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ABSTRACT

Optical orientation of approximately 5000 ice crystals was
dgtermined on the Bmmons Glacier in 1950, the Malaspina Glacisr in
1951, and the Saskatchewan Glacisr in 1952, by means of a 6-inch
universal stage mounted between crossed polarold sheetss The crystals
measured were Qe2=~6 inches across, and from three To eighty wers
included in sach 4% % 6=inch bhine-sscblons The optic axes when plottsd
on & Schmidt egual-area projection, form consistent patterns which
appear to be related to the foliation in the ices The patlterns usually
feature Tour strong maxima al the corners ol dismond shaped guadranglese
Concentrations of axes as high as 26 per cent in 1 per cent of the area
wers recordeds

Two possible mechanisms for producing common orientabtion of the
crystals in glacier ice seem plausibles One is "instanteansous re-
orystallization™ by means of which the eboms in a lattice become
energized under stress and rearrange themselves into more comfortable
positions. The second is the growth of crystals favorable to defor-
mation on glide planes at the expense of those which are unfavorably
oriented for gliding and consequently become strained and develop
higher free energys

From the study of fabric patterns in glaciers it seems likely that
the crystals are oriemted in such a way as to allow gliding either on
two glide planes othsr than the well-known basal plane, or on the basal
glide pleme with the patbern later being changed by recrystallization,
possibly by an ordered response within the crystals to the relaxation
of stresses. This might be compared to anmealing behavior in metalse

It is postulaeted that "solid flow" occurs in ice by deformation
on glide planes and continuous recrystellization with migration of
grain boundaries as local stresses on each crystal slowly changse The
preferred orientation of crystals is probably developed by growth of
crystals favorably oriented for gliding at the expsnse of the otherse
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STUDIES OF CRYSTAL FABRICS AND STRUCTURES IN GLACIERS

INTRODUCT ION
Gonoral Statement

Crystal fabric studies offer s promising method of attack on the
still troublesome problem of ice flowagee Glacier ice has recrystallized
and flowed under stress and is truly a metamorphic rocke. Therafora,
application of the technigues of structural petrology to glacisrs may
eventually contribute to the problem of solid flowage‘in the more durable
rockse DBecause glaclers are monomineralic and flow in an observable
enviromment on the surface of the earth, they should provide ideally
simple subjects of study ln comparlson wlth the more complex metamorphic
rockse Surprisingly littles crystal febric work has been done on glaciers,
that of Perutz (1940) in the Alps and of Bader (1951) in Alaska being the
begt known. The extensive studies of the late Max Demorsst regrettably
are largely unpublishede. The sbudies reported here demonstrate impressive
fabrics within glacisr ice and raise a number of intriguing questions as
to the mechanics of orientation and solid flowe

Ice, at the pressures and btemperabures attained in glaclers, is in
the hexagonal system, probably in the ditrigonal-pyramidal class sz
(Palache, Berman, and Frondel, 1944, pe 494), although some recent work
suggests that it may belong to the dihexagonal-pyramidal class Cgy ond
that it is hemimorphous with a polar hexagonal main axis {Rossmann, 1950).
Ice, being optically uniaxial like guartz, lends itself readily to universal
stage techniques in which the orientation of the optic axis can be easily

measured in thin-sections and plotted for statistical analysise
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Gleciers Studied
Studies were made in the ablation zons of three widely separatad
tempsrate glacierse The resesrch was commenced on Bmmons Glacier, Mount
Rainier, Washington, during the summer of 1950 and was continued during the
month of August, 1951, on Malaspina Glacier, Ste. Elias Range, Alaskae
These investigetions were completed in July and August, 1952, on Saskat-
chewan Glascisr of the Columbia Icefisld, Banff National Park, Alberta,
Canada. The Emmons and Saskatchewan glaciers are typical valley glacliers

and the Malaspina is the type specimen of a piledmont ics sheet.

Structural and Crystal Relations in Glaciers

Glacier ice commonly shows & regular planar structure usually
consisting of alternate layers of relatively clear and bubbly ice,
approximately Oe5~l inch wide. On Saskatchewan Glacier the planar
structure in many places consisted of layers of fine-grained, possibly
granulated, ice, alternating with coarser-grained bubbly iece. Chamberlin
and Selisbury (1909, pe 247) called this planer structurs foliation, and
most glaciologists since that time have followed this terminology.
Orientation of the foliation was measured as accurately as possible with
& Brunton compass on the three glacisers studieds It appears that the
fabric of the glaciers is related to the foliation, but this will be
treated in more detail latere The fabric investigations were supplemented
by and integrated with studies of the megastructures and rates of movement

where 1t was possible To 40 80e

Methods and Equlpment Used

Universal stagee- A universal stage (fige 1) with four axes of

rotation, thersfore comparable to a thres-axis stage mounted on a rotating

mieroscope stage, was designed and built by Rudolph von Huene, of the
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'vCalifornia Institute of Technology. according to the author's spscifica-
tionse. This stage, mounted between two 6-inch squares of polaroid,
accommodates a 45 x B-inch thin-section of ice. It was machined out of
brass and aluminum to prevent rusting by meltwatere The support for the
stage also serves as a carrying case, making & compact and portable field
unite

Thin-sectionse- Thin-sections of known orientation were prepared

from slabs of firm, clean glacier ice (fige 3)s After debris and loose
surface grains had been removed, the surrounding ice was chopped away,
leaving a projecting block, from which several thin-sections were cutbe
Sections were taken at approximately two-inech interwvals, so that the same
ice crystals were generally not included in different thin-sections. BEach
section wes cut sbout 3 inch thick and "grownd" to proper thinness by
melting under a cooking pan filled with warm watere The bottom of this

pen had been turned on a lathe to complete flatness and was applied to

the ice slab with rotary motion. When the section was about 1/8 inch
thick, it was placed on the stage, as thinner sections broke too easilye
The final melting took place in 1 or 2 minubtes by contact with the air

or with the glass cover plate and stagee. When the ice had melted to a
thickness of about 1/16 inch, extinctions could be measured without appre-
ciable error, although the interference colors were still high. By working
rapidly and with the aid of a recording assistant, almost every grain could
be measured before the section broke up or melted swaye

Plotting of dat@e= Fabric diagrams were made by plotting the optic

axes on the lower hemlsphers of a Schmidt equal-area projection in the
conventional menners In studies of metamorphic rock fabrics, the optic
axes of 400-500 quartz grains are frequently plotted on one diagrame

Experience indicates that the fabrics in gleciers are so strong that 100
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'grains will easily reveal the pattern et any ome location, and it is
possible that too many grains confuse or disperse the pattern because of
the increased sizs of the area from which they must be taksne This was
demonstrated at several locations on Emmons Glacier where sections taken
on successive days were separated by several inches because over night
molbing loosonod tho grains and necessitated a new source of ice slabs.

One hundred or mors grains were measursd at each location on the
-

Emmons except where extremely large crystals required numerous sectionse
Later, on the Malaspina and Saskatchewan glaciers a minimum of 200
erystals per location was possible becausse the sections were cut verticaily,
the diagrams were later rotated, allowing more sections to be taken from an

area of comparable siza.

Sources of errore~ No hemispheres were used with the universal

stage, and imclinations of the stage of mnearly 68° were required to
measure axes inclined 45° to the thin-sectione At such high angles,
errors may have crept in. Inclinations of the axes of many grains which
were oriented between 40° and 50° to the thin-section wara measured,
first, by orienting the optic axis parallel to the lime of sight and,
second, by bringing it parallel to one of the horizontal axes of the
universal stage, which should give the complement of the angle measured
by the first procedure. The sum of these angles totaled about 80° instead
of 90°, even though corrected for index difference between ice and aire
These errors may have besn caused by various factors or combination of
factors, such as the diffisculty in locating the exact extinction at high
angles, or becauso no moens was available for keeping the lins of sight
exactly perpendicular to the plane of the stages Thick sections of a
erystal appear dark over angles of 20°-30° as one attempts to orient the

optic axis parallel to one of the horizontal axes of the universal stags,
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“but this factor should not have besn important because the sections wers
allowed to melt until they showed sharp extinction positions. Professor
Fo Jo Turner (personal communication) suggested that errors in measure-
ments of axis orlentabtion might arise from ice that had been strained
enough to be blaxial, with an opbic angle of several degrees. The bshavior
of ice in this regard 1s not known but the lce erystals did not appear to
be biaxial on the universal stage.

Since the exact error is not known for each measurement snd as it
vory probably decrsagss with decreasing angles, mno correction has beon
made in plotting the datae It is believed that this error is no greater
than 5° in any instance, and this will not affect the fabric patterns
apprecisbly., The effect of the error for axes of high inclination is
seen in the shape of contours for certain maxime located about 45° from
the center of the fabric diagrams. At this angle the maxima tend to splite
This is exemplified by the right-hend maximum at locations 3A and 4 on the
Emmons Glacier (fige 2)e Because the critical angle for ice is between
49° and 50°, measurement of the inelination of optic axes making angles
between 90° and 45° with the plane of the thin-section was always aepproach-
ed by the method of orienting the axis parallel to the line of sight. For
axes inelined from 0° to 45° to the thin-section the method of orienmtation
was always to bring the optic axis parallel to one of the horizontal axes
of the stage. Since the measured angle apparently is always less than the
true angle, a deficlency of points on the fabric diagram results at sbout
the 45° positione

No doubt some grains appearing as separate units in a two dimension-
al thin-section were actually parts of the same crystal, and some errors of
this typs cannot be avoided. However, in an attempt to minimize this influ-

ence, recordings wers made oanly vnce ol duplicabte orlieatations in the same
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" area of the thine-section. In coarss—grained ice only ons recording was
made for duplicate readings over the entire slidee Whensver several
grains extinguished together on all axes of rotation, it was assumed that

they were all parts of the same crystal following Bader (1951, fige 2)e
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EMMONS GLACIER
Location and Physical Setting

Emmons Glacier on the northeastern side oif Mount Rainier, Washington
(map, fige 2), is the largest of the twenty-six glaciers flowing radially
down the flanks of this large volcanic cones It is nearly 6 miles long and
flows in & northeasterly direotion, boing confined at lower elovations by
steep oanyon walls and morainese Most of the lower 2 miles of the glacier
is covered with ablation debris consisting of rock detritus from the finest
grains to blocks more than 10 feet in diameter. Two tongues of faster-
moving bare ice extend down into the debris=-covered area along the southeast
side (fige 4)e The terminal and the northwest marginal parts of the glacier
have an exceptlionally thick cover of ablation debris and are believed to be
essentially stagnante Geological and historical evidence (Matthes, 1944,
pe GB81) indicates that Bmmons Glacier has been retreating and thinning for
at least 50 yearse At the climax of the last advance, the ice was 150-200
feet thicker over the lower 2 miles than at presente.

Bmmons Glacier was chosen for fabric studies chiefly because of
simple goometric relations in the tongue and easy accessibility afforded
by an automobile road ending only le5 miles from the glacier snout. Camps
were established along the northwest margin of the glaciere Field work

extended from mid-July to the end of August, 1950

Rate of Movement in the Emmons Glacier

Instruments and procedurese~ Surface velocities werse measured at

four locations on this glacier during the field periode At each location
a stadia rod was set in horizontal position on the glacier, and readings
were taken from fixed sighting stations on the northwest lateral morains

by observing the movement of the rod past the vertical cross-hair of a



Fig. h.- Lower part of Zmmons Glacier viewed from the
northeast. Photograph by B. H. Bleler.

Fig. 5.- Stadia rod for movement studies as set up on

zlacicr. Dobris-coverced cones at base of pipes
show method of stabilizing pipe. Distance from
surface 1o man's finger on pipe demonstrates
ablation in 12 days.
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“twenty-power Ainsworth transite In order to minimize temperature effects
on the instrument and because it had to be moved from one location to
another twice sach day, the following sighbing procedure was arrangeds
At each instrument site on the lateral moraine, pipes with brass heads
threaded to fit the transit were fimly set in concretee At a distance of
30=50 fest toward the glacier from each transit position, depending on the
space available, another plpe, topped with a sharp-pointed cone, was set
in conecretes. The cross-hair of the transit was centered on the tip of
this cons before a reading was made on the horizontal rod on the glacier,
thus assuring return of the instrument to the initial positione

The stadle rod was clamped to two aluminum pipes sebt 6 feet iobo
the ice (fige 5)¢ The holes for these pipes were made with drills based
on & design used by Ahlmenn (1935, pe 31) in Spitsbergen. Initially,
differantial ablation around the pipes caused them to tilt, throwing the
rods out of position, but this was overcome by piling a comne of sand around
+he base of each pipee The sand not only prevented most of the melting but
also sifted into any opening which developed between the plpe and the ice,
thus keeping the pipe rigid at all times.

Resultse= Movement readings were recorded daily at locations 2, 5,
8, and 10 (fige 2) for periods of 20-30 dayse. Stations 2, 5, and 10 were
on the longest active ice tongue and in a line parallel to the direction
of movement, 2 being 900 feet down-glacier from 5, and 10 being 660 feet
below 2, or 1,560 fest ffom 5e The average movements recorded for each
of these stations were 92 inches per day at location 5, Tel inches per
day at 2, and 34 inches per day at 10 Similar down-valley decreases in
movement have been recorded on other glaciers (Reid, 1896, pe 912; Hess,
1904, ppe 128-148; 1933, ppe 38=41; Finsterwalder, 1937, pps 92-93;

Drygalski and Machatschek, 1942, ppe 108-109; Matthes, 1946, pe 223;



Renaud, 1952, pe 54)e The rapid reduction in rate over such a short
distance on Emmons Glecier suggests that the ice is practically stagnant
closer to the snout of the glaciere It also implies surfaceward movement
of the ice (Demorest, 1942, ps 45), for gradual conversion of the hori-
zontal component of flow into an upwerd direction appears the best
mechanism for explaining the down-valley decrease in horizontal movement
as well as the meintenance of the glacier's surface profile in the face
of rapid eblatiome A possible structural indication that this actually
happens is afforded by the clear lice laminae or folla, OeS~l1 inch wide,
dipping up-glacier at a steep angle in this part of the glaciere This
structural feature was not always as regular or as well developed on the
Emmons as the foliation on the other two glacierse

The down-valley movement at location 8 on a medial moraine northe
west of station 2 averaged 3¢5 inches per day, confirming the impression
previously geined from the ablation mantle that this ice was less active

than the clear ice streams at the same elevation on the glaciere

Ablation on Emmons Glacier
Whenever pipes were sunk into the glacier to support stadia rods,
marks were made on them level with the ice surface in order teo record
ablatione Figure 5 shows the amount of ablation after 12 days at location
10« The average sblation measured at the three movement stations (loca-
tions 2, 5, and 10) on sctive ice was 3.1 inches of ice per day from mid-

July through mid-Auguste

Glacier Fabric

Introductory statemente~ Thin-sections were made, and orientations

of optic axes were measured at eleven locations on Emmons Glacier by

means of the standard univorsal-stage procedures. Six of these, locations
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2, 35 45 5, 10, and 11, are on the longer of two tongues of clean active
ice in the central part of the glacier (fige 2)s Two, locations 8 and 9,
are about 100 feet apart on a medial moraine north of location 2+ The
ice at locations 6 and 7 near the snout and at location 1, high on the
northwest side of the glacier, appears to be essentially stagnant and
consists of excepbiomally large grains, up to 6 inches or larger in dia-
meter and with more regular boundaries than in the active icses Grains
in active ice averaged l-2 inches in diameter and had apophyses extending
irregularly between other grainse. Moat of the seemingly smaller grains
observed in thin-sections proved to be the corners or tapering ends of
larger crystals when examined in successive parallel thin-sections made
at l-inch intervals. No zonmes of small grainms, possibly indicative of
clastic deformation or mechanical grinding, were noted, except for one
area less than 1 inch sguare, which did have numerous small grainse

The average number of grains per section was 18, but as many as
40 wore found in a few sectionse Near the glacier's snout, some sections
had as few as 3 grains. Fortunately, these were rare, and the average
number in areas of coarse-grained ice was 6 per sectione

Pattern of fabric diagramse- The fabric diagrams obtained at

eleven locations on Emmons Glacier are shown in figure 2 Each diagram

is in the horizontal plane, and all are oriented in accordance with the
map, north at the tope Many of the diagrams have four strong maxima
erranged at the corners of & diamond-shaped quadrangle. Some concentra-
tions are as high as 26 per cent in 1 per cent of the area. A few diagrams
have other wesker maxima superimposed on the diamond pattern. The data
for diagram 3A (fige 2) were obtained from sections taken within an area

about 14 x 18 inches on the glaciers The axes plotted in 3B (fige 2)
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were obiained from a 9 x 6-inch arca located 6-8 inches down the glacier
{rom the 3A areas The initial expectetion was that the grains in the
sections from both areas would all have about the same general orienta~
tion, but upon plotting. they proved to be different and have, therefore,
been separsateds It is surprising that orientations of such distinet
differences occur in areas only a few inches aparte Following this dis-
covery, other diegrems, showing optic exes scattered away from the four
principal mexima, were replotted by grouping the data from sections
closely associated in locautione Stronger diamond-sheped patterns resulted,
even though the number of axes per diagram dropped below the desired mini-
mume A re-examination of field notes showed that the thinesections for
location 11 had been taken from two areas about 8 inches aparte Figure
6 shows the change in pattern obteined by plotting the data from these
two areas independentlye The thin-sections for location 1 were taken on
successive days from three locations a few feet aparte When these were
plotted separately, the four-point pattern appeared more strongly at two
of the three spots, but the number of points in each was too small to
make & relisble disgrame

The significence and possible interpretation of these diagrams
will be considered after data from the other twe glaciers studied have

been describede
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LOCATION 11A LOCATION 118
94 GRAINS 68 GRAINS
/*‘h-\\'\\\

Fig. 6.~ The thin-sections at location 11 (fig. 2) came from
two areas about § inches apart. When the data from these
two areas are plotted independently, as above, stronger
patterns result: compare diagram for location 11 on

P

figure 2.

#ig, B.= A fold near center of Valaspina Glacier as viewed
from the air looking sast-northeast. Expression of the
foliation can be seen in the linear features parallel
to the fold axis. TPhotograph taken from about L00 feet
above the surface.
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MALASPINA GLACIER
Introductory Statement

The fan-shaped Malaspinse Glacier lies on the southern Alaskan
coastal plain et the base of the Ste Elims Range and is one of the
largest piedmont glaciers in North Americee It is a shest of ice, about
28 miles across in ilts narrowest direction, which covers sbeut 1000
square miles (fige 7)s It is fed primarily by the Seward Glacier drain-
ing from a great intermontane basin in the heart of the Ste Elias Range
which is enclosed by a series of lofty pesks end ridges including Mounts
Vancouver, Cook, Augusta, Ste Elias end Logans The surface of the
Malesplna ranges 1in elevatlon from about 2500 feet at the Seward outlsi,
the point where the Seward Glacier empties into the Malaspine ice sheet,
to almost sea level mear the southern edge where, at the turn of the
century, waves broke ageinst the ice et Sitkegi Bluffs (Russell, 1802,
pe E7)e

In July, 1951, & camp wes esteblished e littls south of the mid-
point of the Malaspine under the supervision of Re. P« Sharp of the
Californie Institute of Technology as part of "Project Snow Cornice™
directed by W. A. Woode The Arctic Institute provided a helicopter and
pilot to establish and supply the cemp, which enabled the group to func-
tion with relatively greater efficiency, and made possible the use of
considerable heavy equipment. A conventional sircraft was alsc ussd
during the first half of the summer to bring eguipment end supplies from
Tekutat to the helicopter base on the beach, near the glacier margine
After tragic dissppeerance of thisz airplene in the latter part of July,
supplies were brought to the beach camp by boat through the courtesy of

Bellinghsm Camning Company esnd R. Gildersleeve and Earl Sthobere
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The weather on the Malaspins was foggy, rainy or overcast much of
the time, and wind was rarely absent. Most of the time, except during
storms this wind blew from northe-northwest, the dirsction of the Seward
Glaciere It was probably & gravity current of chilled air moving downhill
along the surfacee

Seismic end gravity sxzploration was carried oub by Ce Re Allen and
Ge Ie Smith, while structural studiss of the ice and obther glaciological
observations were conducted by Sharp end De Re Baker, all from Calteche
The suthor undertock te work out relaetions of the crystal fabric to the
larger structure of the glacier by means of the thin-section and universal-

stage techniques used on the Emmons Glscier in 1950 (Rigsby, 1951)e

Selsmic and Structural Observatlions

The ice was found to be approximately 2000 feet thick at glacier
cempe Southward toward the mergin for ebout 4 miles, seismic reflections
showed nearly constent thickness with only minor irregularities, but
farthsr south the ice became thinner (Allen and Smith, in press)e North~
ward the thickmess decreased to ﬁbouﬁ 1700 feet & miles from camp where
the seismic profile had to be discontinued because of transportation
difficulties and poor reflections in heavily crevassed regionses Since
the subglacial floor is 600 feet below sea level at the glacier camp, the
glacier must ascend a gentle slope in rising to some tens of feet above
at its outer edgee

The folistion in Malaspine CGlacier is extremely regular and well
developede Neer the glacier camp it had an average strike of about N.
70° Bo and dipped 68°-78° NNW. The dip became somewhat less towsrd the
outer‘margin of the glacier. For example, about € miles south of camp

the folietion dipped &bout 53° N., and Sharp (personal communicetion)
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reporbs a dip of 40° Ne about 9 miles southeast of the glacier cempe
Although only a smell amount of detailed structural mepping was accome
plished, the over-all structural picture seems reasonably clear and simple
from merial observations and the study of air photographse In the areas
visited by the author, the folistion strikes approximately at right angles
t0 & line drewn from any point on the margin of the Malaspina to the
Seward outlete This probably holds only for that part of the Malespina
fed by the Seward Glaciere This line is presumebly a flow direction, and
the lines perpendiculsr to the foliation have a fan shaped arrangemente
The more gentle dip of the foliation outward toward the margin probebly
is an expression of the fact that the dip becomes shallower with depth,
possibly becoming almost parallel to the floor near the bottom of the
glaciers Tensional cracks (crevaesses) observed fanning outward from the
ice outlet smd striking at about 90° to the foliation, are probably
caused by spreading of the ice sheete

The axis of a fold in the ice striking between 65° and 70° lies
aboul 2000 feet north of cemp (fige 9)e This fold showed on the surface
as dirty bands, usually several tens of feet wide, alternating with bands
of clean, somewhet hummocky ice. This relation was best seen from the
eir (fige 8)e Because the folded structure is expressed only by a sur-
ficiel accumulation of a thin layer of silt and dirt, no information as ”
to plunge or dips on the flanks could be obtaineds It must plunge,
however, as the surface of the glacler is essentially flat, and the oute-
crops of the dirty layers still curve around the nose of the folde I%
cennot be discerned whether the fold represents a plunging syncline or
enticlines This surficial esccumulation is probably a residual concentra-

tion resulting from hundreds of feet of ablation. Ice below the surface
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of the dirty bands appeared to be just as clesn and free from debris as
the ice beneath the dirt-free bandse Folietion in the ice does mnot change
direction with the bands around the nose of the fold but passes through
parallel to its axial plane and the glacier surfacee The contact between
the dirty ice and the clean ice around the nose of the fold is disturbed
by meny smell offsets, all of which are parellel to the foliation, and in
this sense the structure resembles shear folding (Billings, 1947, ps 90)e
Near the margin, the folding is more visible because of the much
greater smounts of debris in the dirty layers of icee Here too the
foliation in the ice appears to parallel the axial plenes of the foldse
It is difficult to ascertain whether these folds are formed by slip
aleng the foliation planes, or by the phenomena of flowage foldings FPer-
haps deteiled mepping can solve this enigma, and fabric studies mey help

throw some light on this and other structural relations in glaclierse

Fabric Dlisgrems

Fabric diegrems from seven locations on the Malaspina Glecier are
shown in figure 7e Oriewbation of the c-axis in 200 to 250 crystals was
measured at each location. Sections of ice were taken in & vertical
plene parallel to the strike of the foliatien, because vertical sections
are much easler to cube The fabric diagrams have been rotated to a
horizontel position, corresponding to the Emmons Glacier diagramse Most
Melaspine disgrams show four streong mexime errenged at the cormers of a
diasmond-shaped quadrangle, thus resembling the Bmmons Glacier disgramse
Howsver, ons difference should be notede The pole to the foliation plane
is not near the center of the pattern as on the Emmons, but it is con-
sistently closer to ons of the maxime.

Two of the Malaspina locations were on opposite flanks and one on
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the nose of the fold near the glacier camp as described in the preceding
paragraphse It is cleér thet these diagrams, which are plotted in
figure 9 with the map of the fold, are mors clesely related to orients-
tion of the folistion plane than to the location of the ice sample on the
folde It will be noted that thers is almost no difference in these three
fabric patterns. It can be seen in flgure 7 that there 1s & ¢lose slnmle
larity of all the Malaspine diagramse

The conclusion drewn is that the foliation in Malespina Glacier is
ceused by shearing movemsnts along closely spaced planes in response to
stresses developed in the ice moving oubward from the source at the Seward
outlet, and the relative movement between adjacent planss might be res=-

ponsible for the folded sppearance of the debris layering in the glaciere
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SASKATCHEWAN GLACTER
Introductory Statement

During the summer of 1952 fabric studies were underteken on the
Sasketchewan Glecier in Banff National Park, Alberta (fige 10)s This
glacier, draining from the Columbia Icefield, was chosen because of
accessibility and simple geometric relaticns, at least as suggested by
serial photographse A passable road extends to within about 0ef mile of
the Sasketchewan terminus, and the Alpine Club of Canada has a cabin
sbout lef miles below the ice, which was extremely useful for eguipment
storages The glacier has no ice falls in the main channel, and it was
hoped that the structure would be less complicated then in the Athabaske
Glacier a few miles farther northe

The Banff Park Service moved two loads of equipment and supplies
4 miles up the glacier with & short-coupled four-wheel drive trucke. This
vehicle crossed the coarse oubtwash and the swllt Saskabechewan River with
little difficulty, and under the skillful hendling of Park Warden William
Black it traversed the hummocky surface and supserglecisal strsams of the
glacliers

In genseral the weather was goode Early July and late August were
cloudy with some rain, but the middle of the summer produced a long stretch

of almost cloudleoss akiose

Selismic and Movement Observations
Ce Re Allen made severasl seismic soundings of the glacier during
the early part of August and found the ice to be approximately 1400 feet
thick ebout five miles up the glaclier, with a gradual thinning toward the

snoute The maximum thickness was somewhat greater than expectede
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Merk Fe Meier made velocity measurements at a number of points on
the glecier's surface and found the ice to be moving about one foot a day
near the center about five miles above the snoute The daily movement was
progressively less mnesr the sides and toward the terminuse

The author also undertook a micromovement study on the Sasketchewan
Glecier sbout 4¢5 miles above the snoute A 16 mme movie cemers, altered
to take one frame about every 45 séconds and equipped with an extremely
long focal length lens, equivalent to about three meters, photographed
a horizontal stedis rod on the ice against a reference line on bed rock
across the glacisre The camere was rigidly mounted on a base cemented
to bed rock on the south side of the glacier, and the horizontal stadia
rod in the center of the glacier was attached to pipas set in hnles
drilled 6 feet into the icee A white background with a vertical marker
line was painted on e cliff on the north side of the glaciere A clock
with large dial was placed at the stadie rod, so that it appeared in
each photographe

It was hoped that something could be learned about the nature and
variations of surface movement on a glacier by noting shorte-time fluce
tuations of velocity, but air density waves or "heat waves" caused so
much undulation of the reference line imege that small variations in

movement were difficult to detecte

Fabric and Structure
Fabric studies were made at eight locations on the Saskatchewan
Gleciere The first three stations were on the lower one-half mile of
ices The next three were made on a transverse profile about le5 miles

up the glacier, and the remaining two were about 4 miles above the suoube
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Orientation of optic axis in 200 to 250 ice crystals was detere
mined at each of the eight stationse. The sections were cut in a vertical
plene parallel to the strike of the foliation, and the diagrams were
roteted to the horizontal for esgy wvisualization and comparison with the
previous diagramse The Seskatchewan diagrams are shown in figure 10s

Reid (1896, pe 919) postuletes 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 accumulated
immediately above the firn limit and has always been near the surface.
The ice at location 7 (fige 10) in the center of the Saskatchewen Glacier
about leS5~2 miles below the firn line showed practically no foliation and
also revealed very little preferred crystal orientatione According to
Reid's flow lines this ice is not very old and was never buried deeply
within the glaciere Furthermore, being in the center it weas never sub-
jected to strong shearing stresses, and this may account for its lack of
preferred optical orientation.

Two of the diagrems mede near the snout, locations 1 and 2, show
the usual four mexima clustered about the pole of the foliation plane,
as on the Emmons Glacisres This part of the glacier moves much more
slowly than the upper reaches, and it may be significant that only the
lsss active part of the Saskatchewan Glacier shows the same patterns as
the Ermons and Malaspine which are also slow movinge

The larger struetures of the Sasketchewan Glecier such as foliation,
faults, crevasses and other cracks, were recorded in some detail, sspecial-
ly in the vicinity of the febric-study localities. In general the
foliation is parallel to the sides of the glacier and dips toward the

center, but locally it is folded, sheared and offset along smell faultse
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Neer the snout it loops around from one side to the other, dipping gently
up glaciere Evidence of an unusual amount of surface shearing and fault-
ing was the fact that drill holes were often sheared off over night, and
in two attempts at deep drilling by thermal means, the pipe was selzed at
sbout 100 feet and the holes had to be abandonede The foliation in the
more active parts of the Sasketochewon displays muoh moro grenuletion thon
wes found in either the Emrmons or Malaspine glaciers, where single crystals
often extended across two or more foliame Many of the granuleted layers on
the Saskatchewan Glacier were so fine grained that the thickness of the
thin-section was greater than the diameter of the grains, making a measure
of their orientebion impossibles In one thin-section a phenomenon was
observed which is interpreted as indicating recrystallization of the
granulated materiale In one distinct fine-grained folium, the matrix
belween groups of small grains exbinguished simultaneously on rotating

the stage between crossed polaroids, giving the impression of a single
large crystal almost completely filled with tiny grains of different orien-
tations. On closer study the boundaries of the larger crystals were trasced
and were found to be approximately the same size as the crystals outside
the granulated arese Other crystals were found with fewer included grainse
This observation may indicate that foliation is caused by shearing and
granulation of a layer of ice which later recrystallizes into larger
crystalse After recrystallization, the folis appear as alternating clear
and bubbly layers which display no diffserence in size or shape of the
individusl crystalse. The fact that single orystals are not confined to

a single layer on other glaciers indicatesconsiderable recrystallization

after the folimtion was developed.
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GLACIER TIOW AND ORIBKIATION OF ICE CRYBTALS
Introductory Statement

In the early days of glacier studies De Saussure thought that
glacier movement occurred wholly by sliding on the bede The evidence now
evaileble shows that sliding at the subglecial floor does occur, but it
dces not account for all of the movement; some of it occurs by solid
flowege within the glaciers A complete review of views on glacier motion
is not attempted, bub mention of a few of the more imporitant developments
as an introduction to the problem of flow and the crystallographic orien~
tation of ice in glecliers seems in ordere The following ideas have some

imilarity to or bearing upon a mechenism of grain-boundary migration

which is discussed in a closely following section of this papers

McCormel (1891, pe 329) demonstrated & basal glide plane in ice
which is now believed to be a significant factor in glacier movemente
Febric study on the Emmons Glacier (Rigsby, 1951) suggests that glide
planes other than the basal plens mey be opsrating in glacier movemernt.
Cliding heas long been accepted as a mechanism of deformatlon in metlalse

Te Co Chamberlin's (1904, ppe 193-206) concept of idiomolecular
transfer, essentielly sublimetion and intergranular transfer of ice
molscules from points of lesser to points of greater moleculer stability,
is similar to the mechenism which is discussed later in commection with
migretion of grain boundariese Re Ts Chamberlin (1928, pe 29) carried
the idea still farther by postulating that flow in glaciers occurred by
idiomolecular exchenge between granulcs with yielding end accommodation
to stress by changes of position and rotabtion of individuel granuless

Quincke (1905, p. 545) stressed fosm-cell melting, which is

intergranuler melting caused by the presence of weak concentrations of
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- salt between grains, as a factor in glacier flowe More recently Renaud
(1945, p. 320-324} has verified the presence of a "saline skin" between
greinse He found that the salinity of the "“skin" is greater in the ice
of the ndve than in the glacier proper, end thet the purity of the ice
constituting the nucleus of the crystal is greater in the terminal region
of & glacier than in the neéves It seems likely that ice is continuelly
recrystallizing by migration of grain boundaries, and the saline ions must
be migrating with the boundariese This is & possible mechanism for
purifying tho conters of the greins es tho ice is moved toward the
terminuse

Hawkes (1930, pe 122-123) sumerized the mechenisms contributing

to internal flow in ice by relative slip displecement &s occurring: (1)
along the basal planes of the crystals, (2) along intergranuler surfaces,
and (5)‘along fracture surfeces within the individual crystals. Processes
(2) and (3) are supposedly facilitated by the presence of liquid at the
surfaces of slip, end the cohesion of the deformed messes of ice is
attribubed to tho refreozing of this liquid es soon as the stresses are

relievede

lechenisms for Producing Orientation of Ice Crystals

It is apparentvfrom figures 2, 7 and 10 that the crystals in at
least some glacier ice have a strong preferred orientation of the optic
axese DBefore attempting to explain the patterns obtained from plotting
the orlentatlons of these axes, it is important to discuss the way in
which grains may become orienteds The basic reason why crystals under
stress assume a preferred orientation is so they can yield most easily
to thet stress. Since ice has o besal giide planc, it would scem logiocal

to expect the stressed crystals to eventually attein en orientation



favorable to basal glidinge Foussible mechwmnisms of orientation will be
considered as follows:s (1) grain rotaticn, (2) lattice reorgenization
(wholly intracrystelline), (3) growbth of crystals which can relieve their
internal stresses by gliding at the expense of surrounding stressed
erystals, (4) migration of bounderies as an aid to mechenisms (2) and (3)e

One mechanism for possibly obtaeining a position favorable to
gliding is the rotation of crystals to the favored position as the
surrounding grains yielde This assumes that once a crystal is favorably
oriembed it yields by glidimg and neo longer has a strong tendency +o
rotates One of the weaknesses in this hypothesis is the extreme irregu-
larity and intergrowth of the ice crystals in a glaciere Most grains
would require a large emount of modification before they could rotate
reletive to neighboring crystalse.

The late Max Demorest described a concept of crystallographic
reorientation which he called "instantaneous recrystallization™ (1941,
pe 525)e This was explained more fully in & paper presented before the
Annual Meeting of the Geological Soclety of America in December 1941 and
now in press in the Journal of Glasciology for 1953s As he explained it,
instentaneous recrystallization is & phepomenon similer to mechanical
twinning and the polymorphic changes that occur within many substances,
in which "the lattice becomes energized to en unstable condition, and
there immediately occurs an instarteneocus reorganization of the lattice™s
In the case of ice, a crystal is strained, distorting the lattice, and
its "potentiel energy is increassed". At some critical point, however,
the sbrein ic too much, and as e result there is "instanteneocus roorgani-—
zation of the atoms -- a recrganizetion that simply duplicates the

original lattice structure in a more comforteble position but without
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twinning or polymorphic change"es Demorest bellsved that the prucess ol
instentansous recrystsllizetion favors reorientation of grains intc &
position such that the basal plane lies in the plane of flow or shear,
where further deformetion occurs by basal slip slone. This relieves the
strain on the lsttice snd there is no furthsr necessity for instantaneocus
recrystellization unless the direction of shear is altered. Such a
process would be of considerable importance where ice grains are so
irregular and interlocked that there is no fresdom for intergranular
rotatione

Some metallurgical work on recrystellization fabrics indicates
thet stoms may spontanecusly rearrange themseives to give a change in
crystel orientation. Kronberg and Wilsom (1949, p. 501) in discussing
grain growth have plotted the positions of atoms in grains that meet at
some favored boundarye They find that a portion of the ztoms do not have
to shift position st all as the boundary moves past them; the rest have
meroly to shift slightly in coordinated ring movements. The magnitude
of the shifts is in the order of one-third interatomic distence, and
the coordinetion is such that there would be cooperation rather than
interference between individusl atoms that shifte

Through the courtesy of DUre Kleanora Bas Knopf of Stanford Univer-
sity, California, who has Dr. Demorest's research materials that were
placed in her care by his widow, the author viewed a film teken through a
microscope by Demoreste This £ilm demonstrated the migration of the
grain boundaries in o thin-section of ice subjected to stress over a
period of several hours. The change was slow, but it resulted in an

increase in crystel sizes

It seems possible that at some point in a strained lattice a few
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-atoms may shift to a mors comfortable position almost instantanecusly,
and then the boundary between this new lattice orientation eand the
remainder of the grein may migrate rather slowly until the whole grain
is reorientede

On the other hand, the migrating boundary mey start at some grain
which by accident hed approximately the right orisntation,; and because
of its lower free energy, grew at the expense of the surrounding greinse
This view is held by Perutz and Seligman (1939, pe 356) who state that
crystals which can relisve the stress by gliding along a plane would
probably possess less free snergy than those which cannot glide and
therefore would have a "fendency to grow at the latter's expense by the
transfer of molecules across the crystal boundaries™e Perhaps both
mechenisms occur; growth of favorably oriented greins, the reorientation
of crystal lattices by instanteneous recrystallization and twinning with
subsequent growth at the expense of other greinse

Boundary migration is a slow process, but it is accelerated by
higher temperatures, and the occurrence of lerger grains at the end of
a glacier may be the result of the longer time available for growth and
the higher temperatures (Hawkes, 1930, pe 118)e The effect of tempera-
ture on crystel growth is well illustrated at the Jungfraujoch (Seligmen,
1949, pe 263) where long corridors, excavated in the Sphinx ice aprom,
were lit by electric lights close to the wallss The bulk of the ice
apron was al about -4°C., and the normal crystal slze threoughout the
excavations was of the order of 029 cme, but near the lights where the
temperature was probebly raised almost to the melting temperature,
crystel measurements showed = mean size of 1.07 cme Seligman states

that there was no sign of melt water close to the lightse. This shows



_that temperature alone promotes recrystallization without the aid of
shearing stresses, and, in this case, it seems impossible to call upon
instantaneous recrystallization. It is suspected, therefore, that
boundery migretion in lce is nocolorated both by temporebure and stress,
and, because of energy relations, one grein will grow at the sxpense of
anothere

Host petrologists agres that intergrsin openings in rocks ars of
the order of 5 to 10 Angstrom units wide, and it is probably reasonable
tc assume that the openings between ice grains are of this same order of
magnitude. Thisz space may be more or less filled with water molscules
held on the surface hut in disordered arrangement even though no visible
1iquild i1s presente Hawkes (1930, pe 117) prefers to speak of this film
between grains as amorphous because ths molscules in these films do not
possess the freedom of movement normally attained in their liquid
conditicn. Weyl (1951, pe. 396) assumes an ice surface to be coated by

a mobile, noncrystalline film having a thickness of several hundred
molecules even at temperatures below 0°Ce, but believes this film
freoezes between crystals thereby accounting for regelatione In order for
the crystal boundary to migrate under these conditlons, disordered
molecules would have to become ordersd and attached to one crystal while
those across ths bhoundary left their ordered positions, thus kesping the
energy level constants This reguirss very 1littlo shifting of moleculss
in space, but it may require robation of the molocules in order to fib
the structure as the two OH bonds in a molscule make an angle of 104°311,
It appears that any opening between grains would requirs more movement
ol atoms than that calculated by Kronberg and Wilson unless such a

mechanism as just described can operatee The existence of these openings



34

is demonstrated by the fact that ions diffuse faster along crystai
boundaries than through the lattice and larger ions can pass between
crystals then through the latticess. The author is trying to point out
that migration of boundaries in ice can oceur, and that it is a common
occurrencs; in facht it must be almost a conbinual process exbending from
the snow crystal in the néve until the ice is melted in the terminal
regione Boundary migration camnot in itself be a direct causs of ice
flow, as it is the boundaries which migrate and not the substance, bub

it would be a means of orienting the ice crystals to o position favorsble
for gliding, or any other method of displacement reguiring an oriented

crystale
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ORIGIN OF FABRIC PATTERIS
Introdustory Statement

Glacier ice is usually foliated and in many glaciers tne foliation
ies strongly dovelopede Chamberlin and Salisbury (1009, pe 247) abbribubod
foliation to shearing in moving ices Perutz and Seligmen (1932, ppe. 347,
356-357) among many others have also related it to differsntial movemente
Ice on Seskatchowan Glacier which showed little or no foliation was high
on the glacisr not far below the firn limit, and, as suggested in =a
previous saction, this ice has not been desply buried nor moved far from
its point of origine Ths conclusion is drawn that the folia are developed
by flow in the glacier and that in general the farther the movement the
better developed 1s the [follatlone Desldes follatlon, all visible
strustures such as crevasses, cracks, fault plesnes, and isolated blue
bands were plotted on the original fabrisc diagramss The fabric pattserns
in many instances show a definite ralation to the foliation while no
other structure seemed to have any consistent relation to the patternse
Therslore, the task hers is to discover what propsrties or mechanisms
causs the ice crystals to assume this orisntation with respect Lo the
foliation.

Thin-sections show that  ecrystal boundaries are indepsndent of
the folla in Emmons and Malaspina glaciesrs, for a single crystal commonly
crossss twoe or mors lce laminase. Debris layers in the Smmons also pessed
through individual greins without reogerd to crystal boundariess Thia
suggests the possibility of recrystallization after shearing, which might
destroy any relation bebween the fabric patterns produced by shearing
end the s-surfaces, Howsgver, ice may behave in an analogous mannsr o

the annealing of deformed metals where hexagonal metals seem Ho retain
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their rolling boxbtures aftor reorystallizetion {Barrett, 1982, pe 503)e
If sv, the patterns in the ice as found at the surface should be the sams
after recrystallization as when last subjected to enocugh stress to orient

the crystalses

Summary of Relations bebtween Megascoplc Structures
and Fabric Patterns

On the Bmmons and Malaspina glaciers the relation bebween folia-
tion and fabric petterns is consistent although there is some differsnce
between glaciers (figse 2 and 7)s When the poles to the foliation and
debris layers were plotied on ths fabric diasgrams made from the Eumons
data, they fell, for the most part, nsar the centers of the diamonds
formed by the four maximae The Iabric diagrams from the Malaspina
Glacier wary in the angular ralation betwsen mexima more than those of
the Emmons, although some of them arse closely comparablees In many of
the Melaspina diagrams the pole to the foliation falls in the edge or
near one of the maxime. Assuming differential motion in the foliation
plane one might expect to find drag effects which would rotate the
crystal eaxes differsnt ways on opposite sides of tha planee. OSuch
robablion of patberns may be present in quartz diagrams which show some
pattern variance with distance from a thrust plane (Balk, 1952, ppe 424~
426)s As the ice ssctions often included two or mors folisa it seems
possible that two mexima with a small angle between them may actually
be & single meximum which has been split by these drag effects, and the
whole pattern may be rotatad from its centered position with referencs
to the foliation planee If this consideration is valid, it is surprising
that the angular relations betwsan maxima are so constante.

Foliation in the Emmons and Malespina glaciers showed little
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distortion by folding or faultinge In contrast the foliation on the
surface of the Saskeatchewan Glacisr is badly contorted by smallescale
folding and faulting, and six of the eight diagrams on this glascisr
(locations 3 4o 8, fige 10) fail to show the conformity with foliation
found on the other two glacisrse It sssms likely that this is dus to
distortion of originally strong patterns by the folding and faulting
observede No doubt new shear forces wers lmposed on many of the grains
which could cause a shift in orientation if they acted long enough and
with sufficient intensitye This assumss, of course, that shearing can
cause orientation of ice grains. It is also possible that the folding

on Saskatchewan Glacier has changed orientation of the graians with little
change in relations between theme This would be true only in small scale
distortion where a single thin-sschion might cut both flanks of a folde
Some rolling of grains might also be expected to cccur along a fault
planse For these reasons it is believed that the distortion of the
foliation is responsible for the weak patterns on the Saskabchewan Glaciers
The disgrems at location 1 and 2 on this glacier (fige 10) are similar to
those on the Emmons Glacisr. These wers taken near the snout, and sccorde
ing to Reid's flow lines (1896, pe 919), this ice was deepest in the

glacier during its movement from the néve field and was probably subjected

+o the most sheare

Mlechanics of Fabric Pattern Devslopment
The means by which fabric patterns im glaciers are formed is a
troubling and unsolved probleme The following mechanisms will be
considered:
(1) Gliding on the basal planee

(2) Gliding on plamss other than the basal planse
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(3) Gliding on the basal plane in four different but consistently
oriented shear planes within the glacier.

(4) Twinninge

(58) Ordersd ralaxstion from a pattern developed by basal gliding
parallel to one foliation planee

The existence of a basal glide plane in ice and the origin of
foliation in glaciers through shearing would lead to the expectation that
the ice crystals should be oriented with their optic axes perpendicular
to the folistion plane. The fabric diagrams (figse 2, 7 and 10) show
that this simple relationship does not hold in the instances studied;
therefore, other possible explamations of the patterns ars soughte

Tho possible significancse of the four-maxima patterns found on the
Bmmons Glecier is speculated upon as followse ILet it be postulated that
the center of each dlamond-shaped pattern is the pole to 2 shear plane
in the ices ' On this basis, all the diagrams have besen rotated to bring
the shear plane into a horizontal position, making the pole to the plane
the center of the diagrame The individual diamond patterns have then
been rotated about this pole until thelr long and short diagonals coincides
The results of these manipulations are plotted im figure 11, where the
mexima of the six strongest patiterns ars represented by dotse. The
weaker patterns, requiring a more subjective analysis, ars represented
by crossese All maxima plotted im figure 1l are numbered according to
locations A striking uniformity in the angular distance batwean maxima
is immediately apparsnte

The angular separsation of opposite corners of the diamonds in the
six strongest patterns average 84° and 52° respectivelys If the weaker

patterns are included, the angles are 80° and 53° respectivelye If
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shown in degreecs.
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-these patterns are caused by gliding on planes within the crystal and if
only one shear direction in the glacier at sach location is responsible
for these maxima, then the patterns camnot be atiributed to movemsnt on
the basal glide plane. Under these assumptions the diamond patterns
require two planes with a glide line or direction in eache

The angles betwesn the c-axis and the poles of thrse crystal forms
commonly found in the hexagonal system arse calculated to be approximately
43° for a {1122} face; 2895 for a {1012} face; and 25° for a {1124} facse,
using the unit cell given by Bernal and Fowler (1933, ppe 523=524) with
12 weter moleculess These appesar to be possible faces in the structure
of ice but not necessarily the most favorable faces for gliding. Usually
glide planes are parallel to actual crystal faces, but no pyramidal or
other faces inclined to the ¢-axis in ice hsve besn found. Barnes (1929,
pe 682), however, obtained strong and medium-strong X-ray reflections
from planes parallel to {1122} and {1012} but lists the reflection from
2 plane parallel to {lfgé} as oxceedingly weake The Miller-Bravais
indices for his planes, based on a 4-molecule unit cell, have been
convarted into the l2-moleculs cell,

Using the {1122) and (1012) faces, two glide lines satisfying the
conditions indiceted by the fabric patterns are (1) the edge between
(1122) and the prism (1120) and (2) a line perpendicular to the edge
between (1012} and the prism (1010 or the trace of the c-axis projected
onto the (1012) facce Thoso two lines coincide with tho ono drewa in
figure 1lle By interchanging these linss, one could obtain the same
pattern, but the glide line on figure 1l would be rotated through 90° in
the glide plane to a north-south positions Perhaps an edge between two

faces making the proper angles with the c-axis can be found to fit the
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data by rotating the possible glide line 40°-50° on the seme figurse

As pointed out, the pole to the foliation in the Malaspina Glacier
falls very near one of the maxime in almost every fabric diagrame This
may indicate thet the basal glids plane is more operative here than on
the Emmonse If there are glide planss in addition to the basal plane in
ice, the speed of defomation or some othsr factor may dictate which plans
or planes can operatee Such a factor might account for differences in
patterns from glacier to glaciere

As an alternative hypotheeis, the possibility that the four-mexima
fabric patterns were formed by gliding on the basal plane along four
different shear directions within ths glacier may be considersds This
concept would be supported by a diagream such as the one at location 8, on
Bmmons Glacier (figs 2), if the poles of easch of the four planes plotted
lay in the center of each of the maximae The fact that they do not may
possibly be due to srrors in measuring the orientation of the planes, &
difficult procedure in the fislde Shearing on these four foliation planss
would presumebly have to occur ai different times, and the maxima would
be of different ages. Support for this might be drawn from the fact
that some of the maximea are weaker than others, possibly being partly
destroyed by later shearing. The great wealmess of this explanation is
the improbablility that such consistent angular relations between the
shear planes or s-surfaces could persist over such widely separatad
locabions as are repreosented by the diagrams on Emmons and Malaspina
glecierse It also sesms extremely unlikely that four planes with consis-
tent angles to one ancther would formm synchronously throughout the
glacier. With the exception of location 8 on Emmons Glacier, no indica-
tion of four shear planes was seenes

IL has been suggested by Linus Pauling (personal communication)
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.that the patterns obtained might bs explained by a twinning mechanism
similar to the artificial twinning in calcite. It would appear that the
twinning would have to progress on uneven planes until the entire crystal
was changed, as no evidence of mechanical twinning has been observed by
the author or by other workers (Perutz and Seligman, 1939, pe 354)e If

his mechenism were to Iunction the crystals would have to be orisnted

in a position favorable for twinning before the optic axis could change
to the new position. After the twinned position most favorable to the
stross environment was abbained, ne further movement could take place
without a change in the stress conditions. By assuming & twinning angle
of 52° between the two optic axes of a possible twin, corresponding to
the angles observed betwesn maxima in the fabric patterns, the author
worked out possible optic axis positions and obtained a very different
pattern from that observeds It appears that this method does not have
the possibilities that are afforded by directional gliding along certain
planes, or at least it cannot be the sole mechanisme

At the present time all ice studied in thin-section has been at or

very near the surface of a glaciere The possibility that ice at ths
surface does not have the same orisntation pattern as at depth must be
considereds. Ag yot, thors is no means of obbaining an oriented sample
from the stressed interior of a glacier. That an ice crystal mey twin
by relexing the forces as it is brought to the surface of the giacier by
ablation may be feasible, but the four-maxima pattern doess not seem
compatible with the symmetry of the hexagonal system. If the optic axes
were all perpendicular to the foliation plane under stress and if twinning
could oceur on relaxing the forces, it appears that the patbtern obtained

should consist of one central maximum surrounded by three maxima at equal
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distances and 120° apart or six maxima also at squal distances from the
center and 60° aparte

The effect of relaxation of stresses and pressure on ice as it is
slowly brought to the surface by flow and ablation is a matter of spscu-
lation in which some crude comparisons with recrystallization of metals
may be usefule The recrystalllzation of metals is brought about after
cold working by elevating the temperaturs to relisve the internal stressese
In the annealing of cold rolled metals some recrystallization texbures
resomble the deformation bexbures from which they grew, some are entirely
different in orientation and some are randome. As has been already stated,
hexagonal metals seem to retain their rolling texture upon recrystalliza-
tion (Barrett, 1952, ppe 503, 508)s Whether this can be extrapolated o
hexagonal ice is doubtful, especially since the recrystallization of ice
near the surface takes place at epproximately the same temperature as
that at which the original texture developed for temperate glacisrs are
always at the pressure melting temperaturs except near the surfacs in
winber times Burgers and Louwerse (3arrett, 1952, pe 503) suggested that
recrystallization texturss were determined by nuclei in the deformed
material, bubt Barrett stated that such orisnted-nucleation theories
encounter the objsction that there are likely o be sufficient nuclei in
any orientation whatever to providé the number that are needed to determine
a texturse He proposed that a theory of recrystallization textures might
better be based on the principle that certain orientations grow into the
deformed material more repidly than obhers, the shifting of atoms from
the strained matrix to the new grain procesding slowly when the new grain
has about the oriemtation of the matrix, smd fastest when it differs from

the matriz in a certain, but often unknown, ways Some expsrimental
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gvidence in support ol this has been lfound (Bevk uud Hu, 1950, pe 1058)e
Barrett conecludes that one imporbant principle governing recrystallize
tion textures is orientation-~dependent growth wvelocity, but that there
can be no doubt that supplementary principles must also be affective.

It may not be possible to make comparisons between metals and ice,
but it can probably be said that if ice does not have the same orientation
pattern at the surface as it did at depth, the present pattern is pro-
bably related to the old one in a definite ways The need is to discover

that relation if & change in pattern has occurreds



AN HYPOTHESIS FOR GLACIAL FIOW
It is necessary to recognize at least two significant processes
promoting glacier movement other than "solid flow"s One of these,
sliding on the base, leaves its evidence on the bedrock beneath in the
form of grooves, stristions and glecial polishs The second, and probably
the less importamnt, is the actusl bresk and slipping of one mess of ice
over another or faulbinge Faulbing mey be important only in the upper
100=-160 feet of the glaeiers FProbably the most importent type of fault
displacemsnt which promotes downhill movement is bthrusting. This is
especially obvious near the terminus of most glaciers. However, fault-
ing in the crust 1is merely an expression of s more fundamental typs of
Bflow™ at depth, and the subject of "solid flow" is the prineipsal
concern heree
A proposed hypothesis for glacier "flow" should not conflict with
the following observations:
1, Crystal sigze varies direetly with time (ege and distance
“traveled) and temperature of the ice, but it variles indirectly
with velocity and steepness of profiles
2¢ Actual granulation of larger grains may occur in very active
glaciers especially near the surface thereby reducing the grain sizes
3s Crystals in active ice below the firn area are usually
irregular in shape, but in stegnant or dead ice they sre largest
end appear in thin-section to have somewhat smoother boundary surfaces
between grains, though not necessarily a more equidimensional shapee
4e Iettice orientations in glaclier ice usually show strong
preferred directionss

8¢ There is usually a well-marked foliation which appears to
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be related to the crystal fabrice

6+ CGrains do not tend to be longer in one crystalleographic
direction than another, end when long grains are seen there seems
to be ne preferred orientation of the long axese.

7¢ TNo evidence of mecheanical twinning is seen in the thine

sections of ice crystalse
8¢ Strain shadows are rarely seen in thin-sections from glecier
ice, although Demorest (in press, Jours. Glaciology) reports & high
degree of irregular extinotion in grains deformed in the laburatorye

9¢ In a temperate glacier, ice is deformed and recrystaliized
&t melting temperature, whick gives the maximum rate of icnic or
molecular diffusion.

Compaction, regelation, sublimation and condensation, idiomoleculsr
transier, intergranular shifting and the freezing of melt water from the
surface by conbtact with firn at temperstures bslow freezing during the
spring all help to transfer the firn into glecier icee Under the influ-
ence ol graviby many of these processes will promote dowphill movement
during the early stages, but sometime alter becoming glacier ice the
grains have grown and become so interlecked that it appears thet some
sort of deformation of the individuel ecrystals must occeur in order ko
sxplein glacler movemente

Frobably the greatest shearing forces are applied to the ice near
the bottom end sides of & glaciers As stress is eapplied, foliation
develops parellel tc the direction of grestest shear possibly by granule-
tlon along discrest planes with later recrystalllzatione I1If the stresses
are not applied toc rapidly, foliation mey develop by gliding and

recrystellization, allowing the most active zones to rid themselves of
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ﬁore air bubbles than adjacent laysrs or folis. At the same time
recrystallization is accelerated, and either because of lattice reorien~
tation or growbth of favorably oriented crystals at the expense of less
favorably orlentated ones, the ice takes on a fabrice

It is postulated that the crystals must become adjusted to the
locel stress enviromment, if long enough meintained, because of ensrgy
relations. A erystal whose latbice is in favorable orientation for
gliding would never become stressed enough to raise its free energy %o
the point of being ebsorbed by another crystel; nor would it have a
tendency to reorlent the lattice as the atoms would initially be in the
most cemfortable position. Every grain within the glacier ls surrounded
by other greins and & local stress condition ig set up along grain
boundaries which may be concentrated st a corner or some other point
depending on the surrounding grains snd thelr oriemtations. The resulb-
ing migretion of the boundary is such that the grain of lower free
energy grows at the expense of the crystal of higher free energy. This
may conbinue until the stressed portion of the grain has been absorbed
or until 8 shift of stress causes migration of some other portion of the
boundery in another direction. The disappearance eof grains of unfevor-
able orientation will probably be the final result, but the surrounding
grains will have had their boundaries comsidersbly alterede The fact that
perfect orientation is never satbained indicates that stress conditions
on each crystal must be shifting slowly but continuouslys Hence, boundsry
migration is a2 continuing process in all flowing glacier ice. Reerystal-
lizetion continues alfter cessation of movement as 1s shown by the large
crystal sizes in stagnent lce.

It might be reasoned thet the grains must becoms elongated or
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"strung out” if gliding on the basal plane occurse In view of the fact
that the temperature counditions favor meximum diffusion of molecules, the
ice grain always has a tendency to keep the retio of the surface area %o
the volume at & minimume Whatever the nature of the forces, en atom
loceted inside the body of a solid is subjected to equel forces in all
dlrections, whereas an atom in the plene of the surface is subjected to
unbelanced forces, the iowerd pull being greater than ths outward forcess
This results in a tendency to decrease the surface. Solids not only have
surf'ace tensions like liguids, but thesa foroces oro groater than those of
liquids (Brunaver, 1945, ppe 4=5)s Any process that tends to decrsase
the free surface energy, the product of the surface tension snd the
surface area, occurs spontanecusiyve This tends to keep grains squidimenw
sional as well as to make crystals grow in s ze, as in both cases the
surface tc volume ratio is becoming smaller. Howsver, with the cone-
tinually changing local stress conditions on the crystals in moving ice,
they never get as large as in neerly stagnant or dead icee Thus,
recrystallization must occur continuousiy in flowing ice even if ail
grains are favorably orienteds Hence, the mechanism of flow is one of
gliding and continuous recrystalliization from the time the firn has been

changed into ice until movement ceases and the ice disappears by melting.
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