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ABSTRACT. The Burroughs Glacier, south-east A laska, is a slow-m ov ing remnant ( 14 X 3 km. ) of a much 
more ex tensive glacier. It is now entirely below the firn line; ablat ion has revealed ice structures and fabri c 
once 300 m. or more below the g lacier surfacc . 

A t the present glacie r surface three kinds of ice are iden tified- foliated ice, coarse-grained border ice 
and very coarse-grained basal ice. 

Two systems of fine-grained foliation a re present. Differential m ovem ent in the g lacier has caused 
recrystallization a long closely spaced planes. At the g lac ier surface thi s produces a steeply d ipp ing longitudina l 
foliation. A gently dipping foliation , hav ing a reg ional trough- like structure, may be associated with former 
stratification p lanes or with former spoon-shaped shear surfaces. 

T he optic orientation of crystal s in the coarser layers of the foliated ice shows three weak maxima, and in 
the fin er layers a single weak maximum , correspond ing to one of the coarse layer maxima, a nd normal to the 
gently d ipp ing foliation p lane. The other maxima in the coarse layers a re orientated close to the poles of 
principal fracture planes. 

In the coarse ice the fabric shows a pattern with three maxima similar to that obta ined in torsion shear 
exper iments. I n the glacier the pattern may be formed by shear near the glacier bottom o r a long gent ly 
dipping foliation planes. Grain-size increases towards the glacier te rminus, especially in the stagnant ice zone . 

Structura l ev idence suggcsts that in the earl y stages of the Little Ice Age the ice Row was from west to 
eas t. Later it was to cast and west from an ice crest in the upper Burroughs G lacier. Structures produced by 
present movement have been superimposed on o lder structures. 

RESUME. L e glacier Burroughs, dans le Sud-Est de l'Alaska, es t un reste ( 14 X 3 km) it mouvement lent 
d ' un glacier beaucoup plus important. 11 est maintenant entierement en -dessous de la ligne de nevc ; I'ablation 
a mis en evidence des structures et des tex tures de g lace, qui one ex istees it 300 m au moins en-dessous de la 
surface d u g lacier. 

Actue llement on peut identifier 3 sortes de g lace it la surface d u g lac ier: g lace feuill etce, g lace bordiere it 
gros gra ins, g lace de fond it tres g ros grains. 

O n constate la presence d e 2 systemes de foliation a gra ins fins. D es mouvements differentiels dans le 
glacier ont cause des recristallisation le long de p lans rapproches. Ceci se traduit a la surface du glac ier par 
une foliation it fort pendage longitud ina l. Vne foliat ion a faible pendage ayant une structure locale en forme 
de c reux peut etre assoc iee avec d 'anci ens plans de stratification ou avec d 'a nc iennes surfaces d e c isa illemen t 
en forme de cui ll er. 

L 'ori entat ion optique des cr istaux dans les couches it gros gra ins d e la g lace feuill etee , pn'sente 3 faibles 
maxima et un seul faibl e maximum dans les cr istaux a gra ins fins; ce maximum est perpend icula ire au plan 
de foliat ion a faible pendage e t correspond a I'un des maxima observes pour la couche it gros grains. L es 
autres maxima des couches it gros grains sont or ientes approximativement comme les poles d es p lans d e 
fractures princ ipaux. 

Dans la g lace a gros g rai ns la texture comporte 3 maxima sem blables it ceux obtenus dans les experiences 
de cisaillement it la torsion. DallS le g lac ier ce dessin peu t etre forme par le c isaillement pres de la base du 
glacier tou t le long du plan de fo liation it faibl e pendage. La grosseur d es grains croit vers le bout du glac ie l" 
en partieulie r dans la zone de glaee stagnante. 

L 'evidence strue turale suggere un mouvement d e la glace d'Ouest en Est dans les premier stades du 
" Little I ce Age" . Ce mouvement a e te ensuite dirige vers l' Est et l'Ouest it partir d ' une crete de glace dans la 
partir superieure du glacier Burroughs. La struc ture cause par le mouvement actue l s'est superposee aux 
anc iennes structures. 

ZUSAMMENFASSUNG. Der Burroughs-Gletscher in SUdost-Alaska ist e in schwach bewegte r R est ( 14 X 3 km) 
cines b edeutend griisseren G letschers. Er li egt j etz t vollkommen unte r der Firnlinie. Die Ablat ion hat 
Eisstruk turen und -gefLige fre igelegt, d ie einst 300 m oder noch tiefer unte r der G letscheroberRache lagen . 

Auf der heut igen G letscheroberRache kiinnen 3 Arten von Eis fes tgestellt werden: gebanderles E is, 
grobkiirniges Randeis und sehr g robkiirn iges Grundeis. 

Zwei Systeme einer feinkiirnigen Banderung sind vorhanden. Diffe rentiell e Bewegungen im Gletscher 
haben eine Umkristallisation en tlang eng benachbarter Ebenen bewirkt. Dies hat a uf der G letscheroberRache 
die Bildung e iner steil einfa llend en Banderung zur Folge. Eine leicht geneigte Banderung, die gebietsweise 
trogart ig geformt ist , dUrfte m it der frUheren stratigraphischen Schi chtung oder mit frliheren liiffclfiirmigen 
ScherOachen zusammenha ngen . 
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Die optische Orientierung der Kristall e in d en groberen Lagen der Banderung weist 3 schwache Maxima 
aur; in d en reineren Lagen findet si ch nur e in schwaches Maxim um, das mit einem der Maxima in d en 
Grob-Lagen zusammenrallt und senkrecht zur Ebene der leicht geneigten Banderung steht. Die beiden 
anderen Maxima in d en Grob-Lagen sind annahernd nach den Pol en der Hauptspannungsebenen orientiert. 

Das G eruge des grobkornigen Eises weist e in Muster mit 3 Maxima aur, ahnli ch dem , das man bei 
Torsionsscherversuchen erhalt. Dieses Muster durfle im Gle tscher durch Scherung nahe am U ntcrgrund oder 
entlang schwach geneigter Banderungsebenen entstanden se in. Die Korngrosse wa chst gegen das Gle tscher
ende, b esonders in d er Zone unbewegten Eises. 

Strukturelle Anzeichen lassen vermuten , dass in den Fruhstadien der Kleinen Eiszeit das Eis von West 
nach Ost geAossen ist. Spater war der Fluss von einem Eisscheitel des oberen Burroughs-Gletscher nach 
Ost und West gerichte t. Altere Strukturen wurden durch neuere, hervorgeruren durch die gegenwa rtige 
Bewegung, uberlagert. 

INTRODUCTION 

Struc tures on the Burroughs Glacier in Glacier Bay National Monument, Alaska, were 
investigated during the summers of 1959 and 1960 by members of the Institute of Polar Studies 
and Department of Geology, The Ohio State University, under support from a National 
Science Foundation grant. The objective was to determine the characteristics and origin of 
structures and related fabric in ice which was once 300 to 400 m. beneath glaciers of the Little 
Ice Age. This study is the first detailed analysis of structures in a rapidly wasting detached ice 
mass with wholly negative mass balance. This paper is based upon a more detailed discussion 
prepared as a doctoral dissertation at The Ohio State University and as a report to the 
National Science Foundation submitted by the Institute of Polar Studies (Taylor, 1962, 
unpublished) . 

GENERAL FEATURES OF THE GLACIER 

The Burroughs Glacier in south-eastern Alaska is a rapidly ablating remnant (14 X 3 km. ) 
of a large glacier system that extended, during the Little Ice Age, to the mouth of Glacier 
Bay nearly 100 km. from the terminus of present tide-water glaciers (Fig. I). During this 
advance the ice in the valley of the Burroughs Glacier was at least 300 m. thick and between 
460 and 600 m. thick in the neigh boring inlet. Thus, many of the structures now appearing 
on the glacier were formed at great depths, while others, produced by present ice movement, 
are superimposed upon these relict forms. 

The Burroughs Glacier is a temperate type, entirely below the firn line, rising from near 
sea-level to 500 m. elevation. Between 1948 and 1960 the ice surface dropped a t the rate of 
o· 8 m. /yr. on the 500 m. crest of the glacier and 6·8 m. /yr. at the eastern terminus. The 
present annual ablation varies from 670 cm. of water at 100 m . elevation to 350 cm. of water 
at 400 m. elevation. The decrease in ablation with elevation averages about o· 9 cm. /day/ 100 m. 

Surface velocity during an I I -month period, August 1959 to July 1960, varied between 
6· 7 m. at 425 m. elevation to less than o · 5 m. at 200 m. elevation near the terminus. A study 
of glacier topography from a map compiled in 1960 reveals a relationship between curvature 
of contours along the glacier center line and velocity change in the ice . Maximum velocity 
occurs where contours change from convex up-glacier to convex down-glacier, and the greatest 
change in velocity occurs where the radius of curvature in succeeding contours has its greatest 
change. 

GLACIATION 

The history of glaciation in this area has been traced by Goldthwait (unpublished) from a 
detailed study of the glacial stratigraphy and an analysis of radio-carbon dates of logs buried 
in place. The history ca n be summarized briefly as follows: 

I. Retreat of late Wisconsin ice which exposed scoured bedrock and left till and outwash, 
followed by the development of late Wisconsin soil and establishment of a mature Picea and 
Tsuga forest. 
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2. Filling of fiords and burial of forest with outwash as ice retreat or fluctuation continued. 
3· Establishment of Picea and Populus on the younger outwash. Trees on outwash at lower 

levels were buried while other trees were established at higher levels. Radio-carbon dating 
of in-place logs at successively higher levels indicates that glaciers were in the retreat position 
between 7000 and 2500 B.P. 

4 . Re-advance of ice marking the Little Ice Age occurring as early as 2750 B.P. and con
tinuing to about 300 B .P. with burial of older outwash by ti ll and outwash related to this 
advance. Excavation of earlier outwash in some fiords. 

MAPOFMUIR INLET REGION 
GLACIER BAY. ALASKA 

ADAPTED FROM AMERICAN GEOGRAPHICAL SOCIETY' MAP 
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Fig. J. Map of the M1l ;r IlIlet region, Glacier Bay, Alaska. Adaptedfrom American Geographical Society map (Field, 1947) 
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5. Retreat of ice commencing about 300 B.P. with the tide-water terminus moving back as 
much as 100 km. from the entrance of Glacier Bay to the present position (Fig. I) . 

DOWNWASTING 

Reid (1896) and Gilbert (1904, p. 16- 45) estimated that the ice at its maximum extent 
may have exceeded 915 m. in thickness in upper Muir In let and perhaps I, I 22 m. in thickness 
in the upper part of Reid Inlet. 

Recent evidence indicates that when the Burroughs- Plateau G lacier system was at its 
maximum height during the Little Ice Age, the surface of the ice over Wachusett Inlet was 
at least 460 m. above sea-level. A lichen trim line is evident at about 460 m . elevation on the 
east wall of a cirque below the Patton Glacier facing Wachusett Inlet (Fig. I). The line 
corresponds approximately to the level of ice given by Reid ( 1896, p. 443) for this locality in 
1892, which suggests that the ice may not have been much higher at this locality during the 
maximum advance 100 yr. earlier. The inlet, which was filled with outwash gravels deposited 
during hypsithermal time, probably was being deepened by glacial erosion as rapidly as the 
ice was thickening. The total thickness of the ice probably was more than 600 m., allowing for 
the present depth of the inlet, about '40 m . 

The ice thickness was greater in the inlet than on adjacent uplands. Along Minnesota 
Ridge, at the time of Reid's investigation, the ice was at an elevation of 760 m. whereas the 
lowest bedrock valley a long the south-west side of Minnesota Ridge is about 530 m . Thus 
the ice thickness here in 1892 was not more than about 230 m. thick compared to nearly 600 m. 
of ice in Wachusett Inlet. 

A comparison of the 1948 and 1960 topographic maps shows that the Burroughs Glacier 
surface at the ice crest dropped from 5'7 to 507 m. during this I2-year period (0·8 m. /yr. ) , 
whereas at the terminus, near station 7, it dropped from 213 to 135 m. (6· 5 m ./yr. ) . Profi les 
from the 1948 and 1960 maps are plotted together in Figure 2 to show the change in ice loss 
with: elevation. 

'" ;,: <J 
Z ,,: '" .J 
'" ... '" er J 

2 '" ... ... i ... 
(5 oil 

i .. .., 
5! 

1960 DIVIDE .. 
~07 M. ELEV. 

500 ~O 

4 00 4 00 

'" 300 lOO 
er ... 
t:; 200 200 
~ 

100 100 

EAST 
0 0 

0 2 3 4 !'> 6 8 10 11 12 13 14 K I.oI. 

A VERTICAL E X AG GERATION 10 X A' 

Fig. 2. Longitudinal ,uro{ilesjrom the 1948 and 1960 IO/JOgmphic ma/IS, lower Burroughs Glacier 

RETREAT 

The retreat of the Burroughs and Plateau Glaciers has been carefully observed from 19 13 
to the present. The tide-water terminus of the Plateau G lacier is now opposite the Baldvvin 
Glacier (Fig. I) . Over a period of 47 yr. ( 191 3 to 1960) the ice front retreated I I·8km. 
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Fig. 4. Topographic map with crevasse pattern, Burroughs Glacier. Compilt:d by D epartment of Geodetic Science, The Ohio State Universiry, 1959-61 

CONTOUR INTERVAL: 5METERS eN GLACIER 
25METERS ELSEWHERE 

https://doi.org/10.3189/S0022143000028331 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000028331


100 FEET 

0!i ........... iiiiii!l10~2~0~3~O!'!'!'!'!l.ffF~5!10 M L.O. TAYLDR 1982 -I PS 

COARSE - GRAINED 
ICE 

COARSE-GRA~ ': " ,," " ," 

ICE INED~, 

' + ' 

~-----

VERy 
COARSE-GRAINED 

ICE 

GLACIER TERMINUS 

' .: . 

LOCALITY A 

LOCALITY B 

50 
~ 

-+---
"....,. 

CJ 
A 

FlNE- GRAINED 
ICE 

FINE - GRAINED 
ICE '-~ 

+ , 

,+ 

. ..... 

FABRIC DIAGRAMS AND PLANE TABLE MAP OF ICE STRUCTURES. 

LOWER BURROUGHS GLACIER. ALASKA' 

Map Legend 

Crevasse > 20 cm. wide 

't75 
Strike and dip of longitudinal 

Crevasse < 20 cm . wide 
fine-grained foliation 

Strike an d dip of fine-grained 
Fracture with dip indicated 

\-15 foliation possibly related to 
Vertical fracture stratification 

Trend of dirt bands • Pole for measuring motion 

Moulin --- Direction of ice motion 

locality of fabric analysis --- Principal axis of horizontal 

comp ressive strain 

Explanation of Fabric Diagrams 

Each point diagram shows the distribution of 200 , -axes plotted on lower hemisphere of Schmidt 

equal area net oriented in horizontal plane. 

Each contoured diagram shows the denSity o( 200 c·axes . Contours represent concentrations of 

3.4.5.6. 7,and 8 per cent (or a one per cen t area , Poles to planar (eatures are plotted on each 

diagram : 

• 
o 

Pole to longitudinal (oliation 

plane 

Pole to (oliation plane related to 

stratification. 

• See Figure 3 (or location of plane-table map . 

" 
• 

Pole to (racture planes o( 

pre(erred ori e ntat ion 

Pole to crevasse planes of 

pre(erred orientation 

Fig. 5. Fabric diagrams and plane table map of ice structures, lower Burroughs Glacier 
https://doi.org/10.3189/S0022143000028331 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000028331


STRUCTURE AND FABRIC ON THE BUR ROUGHS GLAC I ER 735 

at an average rate of 252 m ) yr. Field (unpublished) observed that rate of recession varied 
proportionally with the width of the inlet. 

Field (unpublished) , Mercer (1961 ) and others have concluded that the catastrophic 
retreat of the tide-water terminus in Glacier Bay ( IOO km. since the late 1700'S) was due 
largely to the configuration of the fiord. A raising of the firn limit was responsible for the 
initial retrcat of the terminus from the narrow entrance to Glacier Bay. Since the fiord is 
progressively wider inland, the width of the retreating tide-water terminus became progres
sively wider also which increased loss of ice by calving and by melt beneath the floating tongue. 

FIRN L[NE 

The firn line is "the highest level to which the fresh snow cover on a glacier's surface 
retreats during the melting season" (Matthes, [942, p. 161 ) and therefore it is approximately 
the dividing line between the accumulation area and the ablation area. 

The early reports of Vancouver gave no indication of the position of the firn line in the 
Glacier Bay area, nor did reports by Reid in 1892. In Reid's time the Cushing Plateau formed 
a broad ice dome over Minnesota Ridge (Fig. [) which suggests that prior to this time the 
ice plateau was a center of accumulation and therefore above the firn line. 

From studies still in progress, Field (unpublished) estimates that the firn line in the Muir
Queen Inlet drainage area was between 685 and 760 m. during the Little Ice Age advance. 

Mercer ( [ 96 I , p. 857) suggests that the firn line may have started to rise some time before 
the terminus reached its maximum position at the mouth of Glacier Bay. In the late stages of 
advance, as the ice approached the neck at the entrance to G lacier Bay, the tide-water terminus 
became progressively narrower which reduced the ice wastage significantly. Therefore, even 
though there was a slowing down in absolute movement of the ice due to a rise in the firn 
line, the glacier terminus continued to advance; the decrease in wastage at the terminus 
overcompensated for the decrease in ice motion. 

The present firn line on the international boundary (Fig. I ) for ice which feeds the Riggs, 
Muir, C ushing, Carroll and Rendu Glaciers is estimated at I, J 60 m. or above (Goldthwai t, 
unpublished) . Firn lines of other glaciers with in 120 km. of G lacier Bay are: Lemon Creek 
Glacier, 1,175 m. ; Little Jarvis Glacier, 1,250 m. (American Geographical Society, (960) 
and Taku G lacier, about 1,035 m. (Nielsen, 1957). 

OBSERVATIONS OF I CE STRUCTURE 

Structures were investigated in detail on the eastern tongue of the Burroughs G lacier. 
In this area the attitudes of layers and fractures were mapped and the ice fabric on the walls 
of pi ts , crevasses and moulins, a nd in ice cores was observed. The general trend of the structures 
on the remainder of the g lacier was determined from an analysis of aerial photographs taken 
in 1960 and from observations made on numerous traverses on the eastern half of the glacier. 

A general map of ice structures, exclusive of crevasses, is presented in Figure 3. Three 
general kinds of ice have been identified: 

I. Foliated ice which consists of fine-grained layers and bubble layers in a groundmass of 
irregu lar crystals o' I to 5" 0 cm. diameter. It occurs on most of the glacier surface above 
225 m. elevation. 

2. Coarse-grained border ice which genera lly lacks both fine-grained layers and bubble 
layers, and has crystals 5' 0 to 10' 0 cm. in diameter. It contains a series of planar surfaces 
produced by the a lignment of coarse crystal boundaries, distributed in the same manner as 
fine-grained foli a tion. This sU'ucture has been mapped as rel ic t foli a tion. Moderately coarse 
ice covers a zone approximately o' 25 to o ' 5 km . wide near th e eastern terminus. 

3 . Very coarse-grained basal ice which consists of crysta ls 10 to 20 cm. in diameter or larger 
a nd is genera ll y covered by a thick layer of debris. It is exposed in discontinuous narrow zone 
at th e ice margins, particularl y around nunataks. 
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In studying the genesis of structures it is important to keep in mind that the ice at both 
termini is older, and has traveled farther and deeper than the ice at the crest. This assumption 
is based upon Finsterwalder's (1907) kinematic or geometric theory of ice movement. 
According to this theory a firn particle originating in the accumulation area is carried down
ward and forward in the glacier until it reaches the firn line and then is carried upward and 
forward toward the surface, finally appearing at the surface at some point in the ablation zone. 
The motion occurs in a continuous line, and those particles originating farthest up-glacier 
will reach the greatest depth on approaching the firn line and will have traveled the longest 
distance upon reaching the surface again. 

Ice in the eastern tongue of the Burroughs Glacier may be older than that at the western 
tongue, provided the source for the glacier was far to the west in the valley of the Cushing 
Glacier (Fig. I) . On the other hand, ice at both termini may be of nearly the same age, if its 
source was near the present ice crest from which ice flowed to the east and west. 

CREVASSES AND FRACTURES 

As has been observed by Hopkins ( 1862), Nye (195 I) and Meier (1960), the crevasse 
and fracture patterns on a glacier are controlled by the stress field and are therefore 
good indicators of the stress conditions. On the Burroughs Glacier two principal crevasse 
patterns are present (Fig. 4): a transverse pattern in the upper glacier and a longitudinal 
pattern in both ends of the lower glacier. According to N ye's (1951 ) theory of crevasse 
patterns, the transverse pattern is associated with an increase in flow velocity down-glacier. 
The principal stress is tensile, normal to the direction of the crevasses. The transverse system 
grades into a longitudinal system between 400 and 450 m. elevation on the eastern and western 
tongues (Fig. 4). Below this elevation the velocity decreases down-glacier and the principal 
stress is compressive and parallel to the crevasse direction. A plane-table map (Fig. 5), at a 
scale of 1 : 1,200, was constructed near the terminus of the eastern tongue. This map was 
prepared in order to relate ice fabric to present structures and to help interpret the local stress 
field. The strike and dip of foliation, the trend of dirt bands at the surface, all crevasses, and 
about 85 per cent of all fractures are mapped. 

Two sets of crevasses are present (Fig. 5) . The prominent set is nearly parallel to the lobe 
axis and the longitudinal foliation. The other set intersects the first at angles between 30 and 
45°. The crevasses generally do not exceed 30 cm. in width and 10 m. in depth, and all are 
nearly vertical. The amount of opening and closing of I4 crevasses was measured between 
19 July and 23 August 1960. During this 35-day period 10 crevasses widened between 1·3 
and 5·7 cm. (an average of3·0 cm. per crevasse), while 4 crevasses closed between 2·0 and 
5.0 cm. (an average of 4.0 cm. per crevasse) . Although these measurements represent only a 
small portion of the total number of crevasses in the map area, they suggest that extension is 
still taking place near the terminus at a very low rate. 

Examination of the fracture patterns (Fig. 5) shows that there are three principal sets : 
a transverse set which dips up-glacier between 50 and 70°, a longitudinal set which is generally 
vertical and is related to the principal crevasses, and finally, a more recent set which trends 
east-west, offsets the others, and dips between 75° south and 90°. 

The transverse fractures, a series of steeply dipping thrust faults, were probably produced 
by longitudinal compression of the ice as it flowed into the basin beneath this eastern tongue. 
These faults correspond to Nye's possible slip-line fields or fault planes (Nye, 1952, p. 88) 
for "compressive flow". This same longitudinal compression caused the ice to expand laterally 
and produce the crevasses. 

The longitudinal fracture system is related to this crevasse system and represents an early 
stage in the formation of crevasses. 

The east-west fractures are more difficult to explain. The offset of the transverse fractures 
by this set indicates that the north side of the fracture planes moved eastward. The east-west 
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fracture set is parallel to the linear pattern in the topography of the Curtis Hills east of the 
terminus (Fig. 4) and also parallel to the axis of the fold in the dirt bands. Since this fold is 
not an expression of ice surface topography, which is extremely smooth in this area, a lateral 
variation of surface velocity must be responsible . The variation could be caused by a local 
topographic ridge beneath the ice with an orientation parallel to the fold axis of the bands 
and the trend of the fractures. Therefore, these are probably recent shear fractures produced 
by local irregularities in the sub-ice topography. This local shear deformation may be respon
sible for the minor system of crevasses at locality " B" (Fig. 5) which are nearly parallel to 
these fractures. 

An attempt was made to measure the strain-rate at locality "A" at the glacier surface. 
The procedure suggested by Nye ( 1959) for determining the strain-rate tensor was used . 
The greatest principal axis of strain which is plotted on the plane-table map (Fig. 5) was 
found to be compressive ( - 0' 0 I 3/Yr. ) and in a north-south direction, nearly parallel to the 
direction of overall ice movement measured at locality " B" (pole 8) . 

Since crevasses are still widening in this area, although by only a few centimeters a year, 
the principal compressive strain axis should be orientated parallel to these crevasses rather 
than at 45° to them. The only way to explain this anomalous strain direction is to assume that 
the crevasses are produced by shear stresses. The east-west fractures, many of which dip 
steeply to the south, are normal to the principal strain axis and may be reverse faults produced 
by a compressive stress. However, this would not account for the eastward displacement of 
the north wall of these faults. 

The validity of the strain-rate measurements is doubtful, mainly because movement was 
very slight and ablation very high. It is advisable to use these measurements cautiously in 
interpreting the local stress field and its relationship to ice fabric. 

FOLIATED I CE 

I ce foliation, as defined on this glacier, is a planar structure produced by shear or com
pression and consists either of a lternate layers of bubble-rich and bubble-free ice, or of alternate 
layers of fine- and coarse-grained ice. In some cases the bubbles or grains are elongated in the 
plane of the layer. The foliation plane develops in a direction of least resistance to stress 
which is determined by the configuration of the valley walls and floor, the stress field in the 
glacier and the anisotropic properties of the ice. 

Any textures directly related to firnification apparently have been obliterated, for the 
Burroughs Glacier was buried under as much as 300 m. of ice during the Little Ice Age, 
during which time the ice underwent considerable deformation. 

Since a close examination of structures in the upper glacier was not undertaken, the 
relationship between the fine-grained layers, bubble layers and the surface banding there is 
not clear. The classification of structures is based mainly upon the structural relations observed 
in the eastern tongue (Fig. 6) . 

The structural arrangement of the foliation in the eastern tongue can best be shown by a 
block diagram (Fig. 7) which is a somewhat simplified representation of conditions in this part 
of the glacier. The fine-gra ined layers in this area are separated by well-defined areas of very 
coarse Ice. 

One system of ice foliation consists oflongitudinal layers which are vertical. near the center 
line but parallel to the valley walls at the margins and probably parallel to the valley floor at 
depth. This foliation is caused by faster flow of the ice at the center line than at the margins, 
and faster flow at the surface than at the bottom, which produces differential movement and 
recrystallization along closely spaced layers. 

The longitudinal foliation a lso occurs with less intensity across the entire lobe. The 
distribution of this foliation resembles that described by Streiff-Becker (1952, p. 6) for the 
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Grosser Aletschgletscher, except that in his case a series of coalescing glaciels are present, 
each with its individual foliation pattern. 

Foliation also occurs as steeply dipping layers con centrated in narrow longitudinal zones. 
These zones of foliation resemble, to some extent, the " longitudinal septum" described from 

Fig. 6. Aerial view of the eastern tongue of the Burroughs Glacier from 2, 135 m. elevation (7,000 ft. ), showing the distribution 
of splaying crevasses and dirt bands. Medial moraine is at the upper edge of the photograph and Minnesota R idge at the 
lower edge. Width of the tongue is [ km. 

Fig . 7. Schematic block diagram illustrating structural relationshi/)s in the eastern tongue, Burroughs Glacier. White arcas 
represen t coarse-grained ice. Fine lines represent fine-grained foliation . Vertical scale exaggerated 

the Blue Glacier (Alien and others, 1960) and the Feinbander described from the P asterze
gletscher (U ntersteiner, 1955). On the Blue Glacier the foliat ion is produced by strong differen
tial movement between two ice flows which coalesce at the base of a n ice fall below a rock 
bastion. The zone of intense folia tion persists down-glacier a lmost to the terminus, where 
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differential movement between adjoining ice flows no longer exists. After the foliation is 
produced beneath the rock bastion, it is carried passively down-glacier maintaining mos t of 
its original characteristics. 

The distribution of the folia tion zones on the Burroughs Glacier suggests an origin similar 
to the one proposed above by Alien and others ( 1960) for the " longitudinal septum" . The 
foliation zone nearest the glacier margin probably was produced by ice from Glacier Pass 
coalescing with the Burroughs Glacier, while the longer set was produced farther to the west 
by ice of the easternmost end of the Carroll Glacier coalescing with the lower C ushing Glacier 
(Fig. I). In the latter case the foliation was carried eastward some distance from its source. 

The present direction of ice flow, to the east and west from an ice crest, cannot be respon
sible for these zones of longitudina l foliation since no tributary glaciers are present in the 
immediate vicinity, except the d ying glacier in Glacier Pass, which is supplying a negligible 
amount of ice. The longitudinal foliation is a very old feature produced during the Little Ice 
Age by ice flowing from east to west through the Cushing and Burroughs valleys. 

A gently dipping foliation forming a shallow trough-like structure is also presen t. This 
foliation consists of fine-grained layers concentrated at definite horizons which are separated 
by coarse ice. These horizons form a series of dirty arcuate bands at the surface, which 
conform to the shape of the tongue. At the margins of the tongue the other foliation, which is 
consistently longitudinal, is parallel to the bands ; but near the center line this foliation crosses 
the bands, producing a series of offsets similar to a shear-fold pattern in dynamically meta
mOl'phosed sediments (Fig. 8) . 

Fig. 8. The ice surface on the eastern tongue of the Burroughs Glacier. Terminus toward the right . Dirty bands consist of twu 
systems of fine-grained foliation as des ignated on the photograph. B ands are convex down-glacier. Note the B runton compass 
al the lower left of center 

Ablation in the bands is greater than it is in the intervening coarse ice, mainly because the 
bands contain fine ice with more grain boundaries per unit area. An undulating micro
topography results from the differential ablation (Fig. 8). 
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I t is possible that the gently dipping foliation formed much farther up-valley, in the vicinity 

of the Cushing Glacier. With subsequent flow the foliation planes were drawn out into the 

trough-like structures of the present Burroughs Glacier. In its early stage of formation the 

foliation may have developed either according to Nye's theoretical slip-line fields postulated 

for "compressive" and "extending flow" (Nye, 1952, p. 88), or parallel to stratification planes 

which were present in the accumulation basin at the head of the Cushing valley. 

The fine-grained layers vary from 0·5 to 5.0 cm. in thickness and contain inequigranular 

crystals from 0·5 to less than o· I cm. in diameter. Ahlmann and Droessler (1949, p. 273- 74) 

observed similar fine-grained layers in coarse-grained dead ice of the Kebnepakteglaciaren. 

There is no apparent difference in the textures of the steeply dipping and gently dipping layers 

except that the steeply dipping folia tend to be slightly thinner, of the order of 0·5 to 2·0 cm. 

The actual thickness is often difficult to measure since many of the folia coalesce. 

The coarse ice separating the fine layers contains very irregular and inequigranular 

crystals from 0·5 to 10·0 cm. in diameter. Thin bubble layers occur at irregular intervals 

throughout this ice; they are generally parallel to the gently dipping layers of fine-grained 

ice. This texture can be seen in a photograph of an ice thin section (Fig. 9). The contact 

between the fine-grained layer and the coarse ice is sharp and planar, as shown in the thin 

section and in the photograph of a pit wall (Fig. 10) . Elongation of grains and bubbles was 

not observed in either the coarse or fine ice. 

A summary of the characteristics of foliated ice in the eastern tongue of the Burroughs 

Glacier is presented in Table I. 

Characteristics 

Crystal size 

Crystal shape 

Bubble content 

Layering 

Preferred crystal 
,,-axis orientation 

TABLE I. CHARACTERISTICS OF FOLIATED I CE 

Fine-grained ice 
Steeply dipping layers Gently dipping layers 

Inequigranular, < I to 
5 mm. diameter 

Polygonal to round 

G enerally bubble-free 

< I to 2 cm. thick ; dis
continuous coalescing 
layers, many local con
tortions 

Unknown 

Inequigranular, < I to 
5 mm. diameter 

Polygonal to round 

Generally bubble-free 

I to 5 cm. thick ; persists 
for greater distance than 
steeply dipping layers ; 
does not coalesce; many 
broad contortions 

Single 6 per cent maximum 
normal to layer 

CRYSTAL ORIENTATION IN FOLIATED ICE 

Coarse-grained ice 

Less inequigranular 
than fine-grained ice; 
5 to 10 cm. diameter or 
larger 

Sinuous 

Thin bubble layers 

5 to 100 cm. thick ; 
continuous 

Multiple maxima, 5 to 
6 per cent 

In the detailed work done near the eastern terminus the orientations of coaxes in coarse

grained and fine-grained ice were determined for a total of 1,000 crystals. A Rigsby Universal 

Stage was used, following the standard techniques introduced by Bader (1951 ), Rigsby (1951 ) 

and later summarized by Langway (1958). 

200 fine crystals ( I to 5 mm. diameter) and 200 coarse crystals (5 to 10 cm. diameter) were 

measured at locality "A" and an equal number at locality "B" (Fig. 5). These sites are 

approximately 150 m. apart and 600 m. from the ice edge. Thin sections, most of them cut 

horizontally, were taken from orientated 7·5 cm. diameter cores, from 0·5 to 2·0 m. below the 

surface. 
An average of 5 coarse crystals and 7 fine crystals were measured in each thin section 

before the thin section disintegrated. Generally, in the coarse ice only about 7 partial crystals 
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Fig. 9. A mrtical thin section under IJolari zed light showing typical texture of foliated ice. Sample from 2 m. del)th. Scale ill 

centimelers 

Fig. 1 0. East waLL of the 2 m. pit showing two systems of fine -grained fo liation. Eastern tongue of Burrollghs Glacier 
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comprised a thin section, but in the fine ice as many as 100 crystals were present. A pproxi
mately 138 thin sections were needed for the measurements. 

An additional 200 crystal orientations were observed in very coarse ice near the glacier 
terminus. These crystals were measured in situ, using a Brunton compass to determine the 
strike and dip of etched basal sections and Tyndall figures within single crystals. 

The orientations of fine and coarse crystals in foliated ice were plotted separately on a 
Schmidt equal-area net (lower hemisphere) and their concentrations were contoured accord
lng to the method introduced by Schmidt (1925, p. 392) and described by Fairbairn ( 1954, 
p. 285- 91 ). Since contoured diagrams are often misleading and weak maxima often over
emphasized, the d istribution of c-axes and poles to structural elements is presented with the 
contoured diagrams (F ig. 5) . 

The following relationships are evident in the fabric diagrams from locali ties "A" and "B" 
at the eastern terminus of the Burroughs Glacier (Fig. 5) . 

General pattern 
I . All diagrams show that thc strongest maxima occur in the south-eastern quadrant. 
2. A ll d iagrams, for both fine and coarse ice, show that a single maximum of from 4 to 6 

per cent occurs in approximately the same position. 

Fine-grained ice 
3. A maximum of 6 per cent occurs at both locali ties " A" and "B" in approximately the 

same position. 

Coarse-grained ice 
4 . Three broad maxima of from 5 to 6 per cent occur at locali ty "A" . 
5. Four weak maxima of 4 per cent occur at locali ty "B" and appear at the same general 

position as two maxima at locality "A". 

Relationship to planar features 
6. T he single maximum for fine-grained ice occurs close to the pole of the plane of the 

gen tly dipping fine-grained foliation. 
7. Two maxima for coarse ice occur close to the poles of principal fracture planes and one 

other maximum is near the pole of the gently dipping fine-grained foliation plane. 
8. None of the strongest maxima are close to the pole of the steeply dipping fine-grained 

foliation plane (designated as weak foliation plane on diagrams) . 
The single 6 per cent maximum in the fine-grained ice may be produced by shear in the 

gently dipping fine-grained foliation plane, since the maximum and pole to this plane nearly 
coincide. This assumes that crystals yield to stress by glide along the basal section (000 1) . 

The preferred orientation is brought about by growth (intracrystalline glide and grain
boundary creep) of the least-stressed crystals at the expense of the highly stressed ones. The 
least-stressed crystals are those whose c-axes are a lready normal or nearly normal to the direc
tion of shear. 

The fact that one of the maxima in the coarse ice coincides with the maximum in the fine 
ice suggests that the two are related. In the inequigranular texture of the fine-grained foliation 
the larger grains may represent the least-stressed grains that grew at the expense of the highly 
stressed ones (migratory recrystallization). Upon release of stress these grains may continue 
to grow at the further expense of smaller crystals through the process which Shumskiy (1955) 
refers to as collective perecrystallization. Thus, preferred crystal orientation may be preserved 
in the very coarse-grained ice which occurs near the g lacier terminus. 

The south-easternmost maximum in the diagram for coarse ice at localities "A" a nd "B" 
coincides fairl y closely with the pole to the transverse fracture plane (east-west thrust faults 
on p lane-table map) . This suggests that the stresses which brought a bout thrust fau lting near 
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the surface also produced plastic yielding of the ice through recrystallization at depth, below 
the rupture zone, where a preferred orientation resulted with c-axes normal to the direction 
of shear stress. 

The southernmost maximum in the diagram for coarse ice at locality "A" corresponds to 
the poles to the east-west fracture system. These fractures are strike-slip faults with the north 
side moving eastward. The shear stress which produced them may also have produced a 
recrystallization just below the rupture zone. 

This hypothesis assumes that the preferred crystal orientation which was produced at 
depth just below the ruptured layer sti ll remains when the surface is lowered by ablation 
(39 m. during the last six years) and these crystals are exposed at the surface. Since the stresses 
in the fractured layer are relieved principally by ice rupture, very little migratory recrystalli
zation due to stress takes place here. At the surface the large crystals continue to grow but 
they do so by a process of collective perecrystallization which, as explained above, should not 
alter the preferred orientation. 

The most significant conclusions drawn from these data are: ( I) the fine-grained ice 
maximum is normal to the gently dipping foliation p lane and corresponds to one of the maxima 
in the coarse-grained ice, and (2) the other maxima in the coarse ice are orientated close to the 
poles of the principal transverse fractures (steeply dipping thrust faults) and oblique shear 
fractures. 

Bearing in mind that the layers consist offine, inequigranular crystals with a weak preferred 
orientation, the following process may produce this foliation: 

I. An early stage of migratory recrystallization where the less-stressed crystals grow at the 
expense of the highly stressed ones. Intracrystalline glide occurs in those crystals with axes 
orientated normal or nearly normal to the principal direction of shear stress. This produces 
an inequigranular texture and preferred orientation. 

2. As stress approaches the yield point for ice in shear, I kg. jcm!, polygonization 
(Cahn, '949) occurs where overstressed curved crystals disintegrate into a series of finer 
crystals with orientations corresponding to a given segment of the original curved crystal. 
This reduces the grain-size. 

3. Finally, partial cataclasm occurs with some grain rupture and intergranular glide 
which produces finer crystals and disrupts the preferred orientation. 

In the adjacent coarse ice which is under less stress, migratory recrystallization a lone is 
taking place with the development of a preferred orientation and much larger crystals. The 
preferred orientation may slowly shift from one direction to another as the stress field changes. 
Preferred orientations produced by earlier stress may persist, but the concentration of axes 
orientated in this direction may be reduced greatly. This may account for the multiple 
maxima fabric shown in Figure 5, but it does not expla in the symmetrical four-maxima fabrics 
observed on other g laciers. In the fine ice, the layering itself, once it has been established, 
controls the directions of yield so that only a very drastic change in stress field would produce 
a preferred orientation which is not normal to the layering. In this case a completely new 
set of layers may result. 

Although no evidence of original stratification in the ice is present, it is possible that 
the gently dipping fine-grained layers, which form a gentle trough-like structure in both the 
upper and lower g lacier, were prod uced along former stratification planes. The stratification 
may have consisted of bubbly fine-grained winter ice a lternating with slightly coarser and 
less bubbly summer ice. In the ear ly stages of ice movement, yield may have taken place a long 
the structurally weak winter layers. The grain-size resulting from plastic yield in this layer 
will depend on the ice temperature and the magnitude and duration of the stress. If the fine
grained layers were produced by yield a long a structurally weak layer then a preferred orienta
tion of c-axes normal to the layer should be present, in addition to some evidence that any 
bubbles originall y present have been expell ed from these layers. 
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A preferred orientation does exist in the fine ice, although it does not exceed 6 per cent 
concentration per I per cent area (Fig. 5) . Except for the fact that most of the fine ice is 
bubble-free, there is little evidence that the bubbles were expelled from these layers. The 
photograph in Figure 9 bears out this point . Bubble layers do exist but they occur as very thin 
concentrations, generally within coarse ice and some distance from the contact between 
fine- and coarse-grained ice. It can be argued that subsequent recrystallization of fine ice to 
coarse ice has shifted the contact away from the bubble layers. 

The bubble-rich layers related to stratification may not be the anisotropic feature that 
controls the location of the fine-grained foliation, because most of the gently dipping fine
grained ice observed contains no bubbles and most bubble layers in the coarse ice are some 
distance from the fine ice layers. Perhaps a slight variation in grain-size, shape and orientation 
from one layer to another in the original firn is the principal controlling factor. 

CONFLUENT STRUCTURES IN FOLIATED ICE 

In addition to being deformed into small drag folds and offset by fractures and crevasses, 
both the steeply dipping and the gently dipping foliation have been distorted into confluent 
patterns (Fig. 11 ) . The confluent structures are found only in the lower Burroughs Glaciel-

Fig. / / . Confluent flat/ern in fine -grainedfoliation nf the eastern tongue of Burroughs Glacier. A ttitude of two systems of f oliation 
is shown at the upper right 

and seem to be more abundant along the margins than in the center. A single structure 
generally does not exceed 10 m . across. Spacing between patterns may be as little as 5 m. 
The layers in Figure I I are accentuated at the surface by the accumulation of silt and clay, 
and are separated by relatively clean coarse-grained ice 4 to 20 cm. thick . A shallow hole 
about 25 cm. deep has developed at the center of the pattern. This hole is absent in many of 
the structures. The confluent pattern has also been observed on the walls of crevasses, but the 
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attitude of its axis, which is represented by a line joining the points of convergence of these 
layers at different depths, is not clear. In most cases the axis appears to dip down the foliation 
in a direction normal to the strike. 

Very little is known yet about the overall distribution of the confluent structures, their 
attitude with respect to the g lacier as a whole, and the degree of recrystallization which has 
occurred since their development. 

Let us assume that the ice is a relatively homogeneous substance, and that the layers of 
fine crystals are merely markers. The pattern in these layers should give us some indication 
of the kind of deformation that has taken place. No laboratory experiments have been made 
on ice to determine deformation structures, but a comparison can be made with deformed 
clay. Cloos ( 1930) and others have shown that a clay block subjected to simple compression 
develops two sets of shear fractures, which are orientated approximately 45° from the direction 
of compression and intersect one another at nearly 90°. 

In a plastic material under simple compression, fractures wi ll not occur, but a continuous 
deformation should take place concentrated mainly along sl ip planes of maximum shear stress 
at 45° to the direction of compression. It is possible that under large hydrostatic pressures, 
small sustained uniaxial compressional stresses can produce this kind of deformation in ice. 
If the fine-grained layers in the ice were orientated normal to the direction of compression , 
the layers probably would deform into a number of confluent patterns whose centers coincide 
with the intersections of planes of maximum shear stress. Such a pattern is illustrated in 
Figure 12. If the compression is not approximately normal to the layers, the layers themselves 

.... B 

Fig. 12. PostuLated aUitllde rif /yjJicaL confluellt jJallem in fine-grained Layers, Burroughs GLacier. A-B represents Line of greatest 
strain release 

will probably act as planes of weakness, slip wi ll occur a long them and the confluent patterns 
wi ll not develop. The attitude of the slip planes depends on the mechanical properties of the 
layers and their orientation with respect to the direction of compression. The apparent angle 
between slip planes as observed on the ice surface may be considerably narrower than the 
true dihedral angle, because the ice surface intersects the planes at an oblique angle. 

Figure 12 shows the postulated attitude of the structure as determined from patterns seen 
on the ice surface and on crevasse walls. The intersections of planes of maximum shear stress 
form a line which joins the center of the confluent pattern on the surface with that on the 
wa ll of the block. Along this lin e of intersection the greatest strain occurs. The attitude of this 
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structure requires a component of compression orientated nearly normal to the dipping layers. 
Since the foliation parallels the walls of the valley and the direction of glacier flow, the only 
condition whereby a component of compression could be produced normal to the walls and 
foliation would be where the ice, under " compressive flow " , is prevented from expanding 
laterally. In the upper Burroughs G lacier the crevasses change gradually from a transverse 
to a splaying pattern (Fig. 4). The transition occurs within a valley constriction just before the 
ice expands into a broad basin. At this constriction the foliation a long the margins cculd be 
compressed to form the confluent structure. 

According to this hypothesis a plastic flow seems to be the chief mechanism in the develop
ment of the confluent pattern. The surficial fractures in the ice appear to be a later feature 
unrelated to the pattern in the layering. Only in the center of the pattern where strain release is 
greatest is there evidence that the ice has disintegrated. H ere it is possible that the crystals 
were crushed, and if no extensive recrystallization occurred after the formation of the pattern, 
this central part would have been more susceptible to ablation once the pattern had been 
exposed, which may account for the shallow pits occurring at the centers of some patterns 
(Fig. I I). In some cases plastic flow may have been greater along one slip plane than a long 
the other. This pattern also could be due to an offset of the original symmetrical pattern caused 
by later plastic flow along one of the original slip planes. ote that fractures do not coincide 
with this line of offset. 

There is no independent evidence that this type of deformation actually can occur in 
ice under stresses of the order of I to 2 bars (personal communication from]. F. Nye); 
therefore, this hypothesis remains doubtful. 

Tensile stresses might also form a confluent pattern in ice, since the orientations of planes 
of maximum shear stress are similar in tension and compression. In a glacier, however, 
tensile stresses can occur only within 20 to 30 m. of the upper surface (Nye, 1957) and the 
available evidence suggests that the confluent patterns form at considerable depth. 

A second hypothesis is that the structure may be caused by the plastic collapse of abandoned 
moulins (personal communications from M. F. Meier, C . Bull a nd W. V. Lewis) . It is very 
possible that a m oulin which has been abandoned by drainage could plastically close in at 
depth. In support of this idea is the fact that on Austerdalsbre, the Saskatchewan, the 
Burroughs and other glaciers, the layers bend in toward some of the moulins, and in addition 
the confluent patterns have been observed only in the lower portions of these glaciers . On the 
Burroughs Glacier moulins in excess of 20 m. depth do exist. In fu rther support of the moulin 
hypothesis is the fact that the theoretical pattern of foliation that resu lts from the closing of a 
moulin (assuming a plane problem and conservation of volume in the ice) closely resembles 
the observed pattern. (This idea was suggested in a personal communication from]. F . Nye. ) 

COARSE-GRAINED BORDER I CE 

Texture 
The moderately coarse-grained ice, which covers an area o ' 25 to o · 50 km. wide at the 

·eastern terminus of the glacier (Fig. 3) , contains crystals from 5 to 10 cm. in diameter or larger 
a nd lacks fine-grained foliation. The grain boundaries are not as sinuous as in the foliated ice 
.and the grains are more equigranular. The ice is unusually free of bubbles or bubble layers. 

T hroughout most of this marginal ice are a series of planar surfaces formed by the a lign
ment of boundaries of coarse crystals (Fig. 13) . These planes may have contained fine 
crystals which with subsequent recrystallization formed coarse crystals whose boundaries 
were aligned a long the original contact between the fine-grained layer and the adjacent coarser 
ice. Since the distribution of these planes closely resembles the fine-grained foliation pattern 
up-glacier and often grades into th is pattern, these structures are referred to as relict foliation 
on the structure map (Fig. 3) . 
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A size parameter for individual crystals of coarse ice on the glacier surface was determined 
by multiplying the long diameter by the short diameter and averaging the values of 100 
crystals at each locality. This was not intended to be an absolute size measurement, but it was 
used as a parameter to show differences in size. Using this technique, several traverses were 
made from the terminus up-glacier to the foliated ice area, making measurements every lOO 

to 200 m. The grain-size generally decreases linearly away from the terminus and is indepen
dent of changes in local ice surface gradient. 

Fig. 13. Ice surface east of Nunatak " E " . Coarse-grained border ice with relictfoliation is in theforeground. Note the distribution 
of debris on the surface bordering the nunatak 

An example of one traverse is shown in Figure 14. On an ice slope of about 4°, the coarse 
crystal size decreases linearly away from the terminus, but the slope of the curve changes 
abruptly in the area where fine-grained foliation appears (the foliated ice) . (It is important 
to remember that in the area of foliation the fine ice was disregarded in measuring changes 
in grain-size, so that Figure 14 refers only to the coarse ice crystals. ) The change in slope 
shown on the lower graph in Figure 14, which marks a sudden change in the rate at which 
crystal size decreases away from the terminus, may represent the gradational boundary between 
active and inactive ice. The ice movement may drop off very rapidly in this zone with a 
significant decrease in stress and increase in grain-size. The gradational change in grain-size 
is much too subtle to detect by direct observation. 

In support of this hypothesis, laboratory experiments have shown (Hess, 1904, p. 31 - 33; 
Tammann and Dreyer, 1929, p. 289- 313; Bader and others, 1939; Demorest, 1953 ; 
Steinemann, [1956); Rigsby, 1958; Shumskiy, 1958) that grain enlargement does occur after 
release of stress. Rigsby (1958, p. 356) found that it is most rapid at the pressure melting 
point. The fact that grain boundaries in the coarse ice are not as sinuous as in the foliated 
ice is further evidence that the coarse ice is under less stress. 

Crystal orientation 
Orientations of 200 crystals near the terminus were measured, about 600 m. from localities 

" A" and "B" (Fig. 5) . The optic axis was determined by measuring with a Brunton compass 

6 
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the strike and dip of deeply etched grooves, " Forel's stripes" , appearing on the exposed surface 
of very large crystals in situ. This method was first suggested by Bader (195 I , p. 530). When 
exposed to infra-red radiation, the surfaces of large crystals melt out a long a series of closely 
spaced planes which are normal to the c-axis and which represent weak bonding in the basal 
section of the ice crystal. The grooves are probably initiated by the coalescence of Tyndall 
figures within the crystal. These figures are rounded or hexagonal disks, sometimes flower
shaped if well developed, which contain water and vapor from internal melting. Tyndall 
(1858), who first described them, found that they were elongate in a preferred direction in 
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each crystal and owed their shape to the molecular structure of the ice. Nakaya ( 1956, p. 37) 
demonstrated that they grow and become elongate in the plane of the a-axes, i.e. perpendi
cular to the c-axis in the hexagonal ice crystal, and therefore can be used to determine orienta
tion of the optic axis. These figures must not be confused with larger more spherical air 
bubbles that are trapped between grains during the process of firnification and are often 
included within the single crystals. 

Measurements of the etched basal sections and Tyndall figures with a Brunton compass 
can be made fairly accurately (within 5°) if extreme care is taken . An effort was made to 
measure as many crystals with gently dipping basal sections as possible, since these were not 
as well exposed . Crystals were measured in two adjoining areas approximately 10 m. square. 
It was impossible to measure every crystal in a specific area, for at least 50 per cent of them 
were not etched enough to make an accurate measurement. 

The fabric diagram in Figure 5, plotted from these data, is fairl y reliable. Considering the 
conditions under which crystals were measured, it is highly unlikely that biased selection of 
grains could have produced three distinct orientations. If a single maximum were present, 
then it might be suspected that the data represented selective sampling. 
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The origin of the triple-maxima fabric at the glacier terminus is not known. Some of the 
coarse ice fabrics derived from the Emmons Glacier (Rigs by, 195 I , p. 594) , and the lower 
Blue Glacier (Alien and others, 1960, p. 615) resemble this triple pattern. These fabrics were 
obtained from the cen ters of glacier tongues, and many of them had four maxima in a diamond 
distribution. 

A pattern of triple maxima has been reported by Steinemann (1958, p. 46-50) and noted 
by Kamb ( 1959, p. 1906) who measured in the laboratory a preferred orientation in ice 
immediately after torsion-shear deformation. He obtained two strong maxima (greater than TO 

per cent) and a weak one (5 to 10 per cent) centered about the pole to the shear plane. It is 
possible, therefore, that the triple-maxima fabric at the terminus of the Burroughs Glacier 
may have been produced by shear along the gently dipping foliation plane which exists 
farther up-glacier, or by shear near the glacier bed. If the maxima had been caused by 
shear, however, a simi lar pattern of maxima centered about the pole to this foliation plane 
in the coarse ice should be present at localities " A" and "B" a lso, but such is not the case. 

Another possibility is that the three maxima are related to the maxima at locality "A", 
but have been rotated. This would require individual rotation of each maximum by a different 
amount, which seems unlikely. 

The fabric at the terminus probably has formed under conditions different from those 
which produced the fabric at localities "A" and "B", for the terminal ice has come from greater 
depth and has travelled a greater distance than the ice at "A" and "B". In addition, this 
terminal ice has been exposed recently to a relatively stress-free environment, compared with 
the environment at the other locality "B" where ice is still moving (0 · 5 m. in I I months) . 
Recrystallization mayor may not have altered the fabric originally produced under stress. 

BASAL I CE 

An intriguing feature of the glacier structures is the occurrence of debris-rich, coarse
grained ice at the glacier margin in a number of areas, particularly bordering nunataks "F" 
and "E" (Fig. 15), along the glacier terminus east of these nunataks, and in the Glacier Pass 
region (Fig. 3) . The most striking characteristics are the extremely sharp contact between this 
very dirty ice and the much cleaner ice overlying it, and the slightly unconformable relation
ship between layers on both sides of the contact. In Glacier Pass, the relict foliation in the 
dirty ice dips 10 to 15° north-east beneath the white ice and strikes about south 40° east, 
while foliation in the white ice dips 5° north-east and strikes south 25 0 east (Fig. 3) . In the 
Glacier Pass area there is no abrupt change in grain-size across the contact. The overall 
grain-size varies between 5 and 20 cm. diameter at the surface . This relationship between the 
two kinds of ice is simi lar to that in the other areas . 

It seems likely that these dirty ice masses are remnants of very old ice and that the contact 
is an old erosion surface upon which the yo unger clean ice accumulated. The lack of significant 
difference in grain-size across all of these contacts may argue against this hypothesis, but it is 
possible that the stagnant ice reaches an equilibrium point where the grain-size no longer 
increases; the grains in the basal dirLy ice and in the younger ice may have both reached 
the same equilibrium size and yet be of greatly differing age. 

Alternatively, the basal ice may be directly related to the overlying ice, and may merely 
represent the bottom zone, where excessive shear has taken place along discrete planes. In this 
situation the debris should be concentrated along the planes. For instance, dirty ice related 
to basal shear is well displayed in the vicinity of nunatak " E" (Fig. 13). The upper ice directly 
east of this nunatak is broken by a series of gently dipping fractures containing debris which 
is washed down-slope as ablation progresses. This upper dirty ice is probably related to the 
recent flow of the BUlToughs Glacier. Below this ice, however, at the very edge of the nunatak 
at the left of the photograph (Fig. 13) a distinct band of much darker ice is present. In this 
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ice the shear planes are generally absent and the debris is concentrated along a single horizon. 
It is similar to the basal ice of the Glacier Pass region . 

One can only speculate about the age of the basal ice. It may be a remnant of the very 
early stage of the Little Ice Age advance where the ice was trapped in low areas so that as 
the glacier grew the younger ice flowed out over the basal ice. If the ice flows plastically this 
should not happen . The basal ice may be so loaded with debris that its flow properties are 
altered so much that its ability to be squeezed out of a broad depression is inhibited. 

Fig. 15. Aerial view of the eastern terminus of the Burroughs Glacier from 2, 135 m. elevation (7,000 ft. ), showing debris-rich 
basal ice bordering the nunataks. See Figure 3 for location. Distance of "F" from the ice edge -is o· 5 km . 

DIRT BANDS 

In the lower glacier on the eastern tongue dirt bands are distinct (Fig. 6), forming a 
lobate pattern convex down-glacier. The bands occur at the outcrops of the fine-grained ice 
(Fig. 8) . The dirt does not appear below the ice surface except along a few fractures. Therefore, 
the dirt accumulation must have occurred over a period of decades, during which time 
highly disseminated particles in the ice and wind-blown particles at the surface became 
gradually trapped along grain boundaries as the ice wasted down. 

Although the amount of dirt on the coarse ice is nearly the same as on the fine ice surface, 
the coarse ice looks cleaner because the dirt has been washed off the cobble-like grains and 
deposited along the deeply etched boundaries. Since grain boundaries are closer together in 
the fine ice, the dirt is distributed more evenly on this surface, thus producing a dirtier-looking 
Ice. 

CONCLUSIONS 

Future investigations of ice structures in temperate glaciers should be directed toward 
the analysis of ice fabric at depths greater than 30 m ., when thermal ice-coring drills are 
available. Fabric studies of glacier ice have been limited to shallow depths where the stress 
environment is radically different from that near the sole of the glacier. Some of the fabric 
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studies on the Burroughs Glacier show that ice adjusts rapidly to changes in the stress field. 
There is evidence that stresses which caused faulting near the surface also caused a recrystal
lization of the ice just below the ruptured zone. Thus the fabric measured near the surface 
is not necessarily representative of the fabric deep in the glacier. 

Optic orientations should be measured in a cold laboratory rather than in the field to 
improve accuracy and to facilitate the cutting of sections to a thickness of less than I mm., so 
that the very small crystals in fine-grained ice may be measured. 

In future studies a relatively simple glacier should be chosen, such as the Athabaska Glacier, 
Alberta, which has recently been mapped and where motion studies (Paterson, unpublished) 
have been made. 

The use of stake patterns to measure strain-rate at the surface near the terminus was 
unsatisfactory because of the rapid lowering of the ice surface by ablation, and the lack of 
movement. Under these conditions a photogrammetric method of measuring strain-rate would 
perhaps be better. 
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