot be used, at least 
not without modification. Knowledge of how an individual crystal deforms and its interaction 
with the surrounding crystals with different orientations can be developed from crystal fabric 
studies of both glacier ice and ice deformed in the laboratory; both offer promising methods 
of attack on some of these still troublesome problems. The fabric of a crystalline mass is found 
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by the statistical study of the orientation of the individual crystals and their relationship to 

each other. 
Glacier ice, being a true metamorphic rock, lends itself readily to study by the methods 

of structural petrology, and universal stage techniques for measuring the orientation of the 

optic axes are easily applied to this uniaxial mineral. Strong preferred orientation of the optic 

axes (crystallographic c-axes) of glacier ice is usually found, and questions are raised as to the 

mechanics of orientation and ice flow. 

Fabric studies were made in the ablation zone of three widely separated temperate 

glaciers and two polar glaciers. The research began on Emmons Glacier, Mount Rainier, 

Washington, during the summer of 1950 I and was continued during the summer of 1951 on 

the Malaspina Glacier, St. Elias Range, Alaska, and during the summer of 1952 on the 

Saskatchewan Glacier of the Columbia Ice Field, Banff National Park, Alberta, Canada.· 

The Emmons and Saskatchewan Glaciers are typical valley glaciers and the Malaspina is a 

type specimen of a piedmont ice sheet. Investigations were begun on polar glaciers in 1954 on 

the Moltke Glacier and the Nunatarssuak Ice Ramp near Thule, Greenland, and were com­

pleted in 1955 as ice specimens were collected and studied from the tunnel in the Tuto Ice 

Ramp near Thule, Greenland. A total of more than 8,000 crystals were measured during this 

investigation. 
The author started laboratory work on deformation and recrystallization of ice in the fall 

of 1953 at the Snow, Ice and Permafrost Research Establishment of the Corps of Engineers, 

U .S. Army, Wilmette, Illinois, with the deformation of single crystals. Later the investigations 

included bending single crystals and deformation of polycrystalline specimens of glacier ice 

and concluded with recrystallization studies of both laboratory deformed and glacier-deformed 

specimens of ice. The laboratory work was completed during the summer of 1956. 

STRUCTURAL AND CRYSTAL RELATIONS IN GLACIERS 

It is well known that the ice at the center of the surface of a valley glacier moves at a 

higher velocity than the ice near the sides, and it is quite certain that, similarly, the ice on the 

top moves faster than that at the bottom.3 The greatest differential per unit distance, and 

therefore the largest shear couple, is found near the sides of the glacier where the ice is "held" 

by the rock walls. 4 The strongest fabric (a more perfect alignment of axes) is also found here. 

Glacier ice commonly shows a regular planar structure, usually consisting of alternate 

layers of relatively clear and bubbly ice, frequently t to I tin. (1-4 cm.) wide. Single crystals 

are not restricted to a single layer, and in some temperate glaciers, a single crystal may cross 

several folia. In a few places the planar structure has been observed to consist of layers of 

fine grained, possibly granulated, ice, alternating with coarser grained bubbly ice. Chamberlin 

and Salisbury 5 called this planar structure foliation and attributed it to shearing in moving 

ice. Most glaciologists since that time have followed this terminology. Although the word 

"banding" is also frequently used for this planar structure in ice, ''foliation'' is preferred because 

banding implies only a two-dimenisonal structure while foliation gives the true implication of 

the three-dimensional structure that actually exists. Foliation is nearly always well developed 

near the edges and bottom of a glacier showing its relationship to the strength of the shear 

couple; it is also nearly always parallel to the sides and bottom of the glacier in these zones, 

showing its relationship to the direction of the shear couple. This is especially clear in polar 

glaciers. The field studies illustrate that a relationship exists between the fabric, the foliation 

and the shear couple, although the foliation may not be parallel to the maximum stress 

according to some workers in this field. Polar glaciers have yielded fabrics in which as many 

as 39 per cent of the basal glide planes have been within 10° of being parallel to the foliation 

a nd almost all the crystals had their basal glide p lanes oriented within 30° of the foliation 

plane. Orientation of the foliation of all glacicrs studif'd was measured with a Brunton com­

pass. In Greenland the angles were turned and related with known directions on the map 
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because of the inaccuracies of a compass in these latitudes. The fabric investigations were 
supplemented by and integrated with studies of the megastructures and rates of movement 
of the ice where possible. 

METHODS AND EQUIPMENT USED 

Universal stage. A large, three-axis universal stage, machined out of brass and aluminium, 
was mounted to rotate between two 6-inch (15' 2 cm.) polaroids. In the field, a cover plate 
of i in. (3 ' 2 mm.) acrylic plastic with a I -inch (2' 54 cm.) grid of fine wire on one side was 
designed to hold the thin section in place with the help of two spring clips. Under melting 
conditions, the wires melted into the section enough to prevent slippage. When orientations 
were measured in the laboratory where the air temperatures could be kept below freezing, 
the specimen was usually frozen to a piece of glass in order to hold it in place on the stage. 
No hemispheres were used. 

Thin sections. Slabs of ice of known orientation and measuring about 41 X 6 X 1 in. (I I . 4 X 
15' 2 X I . 3 cm.) were sawn from firm, clean glacier ice of the temperate glaciers, and then 
brought to the proper thickness by melting with a flat-bottomed cooking pan partially filled 
with warm water. On the polar glaciers vertical cores were taken with a hand-operated 
3-inch (7.6 cm.) core drill and thin sections made by the melting technique at regular 
intervals. The core was marked before it was broken from place at the bottom in order to keep 
its orientation known. It was found that crystal orientations could best be determined in 
thin sections about I mm. thick, although usually it was best to start with the section about 
-n in. (2 . 7 cm.) thick under melting conditions, so that the measuring could be finished before 
the section began to break up. 

Plotting of data. Fabric diagrams were made by plotting the optic axes on the lower hemi­
sphere of a Schmidt equal-area projection in the conventional manner and were oriented so 
that they represented horizontal sections with north at the top. Although some thin sections 
were made from vertically cut slabs because of greater ease and accuracy in cutting, the 
diagraIns have all been rotated to show the fabric in a horizontal plane. In studies of meta­
morphic rock fabrics, the optic axes of 400-500 quartz grains are frequently plotted on one 
diagram. Experience indicates that, in most cases, the fabrics in glaciers are so strong that 
100 grains will easily reveal the pattern at anyone location. One hundred or more grains were 
measured at each location on the Emmons Glacier, except where extremely large crystals 
required numerous sections. On the Malaspina, Saskatchewan, and the polar glaciers a 
minimum of 200 crystals per location was possible because the grains were smaller, allowing 
more measurements per thin section. 

THE TEMPERATE GLACIERS 

Emmons Glacier. Fabric diagrams, made by plotting the orientation of optic axes of ice 
from eleven locations on Emrnons Glacier, Mount Rainier, Washington, are shown and 
located in Figure I (also published in reference I) . Each diagram is made in the horizontal 
plane, and all are oriented in accordance with the map, north at the top. Density concentra­
tions as high as 26 per cent in I per cent of the area of the . Schmidt net were recorded, and 
many of the diagrams have four strong maxima at the corners of a diamond-shaped quad­
rangle. When the poles to the foliation and debris layers were plotted on the fabric diagrams, 
they fell, for the most part, near the centers of the diamonds formed by the four maxima. 
Early in the investigation it was thought that this might indicate the possibility of other glide 
planes in ice ; however, subsequent laboratory experiments indicate no such planes. Also 
patterns obtained after recrystallization of the deformed specimens show a tendency toward 
several maxima. 

Malaspina Glacier. The fan-shaped Malaspina Glacier lies on the southern Alaskan coastal 
plain at the base of the St. Elias Range and is one of the largest piedmont glaciers in North 
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America. It is a sheet of ice, about 25 miles (40 km.) across in its narrowest direction, which 
covers about 850 square miles (2,200 km. 2

). It is fed primarily by the Seward Glacier draining 
from a great intermontane basin in the heart of the St. Elias Range which is enclosed by a 
series of lofty peaks and ridges including Mounts Vancouver, Cook, Augusta, St. Elias and 
Logan. The surface of the Malaspina varies in elevation from about 2,500 ft. (760 m.) at the 
Seward outlet, the point where the Seward Glacier empties into the Malaspina, to almost 
sea level near the southern edge. 

Figure 2 shows the location of the camp and crystal studies stations. Seismic and gravity 
exploration was carried out by C. R. AlIen and G. I. Smith 6 and the ice was found to be 
approximately 2,000 ft. (600 'm.) thick at the glacier camp near the center of the glacier. 
Southward for a few miles the ice remained about the same thickness, but nearer the edge the 
ice became thinner and the subglacial floor rose in a gentle slope from about 600 ft. (180 m.) 
below sea level to approximately sea level at the outer edge of the glacier. The ice also became 
somewhat thinner toward the Seward outlet; however, no seismic reflection shots were taken 
further than about 5 miles (8 km.) north of camp. 

The foliation in Malaspina Glacier is extremely regular and well developed. Near the 
glacier camp it had an average strike of about N. 70° E. and dipped 68°-78° NNW. The dip 
became somewhat less toward the outer margin of the glacier, measuring 53° N. 6 miles 
(9.6 km.) south of camp and 40° N. 9 miles (14' 4 km.) south-east of the camp. In the areas 
visited by the author, the foliation strike was approximately at right angles to a line drawn 
from any point on the margin of the Malaspina to the Seward outlet. This probably holds only 
for that part of the glacier fed by the Seward Glacier. These lines, giving a fan-shaped arrange­
ment, are along the supposed flow direction. The more gentle dip of the foliation outward 
toward the margin indicates that it becomes shallower with depth until finally it becomes 
parallel to the floor near the bottom of the glacier as has been seen on valley glaciers. Ten­
sional cracks (crevasses) observed fanning outward from the ice outlet and striking about 90° 
to the foliation, are probably caused by spreading of the ice piedmont. 

Near the margin of the Malaspina many sharp folds in the ice are outlined by streaks of 
debris and dirty layers of ice, but the foliation cuts through these folds apparently parallel to 
their axial planes. The folds extend on toward the center of the glacier but are less apparent 
because of the lack of debris. 

One such fold, which could best be seen from the air, lay about 2,000 ft. (600 m.) north 
of camp (Fig. 3; p. 597). This fold, its axis striking between N. 65° E. and N. 70° E., showed on 
the surface as dirty bands, usually several tens of feet wide, alternating with bands of clean, 
somewhat hummocky, ice. Because the folded structure was expressed only by a thin super­
ficial accumulation of silt and dirt, no information as to plunge or dips on the flanks could be 
obtained. This superficial accumulation is probably a residual concentration resulting from 
hundreds of feet of ablation; the ice below the surface appeared to be just as clean and free 
from debris as the ice beneath the dirt-free bands. Foliation in the ice did not change direction 
with the bands around the nose of the fold but passed through parallel to the line formed by 
the intersection of its axial plane and the glacier surface. The contact between the dirty ice 
and the clean ice around the nose of the fold was disturbed by many small offsets, all of which 
were parallel to the foliation, and in this sense the structure resembled shear folding.? 

Fabric diagrams from seven locations on Malaspina Glacier are shown with the foliation 
in Figure 2. Orientation of the c-axis in 200 to 250 crystals was measured at each location. 
These diagrams are also oriented horizontally with north at the top. Three to four maxima 
can be noted, but the pole to the foliation plane appears to be consistently closer to one of the 
maxima rather than near the middle of the pattern as seemed to be the case in the Emmons 
diagrams (see Fig. I, opposite p. 598). 

Two of the diagrams came from locations on opposite flanks and one on the nose of the 
fold near the glacier camp. It is clear that these diagrams, which are plotted in Figure 4 with 
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the map of the fold, are more closely related to orientation of the foliation plane than to the 
orientation of the limbs of the fold. It will be noted that there is almost no difference in these 
three fabric patterns. Figure 2 shows the close similarity of all the Malaspina diagrams. 

The conclusion drawn is that the foliation in the Malaspina Glacier is caused by shearing 
movements along closely spaced planes in response to stresses developed in the ice moving 
outward from the source at the Seward outlet, and the relative .movement between adjacent 
planes might be responsible for the folded appearance of the debris layering in the 
glacier. 

Saskatchewan Glacier. During the summer of 1952 fabric studies were undertaken on the 
Saskatchewan Glacier in Banff National Park, Alberta. C. R. Alien made seismic soundings 
of the glacier and found the ice to be approximately 1,400 ft. (426 m. ) thick about 5 miles 
(8 km.) up the glacier, with gradual thinning toward the snout. M. F. Meier made surveys 
and surface velocity measurements along with structural studies.8, 9 He found the surface ice 
to be moving about one foot (30 cm. ) a day near the center about 5 miles above the terminus. 
The daily movement was progressively less near the sides and toward the terminus. His 
measurements show the greatest differential movement per unit distance near the sides 
indicating again that the largest shearing stresses are near the sides. 

Fabric diagrams from the eight locations on the Saskatchewan Glacier are shown in 
Figure 5 (also published in reference 2). The Saskatchewan diagrams do not show preferred 
orientations as strong as those demonstrated in the Emmons and Malaspina glaciers, but 
there are two possible explanations worth mentioning here. 

Reid 10 postulates flow lines in glaciers which indicate that the deepest ice in the glacier 
originates nearest the head and that the ice at the surface just below the firn limit, has accumu­
lated just above the firn limit and has always been near the surface. Furthermore, being in the 
center, it has never been subjected to strong shearing stresses ; this may account for its lack 
of preferred optical orientation. 

Two of the diagrams made near the snout (Locations 1 and 2 ) show the usual orientation 
of several maxima clustered about the pole of the foliation plane. Presumably the ice at the 
snout was buried deeply and subjected to much stronger shearing stresses. The remaining 
diagrams do not show preferred orientations as strong as those demonstrated on the first two 
glaciers, but possibly this can be explained by more complicated activity as evidenced on the 
surface by much small scale folding and faulting of the foliation. It appears that the stronger 
patterns are in the more extensively m etamorphosed and presumably older ice. The foliation 
of this glacier also displayed much m ore granulation in certain layers than was found in 
either the Emmons or Malaspina Glaciers. 

THE POLAR GLACIERS 

As few or no fabric data had been collected from polar glaciers, it was recognized that to 
be complete, data should be obtained from ice which has flowed at temperatures below the 
freezing point. This seemed especially true as laboratory deformational studies were all being 
conducted at below freezing temperatures owing to the pressure m elting problems involved 
right at the melting point. An opportunity to collect such data came during the summer of 
1954 when the Snow, Ice and Permafrost Research Establishment sent several field parties 
to the Thule area in Greenland for ice, snow, and glaciological studies. II 

The Nuna Ramp in the Nunatarssuak area, Greenland (Figs. 6 and 7), about 50 miles 
(80 km.) north-east of Thule, is a gradual incline to the ice sheet and was chosen for this 
research because there is very little crevassing, indicating simpler flow conditions within the 
ice. It was hoped that the strike and dip of the foliation would be easy to obt3 in a t each 
location established for fabric study, b u t in many cases it was difficult to find, especially some 
distance away from land where only sm:lll shearing forces are set up. 

Three locations for study were also established on the Moltke Glacier usillg a h elicopter 
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and are shown in Figure 6. Two of these were near the sides in strong shear zones, and one 
in the center, all along a profile about 4 miles (6 km.) above the terminus. 

The fabric diagrams obtained from 11 stations on the Nuna I ce Ramp can be seen in 
Figure 7. At Location I, the d ensity of the points which represent the optic axes in the single 
maximum, exceeds 30 per cen t in I per cent of the area of the projection net. This station was 
only 875 ft . (270 m .) from the edge of the glacier in an area of well-developed foliation and 
undoubtedly in a zone which had been subj ected to high shear stress. Deduced from the 
direction of m ovement, foliation, and other m egascopic features, this ice would have come 
from near the bottom of the glacier. The c-axis in almost every crystal is essentially normal to 
the foliation pla ne, which m akes the glide planes in the ice crystals almost p arallel to the 
folia tion pla ne. The grain size was small with approximately 200 crystals in one round thin 
section 3 in. (7. 6 cm. ) in d iam eter. 

T he fur ther one progresses from the ice edge, the weaker the pattern becomes. This can be 
followed in the diagrams in the following seq uence : Location 2, o' 5 miles (0·8 km. ) from 
edge of the ice; Location 3, o ' 9 miles (I . 5 km. ); Location 4, I . 3 miles (2 km.); Location 5, 
I ·6 miles (2 ·6 km.); Location 6, 2' 3 miles (3' 7 km.); Location 7, 3 miles (4.8 km.); and 
Location 8, 4 miles (6· 4 km.) from ice edge. The pattern gets progressively weaker until 
Location 7 is reached, where the orientation appears to be random. The surface ice at this 
sta tion, only about o ' 5 miles below the fi rn line, probably has never been d eeply buried or 
subjected to strong shear stresses. Location 8 was a bove the fi rn line and also has random 
orientation of crystals, but this was clearly su perimposed ice caused by melt water from the 
last winter's snow refreezing on the cold ice surface below the snow. 

During the early part of the summer, superimposed ice was found at Location 6. This was 
the result of an increase in slop e for a short distance, which gave m ore protection from the sun 
during part of the day. The orientation of this 'superimposed ice (shown as Location 6A) is 
random as at Location 8. The d eeper coarse-grained glacier ice a t Location 6 was taken in 
August after the superimposed ice had melted away. 

The ice at Location II was taken only 600 ft . (180 m. ) south of the edge of First Nunatak 
in a strongly foliated area . The pattern shows the same strongly oriented crystals as in other 
areas of higher shear stress. 

At Locations I through 6, the shear couple imposed on th e ice in the la ter stages of 
deformation (deduced from foliation, direction of flow, and location) was probably one in 
which the ice to the east was being thrust over the ice to the west. The ice a t Location I J was 
undoubtedly subjected to a shear couple such that the north sid e was held by the nunatak 
while the south side moved in a westerly direction . 

The ice of the Nuna R amp flows in a westerly direction in to a north-south valley 500 to 
600 ft. (150- I 80 m .) deep along the western side of the ramp. The ice then flows both up-valley 
to the north and down-valley to the south for a sh ort distance. Two locations were established 
on the northward-flowing part of the glacier about! mile ( I . 2 km.) north of the trail. In 
general, the p a tterns from these locations show the axes of the crystals normal to the foliation 
plane, but th ere is a clustering of points into several maxima similar to those found on the 
temperate glaciers. 

The fabric of the Moltke Glacier also tends towards several maxima (Fig. 6). The reason 
for several m axim a clustered about the pole to the foliation, but not coincident with it, is not 
known but m ay be a recrystallization phenomenon. The shear couple imposed on the two 
locations nearest the sides of the Moltke Glacier was such that the ice toward the center 
m oved more rapidly toward the ocean, while the rock sides tended to hold the ice at its edges. 
This couple is shown in Figures 6 and 7. 

In 1955 a tunnel was driven about son ft. ( ISO m .) into the ice sheet near the TllTO Ramp 
about 13 miles (20 km. ) from Thule, Greenland. T he end of the tunnel was about 170 ft. 
(52 m. ) below the surface and cores were taken a t regular intervals along the sides and from 

https://doi.org/10.3189/S0022143000023716 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023716


hit;. •)• Fold near center of Malaspina Glacier as viewed from the air looking east-norlh-east. Expression of foliation can be seen in the linear features
parallel the fold axis. Features normal to fold axis are crevasses. Photograph taken only about 400 ft. {120 m.) above surface

Fig. 12. Illustration of recrystallization after deformation. Photograph on left shows block as it was taken from apparatus {after
polishing surf ace). Right-hand photograph sliows same block after three days in kerosene bath at —O'3° C. Compare especially
lower right-hand corner and right edge near upper right-hand corner for obvious boundary changes
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Fig. 9. Thin section of ice between crossed polaroids from 
near surface oJ Moltke Glacier, Greenland. Note differ­
ence in grain size betu;een the clear and bubb~)I laminae 

Fig. 1 0. Deformation apparatus with polaroid sheets attached to back and 
Jront oj glass. Ice section 4 x 4 in. ( IO'2 X 10'2 cm. ) originally 
made u/Jjrom 161 X 1 X ! in. ( 2' 5 X 2'5 X 1'3 cm. ) blocks, cut 
at various known orielltalions with respect to ol)tic axes, and jro<.en 
logether. Positions oJ original boundaries are indicated by a line of 
small bubbles entrapped 

Fig. 1 [. Thin sectioll oJ a specimen aJler dejormntion in a/'paratus shown in Fig . 10 
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Fig. I3. Thin section of laboratory d~rormed specimen of originally randomly oriented fine-grained ice. 450 

rotatioll of stage with crossed polaroids illustrates priferred orientation of the crystals after diformatioll. I,if! 
photogra/lh- minimum number rif grains at extinction, right photograjlh- maximum nllmber at extinction 

Fig. I5. Recrystalli zatioll in two bellt single crystals. Note recrystalli zation starting ill shar/lest /lart qf lower 
bend in lift-hand /lhotograph. Right-hand photograph shows almost com/Jlete recrystallization (white 
area) of original single crystal. Recrystalli zation of these two s/lecimens occurred at - 5 0 C. 
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Fig. 16. T wo ul)l )er photographs show thin section rif TUTO Tunnel ice in two IJositions to illustrate IJTiferred orientation rif optic axeJ. 
Fabric diagram oJ this section shown in Fig. 8. Two lower photographs show immediately adjacent thin sectioll after annealing Jor 
about olle month at 0 ° C. Original fine-grained structllre with strong IJTiferred orientation has changed to coarse-grained structllre 
a/Jparf1ltly w ith random orimtation 
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the bottom. In the back part of the tunnel very strong fabrics were encountered. The strongest 
pattern yet found by the author was from one section of a three-inch core taken 485 ft. ( 150 m.) 
back into the tunnel. This section contained 325 crystals with a single maximum ; 39 per cent 
of the axes were in I per cent of the areas of the diagram (Fig. 8). Almost 100 p er cent of the 
axes were in abQut 10 per cent of the area. The center of this maximum was almost exactly 
perpendicular to the foliation plane which shows that the basal glide planes of each crystal 
were parallel to the foliation (the most divergent being no more than about 25° to 30°). 

Fig. 8. Fabric diagram of Tuto Tunnel ice showing concentratjollS of optic axes up to 39 per cmt in 1 per cent of the area. 
Diagram also shows that the pole to the foliation plane coincides very closely with the maximum concentration if optic axes. 
Thin sec/ioll of this ice is shown in Fig. 16 (p. 600) 

On the Moltke Glacier, in particular, it was observed in several instances that the crystals 
near the surface, which at that time of the year were at the melting temperature, were con­
siderably larger than those only 2 or 3 ft. (0 ·6-0'9 m.) deeper in the glacier, where the ice 
was still below freezing or had risen to the melting point only very recently. This was especially 
noticeable in the almost bubble-free layers of the foliation. It appears that re crystallization of 
small grains into larger crystals (up to 7 cm. across) occurs very rapidly in the clear ice areas 
when the temperature reaches the melting point, perhaps in only a few weeks or months, 
which coincides Witll laboratory findings. The bubbles apparently inhibit the growth of 
crystals even at the melting temperature. Figure 9 (p. 598) is a picture of a thin section from 
Moltke Glacier Location I between crossed polaroid sheets, and illustrates the difference 
in grain size in the bubbly and bubble-free folia in the ice. The bubbles can be seen in the 
fine-grained region even between crossed polaroids. This section was taken within 6 in. 
( I 5 cm.) of the surface. Deeper in the ice the grain size was small and more uniform, similar 
to the fine-grained portion of Figure 9. Why the bubbly layers do not recrystallize as rapidly 
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remains a mystery, but perhaps the many small bubbles interfere with the migration of 
crystal boundaries, or possibly the strains are relieved readily by migrating to a bubble-ice 
boundary so that there is no need to recrystallize. In general, the ice in the active shear zones 
was less than I cm. in diameter and even smaller in the most active areas. Grain growth 
apparently is extremely slow in ice several degrees below the freezing point. 

LABORATORY ICE DEFORMATION 

Single crystals. Experimental laboratory work on the deformation of single ice crystals was' 
started in the fall of 1953 at the Snow, Ice and Permafrost Research Establishment. Apparatus 
was built to deform the crystals in a shear couple type of stress environment, keeping constant 
the distance between the sides which transmit the force. The ice-metal contact was saw­
toothed in order to prevent slippage and the crystal frozen to the mount with a few drops of 
ice water. Thick glass was placed on each side of the ice in order to see and photograph what 
was happening to the crystal. The specimens in this experiment measured I t X t X 1 in. 
(38 X 13 X 3 mm.). 

When rectangular pieces of ice were used, the ice began to bend and pull away from the 
saw-toothed sides after only a small amount of deformation. This difficulty was mostly 
eliminated by cutting the crystals in the shape of a parallelogram having angles of600 and 1200 

and deforming them in the direction which tends to make rectangles of the original parallelo­
grams. 12 

The force for deforming the ice was transmitted to the mount by means of wire and 
weights. The amount of deformation was measured by a linear displacement potentiometer 
which activated a Brown recording potentiometer to give a chart of deformation versus time. 

Uneven distribution of gliding, i.e. more movement on some glide planes than on others, 
always occurred and gave a final steplike appearance. 13 Sometimes most of the differential 
movement seemed to occur on only 3 or 4 planes while other specimens showed a much more 
even distribution of the active planes. It is believed that this variation in active planes from 
sample to sample caused the wide variations in shear strain rate. Some of these problems have 
already been discussed in a previous publication.14 

In the most favorable orientation for deformation where the glide planes were parallel to 
the direction of shear, stresses as low as 200 g. /cm. 2 gave shear strain rates of 2' 35 X 10 - 6 sec. - I. 

Stresses of 2,000 g./cm.1. gave shear strain rates which varied between 1'2 X 10- 4 and 8· 7 X 
10 - 5 sec. -I and 3,300 g.Jcm.1. gave rates up to 1·8 X 10-4 sec. - .1. 

Ice crystals could be deformed plastically only by gliding on the basal plane and by 
bending in such a way that differential movement could be made along the glide planes, 
similar to bending a stack of papers. The bent crystals rapidly recrystallized in the sharpest 
part :::-f the bend when the temperature was brought near the melting point (Fig. 15, p. 599). 

Polycrystalline specimens. Apparatus built to deform polycrystalline specimens by a shearing 
couple similar to that used on the single crystals was designed (Fig. 10, p. 598) to keep a 
constant volume during deformation, and took a piece of ice 4 in. square by t in. thick 
(10' 2 X I . 3 X I • 3 cm.) and deformed it into a parallelepiped where the two larger faces were no 
longe:- square. One-inch plate glass was used on the sides. Time lapse movies were taken of 
many of the experiments which ranged from two to six months. 

Three experiments were completed using an ice specimen made up of sixteen I X I X tin. 
blocks of ice frozen together and arranged like a checkerboard with known orientations of the 
c-axes. At a temperature of approximately _2 0 C., 100 to 150 pounds (45-70 kg.) of weight 
was used to deform these specimens which gave a shear stress of 50 to 75 pounds per square 
inch (3,515 to 5,273 g./cm.2). In It to 2 months the deformation was completed to the 
maximum movement of the shear apparatus which was about I! inches. During this time 
new crystals were formed with considerable migration of grain boundaries. A thin section of 
one of these specimens gave about 135 grains from the original 16 (Fig. I I, p. 598). These 
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were measured with the universa l stage and the pattern showed a weak maximum parallel 
to the short diagonal of the parallelogram. 

The first specimen deformed in this way was photographed after completion of the 
deformation, then placed in a constant temperature kerosene bath at -0.3° C. In three days 
it was photographed again and many changes in the position of the crystal boundaries could 
be seen (Fig. 12, p . 597). Crystal growth after annealing at -0.3° C. for 3 days can be seen in 
the lower right-hand corner of Figure 12 and along the right-hand side near the upper 
corner. The left photograph was taken before annealing and the right one after annealing. 

Fig. I4. Fabric diagram of thin section in Figure I3 

The next experiments on polycrystalline ice were done using a fine-grained "snow ice" 
which, for all practical purposes, had random orientation of the coaxes. Snow was sifted into 
a container, which was then filled with water at freezing temperature and frozen into ice. 
The ice crystals took on the original random orientation of the snow. A smaller apparatus was 
built which took specimens (before deformation) 2 X2 Xi in. (5I X5IX9 ·5 mm.). This 
apparatus was built exactly like the larger one, but was easier to use as it did not require 
such heavy weights. 

As the pattern proved to be weak with just one movement as far as the apparatus allowed, 
it was decided to shear it back and forth along the same plane by reversing the shearing couple. 
Mter 6 or 7 reversals the specimen was taken out and a thin section made. The 2 X ~ inch 
thin section (Fig . 13, p . 599) contained 346 crystals which by this time showed quite strong 
preferred orientation of the coaxes. Here two maxima were found, one perpendicular to each 
of the two shear directions in the specimen (approximately 90° to each other) . This was the 
first strong fabric found by the writer in laboratory deformed ice. The two pictures in Figure 13 
were taken of the same slide but with one rotated about 45° to the other in order to show the 
preferred orientation. Figure 14 shows the fabric diagram from this thin section. 
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Recrystallization. As mentioned above, recrystallization of ice deformed in the laboratory 
occurred rapidly when the temperature was raised to the melting point or very near it. In 
bent crystals recrystallization progressed most rapidly at the sharpest part of the bend where 
the lattice had been strained the most and where one would expect to find the greatest 
internal stress on the crystal structure (Fig. IS, p. 599). One might say the atoms have been 
somewhat displaced from their regular locations and are in uncomfortable positions in the 
deformed crystals and recrystallization proceeds rapidly at higher temperatures in order to 
allow them to move into their proper relations to one another. Recrystallization after deforma.:. 
tion is much retarded at lower temperatures and is extremely slow below about -5° C. 
Below about -10° C. recrystallization appears almost to have stopped. 

The ice from the tunnel in the ice sheet near Thule, Greenland, showed extremely strong 
fabric, the highest the author has found. A two-inch (5' I cm.) length of the core, taken 
adjacent to the thin section showing the strongest pattern was "annealed" by placing it in a 
sealed jar, which in turn was placed in an ice-water mixture for over a month. The ice-water 
mixture was in a large vacuum flask in a box which was maintained between 0° C. and 
o· 5° C., and every week the ice-water was examined and more ice added if necessary. 

In addition to an analysis of the thin section from the end of this core section, it was also 
examined by slightly etching the surface and the same fine-grained structure found in the 
thin section was seen throughout. Mter annealing this section of core for over a month, the 
specimen was removed and another thin section made. Sixteen large crystals now made up the 
entire section instead of over 300 as found before annealing. These sixteen crystals were 
oriented on the universal stage, but there were too few to reveal any kind of fabric pattern. 
The spread was much greater than even the most divergent of the crystal axes found in the 
original section from the same core of tunnel ice. The two upper photographs in Figure 16 
(p. 600) show the thin section (in two positions about 45° apart) which gave the fabric 
diagram in Figure 8. The two lower photographs show the thin section from the adjacent 
bit of core after annealing for over a month at 0° C. The two positions of this section between 
crossed polaroids illustrate, to some extent, the apparent randomness of the crystal orientation 
of the 16 crystals. 

Thus, it is believed that one could not expect the same type offabric in temperate glaciers, 
where the ice is at the melting point most of the year, as one finds in polar glaciers where the 
ice is below freezing the year around. Ice would be expected to recrystallize very rapidly 
under melting conditions when the crystals are strained as they must be at times in flowing 
glaciers. Instead, considering their temperatures, perhaps it is surprising that such strong 
fabrics are found in temperate glaciers. There must still be some controlling factor to the 
pattern during recrystallization, and this factor is probably the stress environment under 
which the ice is constantly recrystallizing. 

GLACIER FLOW 

It is necessary to recognize at least two significant processes promoting glacier movement 
other than "solid flow". One of these, sliding on the base, leaves its evidence on the bedrock 
beneath in the form of grooves, striations and glacial polish. The second, and probably the 
less important, is the actual break and slipping of one mass of ice over another, i.e. faulting. 
Faulting may be important only in the upper 100- I 50 ft. (30-50 m.) of the glacier. Probably 
the most important type of fault displacement which promotes downhill movement is thrust­
ing. This is especially obvious near the terminus of most glaciers. However, faulting in the 
crust is merely an expression of a more fundamental type of "flow" at depth, and the subject 
of "solid flow" is the principal concern here. 

The following observations should be kept in mind when formulating a theory of ice flow: 
I. There is usually a well-marked foliation in ' active glacier ice which appears to be 

parallel to the actual direction of movement within the ice. In most glaciers the foliation is 
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very strongly developed near the sides and bottom. Chamberlin and Salisbury 15 attributed 
foliation to shearing in moving ice. Perutz and Seligman,I6 among others, have also related 
it to differential movement. The conclusion is drawn that the foli a are metamorphic features 
developed by flow in the glacier, and that in general the greater the differential movement 
the better develo'ped is the foliation. 

2. Lattice orientations in glacier ice usually show strong preferred directions. In polar 
glaciers, the c-axes stand perpendicular or nearly so to the "foliation" plane. In temperate 
glaciers, the several directions (3 or 4) of preferred orientations may be the result of recrystal­
lization in a nearly stress-free environment at or near the surface of the glacier. These three 
or four preferred orientations still show a relationship to the foliation plane, although it is 
difficult to ascertain just what the control is. Schwarzacher and Untersteiner 17 suggest that 
several m axima in the fabric of glacier ice may be due to the presence of several shear direc­
tions in the glacier. 

3. Crystal size increases with temperature and. time in glaciers in the inactive or stagnant 
state, whereas the size decreases with increasing strain rates in the more active glaciers. 

4. Laboratory experiments show that deformation of polycrystalline ice tends to decrease 
the grain size, but melting temperatures tend rapidly to recrystallize this ice which has been 
deformed, into larger crystals. During deformation of laboratory specimens, large crystals 
have been seen to recrystallize into many smaller ones, while fine-grained deformed ice (both 
laboratory-deformed ice and fine-grained glacier ice) has been annealed at the melting 
temperature into a few large crystals with different orientations from the original pattern. 

5. I ce folia containing many small bubbles recrystallize after deformation much more 
slowly at the melting point than clear, bubble-free areas. _ 

6. There is some evidence that actual granulation of coarser grained ice may occur in 
very active glaciers, especially near the surface, thereby reducing the grain size. 

7. Ice glides very easily on the basal glide plane if stress is added in the proper direction, 
but it is easier to bend the glide planes than to make them slip in partially unconfined single 
crystals as noted in several experiments. The bent crystals recrystallize very easily under the 
proper temperature conditions. 

8. Some sections of fine-grained ice from strongly foliated regions of polar glaciers, give 
the over-all appearance of some elongation of crystals parallel to the direction of movement. 
This direction tends to be perpendicular to the crystallographic c-axes as the grains are 
oriented with the basal glide plane nearly parallel to the foliation. However, in temperate 
glaciers, crystals do not tend to be longer in one crystallographic direction than the other, as 
far as can be observed in thin section. Because the whole aggregate of crystals in temperate 
glacier ice commonly is an interlocked network, which thin sections will not reveal,I8 it is 
possible that these large irregular crystals could be generally longer in one crystallographic 
direction than in another. 

g. No evidence of mechanical twinning is seen in the thin sections of deformed or glacier ice. 
10. Strain shadows are rarely seen in thin sections of temperate glacier ice, but are 

frequently seen in polar glacier ice and in laboratory-deformed specimens (see Fig. 12). 
I I. In a temperate glacier, ice is deformed and recrystallized at the melting temperature, 

which gives the maximum ionic or molecular mobility. 

CONCLUSIONS 

Ice appears to be very sensitive to shearing forces and the fact that the glide planes are 
found parallel to the foliation in polar glaciers indicates that crystals under stress assume a 
preferred orientation in order to yield most easily to that stress. The strength of the pattern 
appears to be more or less proportional to the strength of the shearing forces imposed on the 
ice. During recrystallization the orientation patterns due to deformation may be preserved, 
but the patterns from temperate glaciers indicate that recrystallization under melting condi-
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tions probably tends to change the strong orientation of crystals from a single maximum with 
optic axes normal to the foliation plane into three or four maxima, none of which may 
coincide exactly with the pole to the foliation plane. Laboratory experiments indicate that 
preferred orientation of crystals may be lost completely when ice is recrystallized under 
melting conditions in a stress-free environment, but more data are needed before final con­
clusions are drawn. It is very likely that ice now at the surface of temperate glaciers did not 
recrystallize in a completely stress-free environment. 

Nevertheless, it seems safe to conclude that proper orientation of the crystal in order to 
glide on the basal plane is very important in the "flow" of polar glacier ice, and that in 
temperate glaciers, gliding plus recrystallization or continual boundary migration is important 
to the flow. 
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