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ABSTRACT 

Structures on the Burroughs Glacier, southeast Alaska, were investi
gated during the summers of 1959 and i960 by personnel of the Institute 
of Polar Studies and the Geology Department, The Ohio State University. 
The objective was to determine the characteristics and origin of struc
tures and related fabric in ice that was once 300 to A00 m beneath gla
ciers of the Little Ice Age. 

The present glacier (lA x 3 km) is cut off from any ice source and 
is entirely below the firn line. Between I9A8 and i960 the ice surface 
dropped at the rate of 0.8 m per year at 500 m elevation and 6.8 m per 
year at 175 m elevation near the terminus. Ice movement during an 11-
month period varied between 6.7 m and 0.5 m. 

Three general kinds of ice were identified at the glacier surface: 
foliated ice, coarse-grained border ice, and very coarse-grained basal 
ice. 

Two systems of fine-grained foliation are present: a steeply dipping 
system of persistent longitudinal orientation and a gently dipping system 
having a regional trough-like structure. Longitudinal foliation is caused 
primarily by faster flow of the ice at the centerline than at the margins, 
and faster flow at the surface than at the bottom, which produces differ
ential movement and recrystallization along closely spaced layers. The 
trough-like structures were either inherited from foliation which occurred 
along former stratification planes near the ice source above the Cushing 
Glacier, or from foliation which occurred along spoon-shaped shear sur
faces near the same ice source. The structures subsequently were drawn 
out by ice flow over a great distance through the Cushing Valley. 

The optic orientation of 800 crystals in the foliated ice of the 
eastern tongue 600 m from the terminus, was measured. A triple maxima 
fabric (five to six per cent concentration per one per cent area) is 
present in the coarse ice and a single maximum (six per cent concentra
tion), in the fine ice. The fine ice maximum is normal to the gently 
dipping foliation plane and corresponds with one maximum in the coarse 
ice. The latter may be a relict of the fine ice fabric after grain 
enlargement. Other maxima in coarse ice are oriented close to the poles 
of principal fracture planes, suggesting that the stresses which brought 
about fracturing near the surface also produced recrystallization just 
below the rupture zone. 

A triple maxima fabric, measured from 200 grains in the coarse ice, 
may have formed either by shear near the glacier bottom or along gently 
dipping foliation planes which are farther from the terminus. This fab
ric resembles a three-maxima pattern obtained by Steinemann in torsion 
shear experiments. Coarse ice grain size decreases linearly with dis
tance from the terminus. The rate of decrease levels off rapidly in the 
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vicinity of the foliated ice contact, and probably marks the boundary 
between active and stagnant ice. 

Structural evidence suggests that ice flow during the early stage 
of the Little Ice Age was from west to east through the Burroughs Valley 
and, during waning stages of ice advance, to the east and west from an 
ice crest in the upper Burroughs Glacier. Structures produced by present 
movement have been superimposed on older structures produced at depths of 
300 m or more. 
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PREFACE 

Structures on the Burroughs Glacier in Glacier Bay National Monument, 
Alaska, were investigated during the summers of 1959 and i960 by personnel 
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 struc
tures and related fabric in ice which was once 300 to ^00 meters 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. The report is based upon a more detailed discussion pre
pared by Taylor (1962) as a doctoral dissertation at The Ohio State Uni
versity. 

The investigation is an outgrowth of a broader study of ice retreat 
in the Glacier Bay area initiated by the American Geographical Society 
under the International Geophysical Cooperation k.2 program of glacier 
research. 

Exact terminal positions of the Burroughs Glacier and the neigh
boring Plateau Glacier are known for many intervals since 1910. This 
knowledge, and information obtained from aerial photographs taken in 
19^8 and i960 have greatly facilitated the study of recent ice loss and 
changes in surface structures. 

Support for the preliminary field investigation in 1959 was provided 
by the National Science Foundation through the American Geographical 
Society's glacier investigation program. The Foundation also provided 
support for the i960 field season, and subsequent data reduction and 
analysis, through Grant No. NSF-G13PA2 to The Ohio State University 
Research Foundation. 

The study would not have been possible without the initial planning 
and strong encouragement of Dr. Richard P. Goldthwait. The advice and 
help of Dr. William 0. Field and Mr. Charles Morrison of the American 
Geographical Society in arranging for equipment and financial assistance 
at the outset is also greatly appreciated. 

The unfailing support of the National Park Service, which supplied 
the party with transportation into the area, radio communication and 
other critical supplies, contributed greatly to the success of the pro
ject. Mr. L. J. Mitchell, director of Glacier Bay National Monument; 
Mr. Francis Jacot, chief ranger; Mr. Wendell Schneider, skipper of the 
Park Service boat, and others on the Park Service staff were most co
operative and helpful. 

Mr. George Haselton, Mr. Robert Luce, and Mr. Robert Jones capably 
assisted in field mapping, drilling, surveying and other field duties. 
They are to be commended for their tenacity and spirit under extremely 
adverse weather conditions. 
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Interpretation and plotting of data were greatly facilitated by a 
map of the Burroughs Glacier compiled from the i960 aerial photographs 
by the Department of Geodetic Science, under Project 1227 of The Ohio 
State University Research Foundation. 

The manuscript was carefully reviewed by Dr. Richard P. Goldthwait, 
Dr. Colin Bull, and Dr. Howard Pincus of the Department of Geology. 
Their many suggestions and stimulating discussions were most helpful. 
The many hours of discussion with Dr. Bull were extremely valuable in 
refining various ideas presented by the author. 

Dr. John Lyons, Geology Department, Dartmouth College; Dr. John 
Nye, H. Wills Physics Laboratory, University of Bristol; Dr. Mark 
Meier, the U. S. Geological Survey; Dr. Sidney White, Geology Depart
ment, The Ohio State University; and Dr. Arthur Mirsky of the Institute 
of Polar Studies also contributed helpful suggestions. 

Thanks is due to Mr. George Van Neil and Mr. William Paulson who 
competently drafted the plates. 
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1. GENERAL FEATURES OF THE GLACIER 

1.1 LOCATION 

The Burroughs Glacier (59°N, 1,56°20'W) is located l^k km northwest 
of Juneau, Alaska. It covers an area approximately Ik x 3 km and occupies 
a tributary valley near the head of Wachusett Inlet in the northeastern 
part of Glacier Bay National Monument (Fig. l). At its southeastern end 
it joins the tidewater terminus of the Plateau Glacier which flows from 
an adjacent valley. 

1.2 CLASSIFICATION OR GLACIER TYPE 

According to Ahlmann's morphological classification (Ahlmann, ISkQ, 
p. 6l) the Burroughs Glacier is of the transection type, for it is con
fined to a definite path but occupies a valley system. The Glacier flows 
in two directions from a divide as shown in Plate I. It is also a dead 
glacier, according to Ahlmann's dynamic classification: 

When the negative regime has continued until the 
movement of the remaining ice is no longer caused 
by the transfer of materieil from an accumulation 
area, but is determined by the slope of the bed, 
the ice is said to be dead. Dead ice need not 
lack movement, but what there is will be mostly 
due to local topography (Ahlmann, ~L9kQ, P° 6k). 

Ahlmann also classifies glaciers as being either "temperate" or 
"polar" depending upon their geophysical character. The "temperate" 
glacier is defined as: 

. . , crystalline ice formed by fairly rapid recrystal-
lization of the annual surplus of solid precipitation 
due to great quantities of fluid water. Throughout 
these glaciers the temperatures correspond to the 
melting-point of the ice, except in winter time, 
when the top layer is frozen to a depth of not more 
than a couple of meters (Ahlmann, 19^^ P- 6k). 

In general the Burroughs Glacier is a "temperate" type although there is 
doubt as to the persistence of temperatures at the pressure-melting point-
in some local areas. During the investigation drills froze in at about 
two meters depth in poorly drained ice. Meier (i960, p. 5) found that 
freezing conditions exist at shallow depths on the Saskatchewan Glacier 
too, which is also considered to be a "temperate" glacier. 

Ahlmann's term "temperate" is applied to the Burroughs Glacier with 
the understanding that local areas where the temperature is slightly be
low 0°C may exist in the glacier. 
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1.3 MORPHOMETRY 

The surface elevation of the Burroughs Glacier varies from 500 m 
above sea-level at the divide or ice crest to 150 m at the western ter
minus and 75 m at its coalescence with the Plateau Glacier (Plate I). 
The total length of the glacier is 13.6 km; its width ranges from 2.7 km 
at the divide to 1.7 km at the eastern end of the Bruce Hills. Its 
average longitudinal surface slope is about 1°30', its greatest slope 
about 20° just north of Nunatak E, and its least slope nearly 0° on the 
divide and 0°k5' between poles 3 and K (Plate I). 

Since geophysical surveys were not made the ice thickness can only 
be estimated. The equilibrium thickness of an ice mass of infinite di
mensions on a constant slope may be calculated from Nye's formula (Nye, 
1952b, p. 529): 

where h = thickness; k = 1 bar, the yield stress of ice in shear; p = 
ice density; g = acceleration due to gravity; and sin a = ice surface 
slope. This formula assumes that ice deforms according to a plastic 
flow law and that the ice surface slope is small. According to this equa
tion values for the thickness with slopes of 6° to 0°k5' are on the 
order of 110 m to 988 m« The thickness is this great because the 
velocity of the ice is insufficient to cause a sub-glacial stress of 
one bar. 

An estimate of thickness in the upper Burroughs Glacier was made 
by constructing transverse profiles of the ice surface and bordering 
valley walls, and then projecting the valley walls beneath the ice so 
that the bottom topography assumes a catenary form. This method was 
used at three localities between the ice divide and the end of the 
eastern Bruce Hills. The maximum thickness obtained from these pro
files was about lko m. Much greater thicknesses probably occur in the 
eastern tongue where there is an abrupt decrease in surface gradient 
in the vicinity of the 350-m contour near pole k (Plate I). Between 
poles 3 and h the gradient is about 0°k^' and here ice thickness 
probably exceeds 200 m. 

2. PHYSIOGRAPHIC SETTING 

2.1 GE0M0RPH0L0GY 

The Glacier Bay region has undergone a period of rapid deglaciation 
which began in the late 1700's. With the removal of as much as 800 m of 
ice, the glacial scour, moraines, valley fills, and ice contact deposits; 
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of earlier glaciations have been exposed. Those deposits nearest the 
present remnant glaciers, such as the Burroughs, are rapidly undergoing 
fluvial erosion. The area is in a state of continual change. The tran
sition from degradation by the streams which issue from beneath the gla
ciers to aggradation where they enter Wachusett Inlet, occurs over ex
tremely short distances (less than 1 km) with a rapid reworking of the 
older outwash and moraine deposits. 

Ice contact deposits are well developed along the margins of the 
Burroughs Glacier. Kame terraces and kame and. kettle topography are in 
the formative stage, particularly in small outwash valleys leading from 
the stagnant ice front and thence through gaps in the Curtis Hills (Figs. 
2 and 3). Fluted till, with grooves as long as 30 m, is well developed 
in the shallow till which overlies older outwash bordering these valleys. 
Crevasse fillings are well preserved in the till bordering the northwest 
shore of Wachusett Inlet near the present Plateau Glacier tide-water 
front (Fig. k). 

Striae (Plate III) and streamlined topographic forms (Fig, k) are 
oriented in a northwest-southeast direction, paralleling the trend of 
the fiords and the regional bedrock structures. Most of the glacial 
scour in the vicinity of Wachusett Inlet is concentrated along the walls 
of the valleys and generally below an elevation of 760 m (Fig. k). The 
scour is mostly the result of Wisconsin glaciation (Goldthwait, i960). 

Several coarse gravel terraces between 30 and 100 m elevation occur 
on both sides of Wachusett Inlet. Some are covered by a thin layer of 
Little Ice Age till. Some late Wisconsin till and early hypsithermal 
soils are exposed below the gravels (Goldthwait, i960). 

The history of glaciation in this area has been traced by Goldthwait 
(i960) from a detailed study of the glacial stratigraphy and an analysis 
of radio-carbon dates of logs buried in place. The history can be 
summarized briefly as follows: 

(1) 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. 

(2) Filling of fiords and burial of forest with 
outwash as ice retreat or fluctuation con
tinued. 

(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 re
treat position between 'J ,000 and 2,500 B. P. 
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(L) Re-advance of ice marking the Little Ice 
Age occurring as early as 2,750 B. P. and 
continuing to about 300 B. P. with burial 
of older outwash by till and outwash related 
to this advance. Excavation of earlier out-
wash in some fiords. 

(5) Retreat of ice commencing around 300 B. P. 
with the tidewater terminus moving back as 
much as 100 km from the entrance of Glacier 
Bay to present position (Fig. l). 

2.2 GEOLOGY 

The bedrock geology of the Glacier Bay area has not been studied 
intensively. Results of the reconnaissance work of F. E. Wright and 
C. W. Wright in 1906 and 1931, Mertie in 1919, and Reed in 19^1 were 
never published but are on file with the U. S. Geological Survey. 
Twenhofel (19^6) was the first to investigate in some detail a specific 
area, a molybdenum deposit on the east shore of Muir Inlet (the Nunatak) 
5 km east of the Burroughs Glacier. Later, Seitz (1959) and Rossman 
(1959) investigated portions of the Geikie and the Hugh Miller inlets 
30 km to the southwest. 

The Glacier Bay region is a small segment of the Coast Ranges of 
the Alaskan panhandle. These ranges are part of a structural lineament 
extending from the Andes north to the Aleutian chain. The basic struc
tural unit in the Glacier Bay area is the northwest-southeast trending 
Prince of Wales geanticline (Miller et al., 1959)- It is cut longitu
dinally by a series of strike-slip faults which are part of the Denali 
fault system (Cenozoic) extending north to the Alaska Range. Most of 
the large bays and fiords follow the trend of the fold axes and faults 
of this region. 

Rocks in the Glacier Bay region are mainly Paleozoic limestones 
and calcareous shales, metamorphic equivalents of these rocks and numerous 
Mesozoic acid intrusives (Twenhofel, 19^6, p. ll). Hornfels are present 
near many of the intrusive contacts. In the vicinity of the Burroughs 
Glacier the predominant rocks are metasediments intruded by diorite and 
granodiorite stocks. (Rock identification is based upon a, megascopic 
examination of the hand specimens only). 

The western Bruce Hills, Idaho Ridge, Minnesota Ridge west of Glacier 
Pass and the knoll on which Station 7 (Curtis Hills) is located (Fig. l) 
are predominantly diorite or granodiorite, while eastern Bruce Hills, 
eastern Minnesota Ridge and most of the Curtis Hills are metasediments 
which strike generally northeast-southwest and dip about 30° to the 
northwest. The contacts between these beds and the intrusives form 
weak zones along which a number of valleys or passes have developed. 
Glacier Pass and the valleys on both sides of Station 7 are excellent 
examples. 
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The metasediments are mainly a series of shales and argillaceous 
limestones that were dynamically metamorphosed and later altered by 
silicification along joints and bedding planes. Boudinage structure 
(Ramberg, 1955) is common, with limestone comprising the boudins and 
argillite the matrix. In some cases the boudin structure and bedding 
planes have been obliterated by excessive silicification. 

The diorite, granodiorite and metasediments have been cut by a 
series of diabase dikes and sills of varying composition. Many of the 
dikes which intrude the stocks are apparently joint controlled. 

2.3 CLIMATE 

The climate of the Glacier Bay region is maritime. The nearest 
weather stations are at Cape Spencer on the coast 65 km to the south and 
at Haines 50 km inland to the northeast. It is difficult to estimate 
the annual weather conditions in the vicinity of the Burroughs Glacier 
by simply using data obtained from these stations, for the climate is 
affected locally by glaciers, topography and ocean. 

Table 1 lists weather conditions at Cape Spencer and Haines and 
compares them with the few observations made during the summers of 1959 
and i960 near the Burroughs Glacier. The summer monthly mean temper
atures at Wachusett Inlet are considerably lower than those at Cape 
Spencer and Haines. This may be due to the proximity of the glacier. 

During the summer the weather near the Burroughs Glacier fluctuates 
between periods of clear skies and high temperatures sometimes accompanied 
by strong westerly winds, and periods of heavy overcast with moderate 
southeasterly winds and low temperatures. The general wind, temperature 
and cloud conditions during July and August, i960 are shown in Figure 5. 
Temperatures were measured daily with a sheltered maximum-minimum ther
mometer; wind velocity and percentage of overcast were estimated daily; 
and precipitation was estimated during July and measured with a rain 
gauge during August. The graph shovrs that high winds are generally 
associated with clear weather, but on one occasion a southeasterly storm 
had winds in gusts of 35 meters per second. 
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Table 1. Temperature and Precipitation 
in the Glacier Bay Region 

Temperature 
and 

Precipitation 

Monthly 
mean 
precipitation 

Annual 
precipitation3 

Monthly 
mean 
temperature 

Annual 
mean 
temperature 

Cape 
Spencer1 

(sea-level) 

June lk. 5 cm 
July 19.k 
Aug. 23.1 
Sept. 39-1 

283.5 cm 

June 9.5°C 
July 11.3 
Aug. 11.5 
Sept. 10.2 

5.7°C 

Haines2 

(sea-level) 

3.9 cm 
k.e 
e.k 

13.U 

IA5.I cm 

12.8°C 
Ik.2 
13.3 
10.1 

A.8°C 

Wachusett 
Inlet 

(30 meters) 

_ _ 

--
19•6 cm 

--

--

10.0°C 
9.7 

_ _ 

1Seitz, 1959, P- 66. 
2Johnson and Twerihofel, 1953* p. 6. 
3At Haines snow accumulation averages 271.3 cm. 

3. DEGLACIATION 

3.1 GENERAL 

Field (19^7, 1959) has compiled a detailed history of ice retreat 
in Muir and Wachusett inlets from early photographs, maps and descrip
tions dating back to 1892. This information has been invaluable in 
tracing the structural history of the Burroughs Glacier. 

3.2 RETREAT 

3.2.1 Early Observations 

The earliest observations of the extent of ice in Glacier Bay 
were recorded by Vancouver (l80l) who described the bay in I79U as being 
entirely filled with ice. The exact location of the terminus could not 
be determined from his brief account. 
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No more observations were made until 1880 when John Muir (1915) 
visited the area. By this time the ice had retreated from lower Glacier 
Bay to Reid and Muir inlets. An ice front over 3 km long occupied the 
narrowest portion of the Muir Inlet just south of Mount Wright (Fig. l). 

In 1892 the first plane-table map of Muir Inlet (Fig. 6) was 
made by H. F. Reid (1896). The ice front was several kilometers north 
of the 1880 position, but still blocked Adams Inlet. 

Reid estimated that the greatest advance occurred 100 to 150 
years earlier, before Vancouver's time, when the ice extended southeast 
to the mouth of Glacier Bay at Bartlett Cove (Fig. l). A large terminal 
moraine trending northeast-southwest marks the limit of the advance. 
Spruce stumps imbedded in this moraine are estimated to be 120 to 125 
years old according to radio-carbon dating (Lawrence, 1958) and tree 
ring analysis (Goldthwait, i960). The date of the moraine is probably 
around 175 B. P. if 50 years is allowed for the spruce seedlings to 
become established (Goldthwait, i960). This ha.s been considered as 
the latter part of the Little Ice Age. 

In 1892 the Burroughs and Plateau glaciers were one ice sheet 
which Reid referred to as the Cushing Plateau (Fig. 6). The ice covered 
the Curtis Hills (U29 m elevation) at the eastern end of the present 
Burroughs Glacier and extended across the Bruce Hills (700 m elevation) 
which now separates the Burroughs Glacier from the Plateau Glacier 
(Fig. l). Reid's map of 1892 shows that the surface of the Cushing 
Plateau exceeded 610 m elevation directly over Wachusett Inlet (Fig 6) 
and that the ice flowed both northwest, where it joined the Muir Glacier, 
and southwest where it joined the Carroll Glacier. At this time the 
Cushing Plateau was being nourished in part by subsidiary glaciers from 
a ridge (now called Idaho Ridge) on the southwest side of the Cushing 
Plateau, but the predominant source wa.s by flow from Muir Glacier over 
low passes, particularly Glacier Pass (6l.O m), which runs over the ridge 
(now Minnesota Ridge) to the northeast of Cushing Plateau., Prior to 
1892, high areas on the Cushing Plateau may have been centers of accumu
lation. Evidence for this is discussed in Section 7.6. 

3.2.2 Recent Observations 

Between 1892 and 1913 the ice front of the Muir Glacier re
treated it km from its position near Mount Wright to the entrance of 
Wachusett Inlet (Fig. l). The ice front then split and retreated as 
two separate glaciers, the Plateau Glacier occupying the Wachusett 
Inlet and the Muir Glacier continuing its retreat up Muir Inlet. During 
this time the ice of the Cushing Plateau was being lost primarily by 
outflow across the Curtis Hills and the mouth of Wachusett Inlet into 
Muir Inlet. By 1916 the Cushing Plateau was almost disconnectedfrom the Muir 
system. A narrow ice stream flowed over Glacier Pass into the Muir 
Glacier to the northeast, but the eastern tongue of the Cushing Plateau 

7 



in the divide between Minnesota Ridge and the Curtis Hills was no longer 
joined with the Muir Glacier (Fig. l). Flow of this tongue was greatly 
restricted by the emergence of the Curtis Hills in 1906. 

By 1929, with the emergence of eastern and western Bruce Hills, 
the Cushing Plateau had ceased to be one unit. The Burroughs Glacier 
occupied the valley north of the Bruce Hills and the Plateau Glacier, 
the valley to the south. Some ice flowed from the Burroughs Glacier 
into the Plateau Glacier 25 to SO m lower by way of a divide in the 
Bruce Hills. At this time a knoll in the Curtis Hills (Station 7 at 
330 m, Plate I) was exposed, and flow in the eastern Burroughs tongue 
was diverted more to the southeast. The western tongues of the Burroughs 
and Plateau glaciers continued to join with the Cushing and Carroll gla
ciers respectively. 

At some time between l$kQ and 1958 the Burroughs Glacier became 
detached from the Cushing Glacier. A connection between the Plateau and 
Carroll glaciers still remains, but it is debris-covered stagnant ice. 
Ice along the shore of Wachusett Inlet joining the Burroughs Glacier with 
the Plateau Glacier is also stagnant, but by 1962 the glaciers may be 
disconnected. 

The retreat of the Plateau Glacier front has been carefully 
observed from 1913 to the present. The tidewater terminus is now 
opposite the Baldwin Glacier as shown in Fig. k. Over a period of t/7 
years (1913 to i960) the ice front has retreated 11.8 km at an average 
rate of 252 m per year. Field (1959) observed that rate of recession 
varied proportionally with the width of the inlet. 

Horizontal retreat of the Burroughs Glacier on land from I9H8 
to i960 was only 3̂-0 m near Station 7 compared with retreat of 6,650 m 
for the Plateau Glacier tidewater terminus in the same period. An 
example of recent ice retreat on land is shown in Figs. 2 and 3> which 
are photographs taken from the same position, one year apart, showing 
the ice front near the base camp on the north shore of Wachusett Inlet. 
An ice retreat of nearly 70 m and a significant drop in the ice horizon 
is evident. 

Field (1959)j> Mercer (l9ola) and others have concluded that 
the catastrophic retreat of the tidewater terminus in Glacier Bay (100 lam 
since the late 1700's) was largely due to the configuration of the fiord. 
A raising of the firn limit was responsible for the initial retreat of 
the terminus from the narrow entrance to Glacier Bay. Since the fiord 
is progressively wider inland, the width of the retreating tidewater 
terminus became progressively wider also which increased loss of ice by 
calving and by melt beneath the floating tongue. 
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3.5 DOWNWASTING 

Reid (1896) and Gilbert (190*0 estimate that the ice at its maximum 
extent may have exceeded 915 m thickness in upper Muir Inlet and perhaps 
1122 m thickness in the upper part of Reid Inlet. 

Recent evidence indicates that when the Cushing Plateau was at its 
maximum height during the Little Ice Age, the surface of the ice over 
Wachusett Inlet was at least A60 m above sea-level. A lichen trim line 
is evident at about 160 m elevation on the east wall of a cirque below 
the Patton Glacier facing Wachusett Inlet (Fig. *0. The line corresponds 
approximately with the level of ice given by Reid (1896, p. ^13) for this 
locality in 1892 (Fig. 6), which suggests that the ice may not have been 
much higher at this locality during the maximum advance 100 years earlier. 
The inlet, which was filled with outwash gravels deposited during hypsi-
thermal time, was probably being deepened by glacial erosion as rapidly 
as the ice was thickening. The total thickness of the ice was probably 
more than 600 m allowing for the present depth of the inlet, about 1*1-0 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 along the 
southwest side of Minnesota Ridge is about 530 m. Thus the ice thickness 
here in 1892 was not more than about 230 m compared to nearly 600 m of 
ice in Wachusett Inlet. 

A comparison of the 19*1-8 and i960 topographic maps (Fig. 7 and 
Plate II) shows that the Burroughs Glacier surface at the ice crest 
dropped from 517 to 507 m during this 12-year period (0.8 m per year), 
whereas at the terminus, near Station J, it dropped from 213 to 135 m 
(6.5 DI per year). Profiles from the l^kS and i960 maps are plotted 
together in Fig. 8 to show the change in ice loss with elevation. 

The drop in ice surface over a period of years can also be estimated 
from photographs which show the former position of the ice surface along 
valley walls. Such photographs are available from American Geographical 
Society parties which visited the Burroughs Glacier in 19*1-1 and 1958. 
Photographs taken from Station 9 in 19*1-1 (Field, 1959, Photograph No. 
AGS-F-Al-167) and 1959 (Fig. 9) show that during this l8-year period 
(19*1-1-1959) approximately 61 m of ice was lost, at a rate of 3»*1- m per 
year. This rate is considerably higher than 0.8 m per year for a 12-
year period (l9*+8-196o) at 500 m elevation not far away near the glacier 
centerline. This difference is primarily due to an increase in ablation 
caused by the local warming of the air by outgoing long-wave radiation 
from the rocks bordering the ice edge. A marginal depression due to 
higher ablation near valley walls is common on most temperate glaciers. 
On the Burroughs Glacier the depression is very pronounced because 
lateral movement is not great enough to compensate significantly for 
the ice loss. 
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3.4 FIRN LINE 

The firn line is "the highest level to which the fresh snow cover 
on a glacier's surface retreats during the melting season" (Matthes, 
191+2, p. l6l) and therefore it is the dividing line between the accumu
lation 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 
I892. In Reid's time the Cushing Plateau formed a broad ice dome over 
Minnesota Ridge (Fig. 6) 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 (1959) estimates that the firn 
line in the Muir-Queen Inlet drainage area was between 685 and 76O m 
during the Little Ice Age advance. 

Mercer (l96la, p. 857) suggests that the firn line may have started 
rising 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 Glacier Bay the tidewater 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. l) for 
ice which feeds the Riggs, Muir, Cushing, Carroll and Rendu glaciers is 
estimated at 1160 m or above (Goldthwait, i960). Firn lines of other 
glaciers within 120 km of Glacier Bay are: Lemon Creek Glacier, 1175 Hlj 
Little Jarvis Glacier, 1250 m (American Geographical Society, Spec. Publ. 
$k, I960); and Taku Glacier, about 1035 m (Nielson, 1957). 

k. ABLATION 

k.l METHOD OF MEASUREMENT 

Ablation was measured at 12 localities (Plate I) on the southeast 
end of Burroughs Glacier. In June, 1959^ poles of vertical-grain fir, 
4.9 m long and 1.9 cm square, were set into holes drilled by a SIPRE 
ice auger (2.5L cm diameter). Part of the poles (l/h to 1/2 m) was left 
above the surface and an orange flag 25 cm square was tied to the top. 
These poles were intended primarily for observations of glacier movement. 
The poles at first fitted tightly into the holes, but in a few days 
ablation loosened them, and a sizeable enlargement of the hole developed 
at the surface. After about four weeks the holes had to be redrilled 
because the poles projected as much as 2.5 m above the surface. 
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Ice loss was measured at weekly and sometimes daily intervals, 
depending upon the location of the poles. Measurements were made for 
five weeks, from late July to early September, 1959; and from late June 
to late August, i960. At the end of the 1959 period the poles were re-
drilled and the ice level noted. The poles were remeasured in June, 
i960 and then redrilled. Thus, the total ablation recorded included 
large parts of two ablation seasons. Ice loss was determined by noting 
the lowering of the ice surface with respect to the top of the pole. 
The position of the ice level was measured by placing a flat stick or 
rule across the widened hole and noting where it touched the pole. 

Ablation was measured most often at locality 12 in 1959 and at 
locality 8 in i960 (Plate I). Ablation values at locality 12 are based 
upon an average of measurements from poles placed 10 m apart in a square 
pattern. Values at locality 8 (Fig. 5) are based upon measurements from 
five poles which were arranged in a square pattern (50 m on a side) with 
another pole in the center. Although ablation measurements were infre
quent and were made at only 12 localities, the results are adequate for 
this particular study. 

k.2 ABLATION RATE 

A summary of the ablation data for each locality is shown in Figs. 
10 and 11. The ablation is expressed in centimeters of water assuming 
a density of 0.88 gm/cm3 for glacier ice. Other pertinent information, 
such as elevation, ice surface gradient, distance from nearest ice edge, 
and the value for a year's ablation (in centimeters of water) is entered 
at the left of each graph. Annual ablation at each pole is based upon 
ice loss between August 9> 1959 and August 9, i960. 

The rate per day over this whole one-year period cannot be deter
mined accurately, for the length of the ablation season can only be 
estimated. For instance, the ice at 100 m elevation or less was com
pletely free of snow by the end of June, while ice at A00 m retained a 
snow cover until the end of July. By the middle of August the entire 
ice surface was free of snow except for small accumulations in deep 
crevasses and dry moulins. Assuming a four-month ablation period for 
lower elevations, where a maximum annual ablation of 669 cm of water was 
measured at Pole 12 (95 m elevation), the rate would be 5»5 cm of water 
per day. Using a three-month period for high elevations, where a minimum 
annual ablation of 396 cm of water was measured at Pole 10 (̂ 28 m eleva
tion), the rate would be k.k cm of water per day. The ablation rate for 
the period between July 10 and August 20, i960 (six weeks) averaged from 
11 localities, is about k.k cm per day. 

k.J TOTAL ANNUAL ABLATION 

The maximum annual ablation of 669 cm (Pole 12) is not exceptionally 
high when compared to other temperate glaciers such as the Gorner Glacier, 
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Switzerland (Renaud, 1952) with 750 cm ablation and the Hoffellsjokull, 
Iceland (Ahlmann, 1938) with 1,000 cm ablation measured near the terminus. 
However, these glaciers are continually being replenished by ice from 
above the firn line so that high ab3.ation does not reduce absolute ice 
level as rapidly as on the Burroughs Glacier which is entirely below the 
firn line. 

k.k CHANGE IN ABLATION WITH ELEVATION 

The variation of total ablation with elevation is shown in Fig. 12. 
The line drawn on this graph and in Fig. Ik is, according to the distri
bution of points, the best estimate of ablation for a given elevation as 
determined by the method of least squares. At three localities in Fig. 
12 (Poles 3; 10, and 6) the values for total annual ablation depart sig
nificantly from this line. 

The ablation at Pole 3 (Plate I) is unusually low for its elevation 
(327 m). Several factors may be responsible: the ice surface gradient 
is low (15 m/km), there are very few crevasses, surface drainage is poor 
(one of the few areas where water collected in the drill hole), and snow 
remains on the surface longer than at other areas at nearly the same or 
higher elevation. The persistence of a snow cover which has a higher 
albedo and a lower thermal conductivity than ice may be the principal 
factor responsible for low ablation. Since the ice is poorly drained, 
the presence of intergranular water, which also has a lower thermal 
conductivity than ice, may retard ablation further. 

Ablation at Pole 6 is also low, considering its elevation of 116 m 
and short distance (lLO m) from the ice edge. This ice is covered by a 
veneer of silt and clay approximately one cm thick which, because of its 
low albedo and thinness, should accelerate melting. The fact that the 
ice is to the lee side of a nunatak and fairly well protected from pre
vailing westerly winds may be one explanation for the low ablation. 
Another possibility is that the grain size is unusually large, which 
means there are only a few grain boundaries per unit area to facilitate 
melting. 

At Pole 10 the ablation is high for this elevation (L28 m). In 
contrast to the conditions at Pole 3, the area is heavily crevassed, 
the ice surface gradient is high (71 m/km), and the surface is well 
drained. It is possible that good drainage is partly responsible for 
the high ablation, in that it facilitates the removal of snow cover and 
of intergranular water near the surface. 

A comparison of longitudinal profiles (Fig. 8) made from topographic 
maps of the Burroughs Glacier in 19^8 (Fig. 7) and i960 (Plate II) can 
be used to calculate variation in ice loss with elevation. This loss is 
due to both ablation and movement. The average annual loss at different 
elevations during this 12-year period is plotted in Fig. 1.3. The ice 
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loss is converted to centimeters of water in order to compare this ice 
loss versus elevation for the 12-yea.r period with that for a one-year 
period in Fig. 12. The steeper slope in Fig. 13 may be due to lateral 
ice movement which, over the 12-year period, had some effect on lowering 
ice surface. 

An interesting study by Mercer (1961b) suggests that a linear vari
ation of ablation with elevation may apply to many, if not all, glaciers. 
Mercer used only ablation measurements from the Gorner Glacier and esti-
meted ablation values from the Taku Glacier to illustrate this point. 
Figure 16 compares the plot of ablation versus elevation for the Bur
roughs Glacier with that of other temperate glaciers (below the firn 
line) and one sub-polar type glacier. The linearity suggested by Mercer 
seems to be present in part, of each of the curves of Fig. lb with the 
exception of the Hoffellsjokull and the Barnes Glacier which receive a 
large supply of snow and have an unusually high ablation. With the ex
ception of the Fourteenth of July Glacier (sub-polar type) the total 
annual ablation varies from 60 to 120 cm of water per 100 m change in 
elevation. 

The change in ablation rate with elevation for a six-week period in 
July and August, I960, is plotted in Fig.Ik. The decrease in ablation 
rate with increase in elevation is approximately 0.9 cm of water per day 
per 100 m. The distribution of points in Fig. Ik clearly show that change 
in elevation is a major controlling factor in changes of ablation. 

4.5 THE EFFECT OF ICE SUPJJACE SLOPE ON ABLATION 

The local ice surface gradient may have a direct though minor in
fluence on ablation as shown in Fig. 15; localities with high gradients 
tend to have high ablation, and vice versa. The distribution of points 
in Fig. 15 is misleading, for it is difficult to tell which factor, 
elevation or gradient, is mainly responsible for the ablation. For 
instance, localities 6, 7, 8, and 9 have high ice surface gradients and 
high ablation, but also are at low elevations. Therefore, the low ele
vation may be the factor influencing ablation at these points. 

The ice surface gradient does have at least an indirect control on 
ablation, however, in that it controls the drainage of intergranular 
water near the surface. If the drainage is poor, for example, the 
presence of intergranular water may retard ablation, as illustrated in 
the preceding section. 

k.6 THE EFFECT OF METEOROLOGICAL CONDITIONS ON ABLATION 

Detailed meteorological observations were not undertaken, but wind 
velocity, cloud cover, temperature and precipitation were recorded at 
base camp 500 m from the ice edge at an elevation of 27•7 m. A summary 
of these observations is presented in Table 1 and Fig. 5-
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In Fig. 5 the ablation at Pole 8 (213 m elevation) during July and 
August, I960, is compared with daily maximum temperature, general cloud 
cover and precipitation, and wind velocity as observed at base camp (off 
the ice 500 m from terminus) for the same period. Ablation measurements 
were not frequent enough to show minor fluctuations, but there is a 
slight decrease in ablation rate between July 22 and August 7 which 
coincides with a long period of rain, overcast sky, low wind velocity, 
and markedly low maximum temperatures. A similar relationship was noted 
in 1959 when, at Pole 12, an average of 8.4 cm of ice per day was lost 
during three days of clear weather, but during three days of rain which 
followed only 7-1 cm of ice per day was ablated. 

4.7 COMPARISON WITH PREVIOUS MEASUREMENTS 

According to records, the only ablation measurements in the Muir 
Inlet area were made by H. F. Reid (1896, p. 450) in I89O and 1892 at 
the terminus of the Muir Glacier, which was near the entrance to Adams 
Inlet (Fig. l), and on the Girdled Glacier, a tributary of the Muir at 
the head of Adams Inlet. To avoid changes in the level of the bottoms 
of the drill holes which filled with water, Reid drilled two holes near 
each other diverging at about 60°. Two poles were notched and wired to
gether at this angle and placed in the holes. From two such pairs of 
holes near the terminus on Muir Glacier he recorded from July 15-20, 
1892, during cloudy and rainy weather, a loss of 4.1 cm of ice per day. 
In comparison, ^.h cm of ice loss per day was recorded at Pole 8 (313 m 
elevation) on the Burroughs Glacier during a cloudy and rainy period 
from July 25-30, i960. 

4.8 SUMMARY OF RESULTS 

An annual ablation of 669 cm of water was recorded for the period 
1959 to i960 near the terminus of the Burroughs Glacier at 95 ni elevation. 
At elevations of 375 to 425 m the annual ablation varied from 346 to 396 
cm of water. 

The change in the rate of ablation is a function of elevation. The 
rate of decrease in ablation with elevation was 0.9 cm/day/lOO m deter
mined from ablation measurements over a six-week period in July and 
August, I960. 

A decrease in ablation was recorded during a period of heavy over
cast, moderate precipitation, and calm weather. 

An unusually low ablation, recorded at one locality (Pole 6) near 
the terminus, may be due to two factors: a lack of wind and the presence 
of extremely coarse crystals. 
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Persistence of snow cover and poor ice surface drainage are con
ditions which may retard ablation in some areas as at Pole 3 which had 
an unusually low ablation for its elevation. 

Marginal depressions on the ice surface along steep valley walls 
and around nunataks indicate that outgoing long wave radiation from 
nunataks and valley walls produces locally a very significant increase 
in ablation. 

5. ICE MOTION 

5.1 PROCEDURE FOR MEASUREMENT 

The magnitude and direction of ice movement was determined at the 
ten localities shown in Plate I and Table 2. Poles used for measuring 
motion have been described in the preceding chapter. The azimuth of 
each pole was measured from both ends of a base line between August 16 
and 23, 1959, and again between July 6 and 11, I960. The movement was 
recorded for an 11-month period. The coordinate distances of the poles 
from the base line and their change in position with respect to the base 
line were determined trigonometrically. 

Base lines connecting Stations 7, lk, and 15, southeast of the 
Burroughs Glacier terminus, were used for determining the positions of 
Poles 1, 2, 6, 7, 8, and 9- A second set of base lines A-B-C on the 
eastern extremity of the Bruce Hills was used for Poles 3, k, 5, and 10 
(Plate I). Distances from Station 7 to lk and from Ik to 15 are 192k.75 
m (± 0.05) and 1106.10 m (± 0.05), respectively, as computed from a tri-
angulation survey in 1959 by Dr. James Case. Base lines A-B, 333-55 m 
(± 0.05), and B-C, k-03.78 m (± 0.05), were taped, and the positions of 
A, B, and C were determined by triangulation from Stations 7, lk, and 
15 (Plate I). 

Azimuths were measured in 1959 by a Wild T-2 theodolite and in i960 
by a Kern DKM-1 theodolite. Angles were repeated until at least three 
readings were within ten seconds of each other. The distances from 
theodolite stations to poles were from 3/k to 3 km; the azimuths may 
contain errors of up to ten seconds, so that the standard deviation for 
the absolute movement is estimated as 0.1 to 0.2 m and the standard 
deviation for the direction of movement is between 15 and 20 degrees. 
This range of error is not sufficient to affect the general results 
except in the case of Pole 6 where the apparent movement was only 0.1 m 
in 11 months. Movement at other poles varied from 0.5 to 6.7 ni for this 
period. 

5.2 INTERPRETATION OF RESULTS 

A summary of ice motion for the 11-month period and the extrapo
lated values for 12 months is presented in Table 2. The extrapolation 
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Table 2. Ice Motion Recorded at Ten Localities, 
Lower Burroughs Glacier, 1959-60 

Pole 

1 
2 
5 
k 
5 

o 
7 
8 
9 
10 

Elevation 

255 m 
302 m 
327 m 
3̂ 5 m 
370 m 

116 m 
167 m 
213 m 
222 m 
1+28 m 

Movement 
Aug. 1959-July I960 

3.53 m 
1.96 m 
3.21 m 
t.97 m 
5.22 m 

0.10 m 
0.7^ m 
0.50 m 
(0.67 m)* 
6.7^ m 

Annual 
Movement 

3.85 m 
2.Ik m 
3.50 m 
5.L2 m 
5.70 m 

0.11 m 
0.8l m 
0.55 m 
(5.82 m) 
7-35 m 

Movement recorded for July 9 to August 20, i960 only. 

for the annual movement is based upon the assumption that ice motion 
remained constant throughout the year. The rate of 6.7 m in 11 months 
for Pole 10 is by no means the greatest ice motion of the glacier since 
only ten measurements were made and those mostly on the lower part. The 
relationship of ice movement to ice surface gradient, elevation and dis
tance from the terminus is shown in Figs. 17, 18, and 19. The lines 
drawn in Figs. 18 and 19 represent, according to the distribution of 
points, the best estimate of movement for a given elevation or distance 
from the terminus determined by the method of least squares. Also, the 
variation in ice motion is shown in Fig. 20, a longitudinal profile of 
the ice surface constructed through five of the poles. 

Poles 1, 2, 3, k, 5, and 10 (Plate I and Table 2) which are all 
above 250 m elevation and more than 3/k km from the terminus have the 
greatest movement: 1.9 to 6.7 m in 11 months. Poles 6, 7 , and 8 below 
225 m elevation and less than 1/2 km from the terminus have a velocity 
of 0.1 to 0.7 m for the same period. It is obvious that at Poles 6, 7> 
8, and 9, the ice is approaching stagnation. It is difficult to dis
tinguish the zone of active ice from that of inactive ice in this area 
or any area near the glacier margin. A study of grain sizes, however, 
has shown that there is a gradational zone about 100 m wide where there 
is a significant change in grain size in coarse ice with increasing dis
tance from the terminus. The significance of this is discussed in Sec
tion 7. A. 

Movement at Pole 9 (Table 2) was measured only in i960 between 
July 9 and August 20. The movement was 0.7 m in six weeks which is 

16 



higher than expected. At Pole 8, which is nearly the same distance from 
the terminus (550 m) and only A25 m from Pole 9; the movement was 0.5 m 
in 11 months. The extrapolated value for annual movement at Pole 9 is 
5.82 m which is not consistent with other rates of movement. This sug
gests that most of the annual movement at Pole 9 occurs during the summer. 
The movement near the glacier terminus may indeed fluctuate periodically,, 
which means that the extrapolated values for motion over a 12-month period, 
based upon a constant flow rate, must be used with caution. 

The cause of this periodic fluctuation in motion, with high velocity 
during July and August, if fluctuation does exist, is probably due to the 
effects of ablation. The removal of load from the ice mass during the 
ablation season should decrease the rate of ice movement. But the re
sponse of glacier movement to the decrease in stress could be delayed as 
much as six months (Nye, i960). The result could be a decrease in ve
locity in winter, then a leveling off in this rate of decrease in summer, 
followed by another decrease of velocity in winter. 

The effect that the presence of melt-water has on ice motion must 
also be considered. On the lower Burroughs Glacier below 250 m elevation 
the ice is perforated, surface drainage is almost nonexistent and numerous 
streams issue from beneath the glacier at the terminus. This water un
doubtedly acts as a lubricant on the sole of the glacier, at least near 
the terminus. The increase in ice flow resulting from this may coincide 
with the periodic fluctuation in ice motion produced by the removal of 
load, so that a local increase in motion results during the summer. 

The direction of ice movement, seems to be generally controlled by 
sub-ice topography; at all localities except Poles 10, A, and 3 the 
direction of movement is not parallel with the direction of the greatest 
ice surface gradient (Plate I). The ice surface gradient also has little 
effect on the magnitude of the ice motion, as shown by the distribution 
of points in Figure 17. 

It is interesting to compare the motion of the Burroughs Glacier 
with that of other broad temperate glaciers below the firn line. In 
most cases the maximum velocity of temperate glaciers with firn lines 
is considerably higher since these glaciers have a definite ice source. 
The Saskatchewan Glacier, Alberta, Canada, in 195A had a maximum surface 
velocity of 116.8 m per year at the firn line, decreasing to 3-6 m per 
year at the terminus (Meier, i960). The surface velocity of the 
Hoffellsjokull, Iceland, in 1936 varied from 225 m Ver year near the 
firn line to zero at the terminus (Ahlmann, 1939; P- 198). 

5.3 AN ESTIMATE OF ICE MOTION FROM MORPHOLOGY 

5.3.1 General 

The general area on a glacier where the surface ice velocity 
is a maximum and the area where the rate of change of velocity with 
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distance is a maximum may be determined approximately from an analysis 
of ice contours, provided there are not many tributary glaciers or ice 
falls to disrupt the normal flow pattern of the glacier. 

Hugi found that there is a. distinct difference between the 
contour shape in the firn region of a glacier and that in the lower 
reaches of the glacier (Hess, 1904, p. 69). In many cases the firn 
line occurs where the contours change curvature from predominantly con
vex up glacier to predominantly convex down glacier. On maps of nine 
glaciers in Alaska and Canada compiled by the American Geographical 
Society (Special Publication 5^, i960) the firn line is generally l/k km 
or more up glacier from the position of contour change. Further analysis 
of these and other glacier maps has indicated a probable relationship be
tween the change in the radius of curvature from one contour to another 
down glacier at the centerline and the change in ice movement down glacier. 

When velocity is increasing down glacier, as in Nye's "extending 
flow," (1952a, p. 86) ice along the centerline is being removed faster 
than it can be replaced by ice from up glacier or from the sides, which 
produces a slight depression near the centerline, expressed by contours 
convex up glacier. Marginal depressions will also exist on most glaciers, 
but these are mainly the result of high ablation due to the influence of 
the valley walls. The depression along the centerline, however, is proba
bly due to flow, as there is no reason for ablation to be higher here than 
farther toward the margins. Conversely, in areas where ice velocity de
creases down glacier, as in Nye's "compressive flow," (ibid.) the ice 
tends to build up at the centerline faster than it can be removed by 
ablation or flow, and a broad arch results, expressed by contours convex 
down glacier. 

5.3.2 Areas of Maximum Velocity 

Maximum velocity occurs where there is a change from "extending 
flow" to "compressive flow" which can often be identified by the change 
from "transverse" to "splaying" crevasses (Section 6.2.2.2) as suggested 
by Nye (l952a, p. 91) and Meier (i960, p. 56), and by the change in curva
ture of contours, as discussed above. On the Burroughs Glacier, which is 
entirely below the firn line, the crevasse patterns (Plate II) clearly 
indicate that "extending flow" is present in the upper glacier and "com
pressive flow" on the lower tongues. The contours gradually change from, 
convex up glacier to convex down glacier as the crevasse pattern changes 
from "transverse" to "splaying," particularly in the western lobe of the 
Burroughs Glacier (Plate II). A similar relationship is present on the 
lower Blue Glacier, Washington, near the 1500 m contour shown by the 
American Geographical Society map in Special Publication 3̂.> I960. 

Ice velocity probably reaches a maximum on the Burroughs 
Glacier somewhere between 425 and 450 elevation on the west side of the 
ice crest, and between 400 and 425 m elevation, opposite the eastern end 
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of the Bruce Hills. In both places "transverse" crevasses grade into 
"splaying" crevasses and the ice topography is shown by predominantly 
straight contours at the centerline (Plates I and II). Opposite the 
eastern end of the Bruce Hills the velocity is probably slightly higher 
than that recorded at Pole 10, which is 6.7 m in 11 months. 

5.3.3 Areas of Maximum Velocity Change 

The area where the maximum change in velocity occurs can also 
be predicted by an analysis of contours. If the ice velocity changes 
rapidly with distance down glacier, a sudden change in surface topography 
in the ice should also result. This topography is expressed on the map 
by rapid change in the curvature of contours with distance down glacier, 
assuming, of course, that ablation remains fairly constant. For instance, 
on the Burroughs Glacier the greatest change in velocity as it increases 
down glacier probably occurs between the V75 and 500 m contours (Plate I) 
on either side of the ice crest. Here, an abrupt change occurs from 
sharply curved contours, convex up glacier, to nearly straight contours. 
This indicates that although the ice velocity continues to increase down 
glacier, its rate of increase is leveling off sharply. 

The fact that ice velocity does increase down glacier in an 
ablation zone can be explained by the fact that the valley floor beneath 
the upper Burroughs Glacier probably has a slightly convex curvature with 
a surface slope increasing down glacier. This slope increase levels off 
just below the area where "transverse" crevasses grade into "splaying" 
crevasses. 

5.3•^ Summary 

On simple glaciers, where there are no great valley constric
tions, ice falls, or tributary glaciers that might disturb the normal 
flow pattern, it can be said that areas of maximum velocity at the sur
face have occurred where ice contours change from convex up glacier to 
convex down glacier, and areas of maximum rate of change of velocity 
with distance have occurred where there is a rapid change in radius of 
curvature for succeeding contours along the centerline as one progresses 
down glacier. This contour analysis can be most helpful in predicting 
where to carry out ice motion studies on glaciers that have been mapped 
previously, particularly on glaciers where crevasse patterns are hidden 
by snow cover and cannot be used to interpret flow relationships. 

5.h STRAIN-RATE OBSERVATIONS 

If the principal axis of strain can be determined approximately at 
the glacier surface then it may be possible to distinguish between relict 
structures and structures that are closely related to present deformation. 
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Measurements of deformation at the glacier surface were attempted at 
three localities, 300 to 600 m from the eastern terminus of the Burroughs 
Glacier. The procedure suggested by Nye (1959a-) for calculating the 
strain-rate tensor was followed. 

A taped base line 305 m (1,000 ft.) long was established near the 
terminus of the Burroughs Glacier, e/pproximately parallel with the trend 
of the foliation. A square pattern of poles was set in at the ends and 
middle of the base line. The squares were 30 m on a side with a pole, 
2.k m long, at each corner and one in the center. The center pole was 
not essential but, with only a 30-m tape available, it facilitated measur
ing diagonals and it served as a ple.ne-table station on the base line. 
Pole 8, the center pole of the square at the middle of the base line, had 
been established in the previous summer for determining absolute ice move
ment (Plate I). 

Each pole was drilled in as close to perpendicular as possible with 
the aid of a plumb line. Approximately 10 to 20 cm of pole was left 
above the surface so that the tape which was held parallel with the ice 
surface could clear intervening ice hummocks. After ten days the poles 
had to be redrilled, for ablation had lowered the surface nearly 33 cm 
and widened the holes to 10 cm in diameter. 

Distances between poles were measured with a steel invar tape and 
tension spring. The readings were repeated until three measurements 
were within 0.5 cm of each other. The accuracy of the measurements over 
a distance of 30 m is estimated at 2 to 3 cm. Inaccuracies were primarily 
caused by: l) loosening of pole due to ablation, 2) when drilling, fail
ure to maintain the vertical orientation of the previous pole, and 3) 
failure to hold tape in a horizontal position. 

Measurements were made on July 15 and 25, and August 23, I960. Un
fortunately there was less movement between poles than had been predicted 
and only the set of poles farthest from the terminus could be used. At 
the end of six weeks changes of less than 20 cm were recorded. Values 
for the horizontal displacement between poles and their strain-rates per 
year for the upper square of poles are presented in Table 3- The princi
pal strain-rates derived from these measurements using the mathematical 
procedure suggested by Nye (19599-) are: 

e1 = -0.013* es = +0-012 e3 - +0.001 

*In comparison, Glen (i960) measured surface strain-rate on the snout 
of the Austerdalsbre. The largest principal strain rate was compressive 
and of magnitude 0.19 ± 0.02 per year. 
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Table J. Strain Rate Measurements, July 15-August 23, 
i960 for the Lowei' Burroughs Glacier 

Poles 

1-2 
3-h 

2-3 
k-1 

5-1 
5-5 

5-2 
5-U 

Distance 
J u l y 15 

29.995 m 
29.985 

30.050 
30.035 

21.230 
21.185 

21.205 
21.260 

Dis tance 
Aug. 23 

30.015 m 
29.885 

29.955 
30.135 

21.255 
21.1+5 

21.215 
21.220 

Difference 
J u l y 15-Aug. 23 

+0.020 m 
-0.100 

-0.095 
+0.100 

+0.025 
-0.0+0 

+0.010 
-0.0+0 

S t r a i n Rate 
per year 

+0.623$ 
-3.122$ 
-2.+99 7 2= -1-25$ & 3 E 

-2.958$ 
+3.116$ 
+0.158 r 2= +0.08$ e 4 5 

+1.102$ 
-1.765$ 
-O.663 7 2= -0.33$ £o 

+0.0^7$ 
-1.759$ 
-1.712 '- 2= -0 .86$ e 9 0 

Principal strain rates: q = -0.013; q = +0.012; e3 • +0.001 

A detailed plane-table map of ice structures has been constructed 
at a scale of 1:1200 extending about 150 m to either side of the base 
line (Plate IV). The principal axis of horizontal compression is plotted 
on this map for the upper set of strain-rate poles only. The magnitude 
and direction of movement at Pole 8 is also plotted. The significance 
of the structures and their relationship to movement and to strain-rate, 
assuming the principal axes of strain parallel the principal axes of 
stress, are discussed in Section 7-2.2. 

6. PREVIOUS STUDIES ON GLACIER STRUCTURE 

6.1 INTRODUCTION 

Structures in glaciers were described in the literature as early as 
the middle 1700's. Through the years a myriad of observations has raised 
numerous questions concerning their genesis. Many of these questions 
remain unanswered for the following reasons: (l) most of the early ob
servations of structure were subsidiary to other lines of investigation, 
such as glacier nourishment, movement, and wastage; (2) only since 1950 
have laboratory experiments been performed on single ice crystals and 
polycrystalline ice to determine their rheologic character; and (3) since 
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ice probably deforms as a plastic substance under high stresses and as 
a viscous substance under low stresses, the mechanism of deformation is 
complex; changes in grain size, shape and orientation vary widely with 
change in temperature and pressure. 

A brief review of the literature with a more detailed consideration 
of recent contributions is presented under the following categories: 
primary structures, secondary structures, and glacier fabric. A review 
of previous studies is covered more fully by Taylor,(1962, p. 66-86). 
For further information the reader is referred to the excellent summaries 
and discussions of Charlesworth (1957), Shumskii (1955), Sharp (1954), 
Seligman (1949a), KLebelsberg (1948), Drygalski and Machatschek (1942), 
and Dobrowolski (1923). 

Before examining the literature is is necessary to define a number 
of terms which are used frequently in describing ice structures. These 
definitions will be adhered to throughout unless otherwise noted. Further 
information regarding these terms is given in papers by Dobrowolski (1923), 
Miller (1955), Seligman (1949a, 1955), Sharp (1951, p. 601; 1954), 
Charlesworth (1957, pp. 27-36, 48-50), Meier (i960, pp. 50-62, glossary 
p. iv), and Nobles (i960, pp. 4-12). 

Grain. Snow and firn grains are aggregates of 
many snow crystals, but glacier grains are single 
crystals of ice. 

Ice foliation. A compact planar structure produced 
by shear or compression and consists of alternate 
layers of bubble-rich and bubble-free ice, or alter
nate layers of fine and coarse-grained ice. In some 
cases the bubbles or grains are elongated in the plane 
of the layer (Taylor, 1962, p. 87). 

Fine layer. A layer in the ice which contains crystals 
considerably finer than those of the surrounding ice. 

Fine band. A broad linear zone on the ice surface 
which contains crystals considerably finer than those 
of the surrounding ice. 

Blue layer. Any layer in the ice nearly free of 
bubbles. 

Blue band. A broad linear zone at the ice surface 
which appears bluer than the surrounding ice due to 
the absence of air bubbles. 

Dirt layer, debris layer. A layer in the ice con
taining an abundance of dirt (fine foreign matter) 
or debris (fine and coarse foreign matter). 
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Dirt band, debris band. A broad linear zone on 
the ice surface which appears to have more dirt or 
debris than the surrounding ice. 

Ogive. Alternate dark and light colored bands on 
a glacier, hyperbolic or parabolic in plan with the 
curves convex down glacier. (Modified from King and 
Lewis, 1961, p. 91k). 

Fracture. A rupture in the ice. 

Joint. A closed fracture along which no appreciable 
movement has taken place. 

Fault. A closed fracture along which shearing move
ment has taken place. 

Crack. An open fracture of narrow width. 

Crevasse. An open fracture of great width. 

6.2 PRIMARY AND SECONDARY STRUCTURES, AND OGIVES 

6.2.1 Primary Structures 

Primary structures are those which result from: (l) the com
paction and granulation of snow at depth forming stratified firn which 
occurs as widespread concordant layers in the accumulation basin and as 
local discordant layers in crevasses and depressions in older ice, (2) 
the melting and freezing of snow and firn near the surface producing 
ice lenses, glands, and blue layers, and (3) the weathering of snow and 
firn at the surface forming superimposed ice, wind crusts, and cross-
bedding. 

Discussions of the genesis of primary structures accompanied 
by excellent descriptions are found in papers by Sverdrup (1935), 
Ahlmann (1936), Ahlmann and Thorarinsson (1938, 1959), Bader (1939), 
Perutz and Seligman (1939), Sharp (1951), Benson (.1959), and Nobles 
(I960). 

6.2.2 Secondary Structures 

Secondary structures result from deformation produced by ice 
flow, and include ice foliation, contortion of both primary and secondary 
structures, and ruptures. 
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6.2.2.1 Ice foliation. Ice foliation is a compact planar 
structure produced by shear or compression and consists of alternate 
layers of bubble-rich and bubble-free ice, or alternate layers of fine 
and coarse-grained ice. In some cases the bubbles or grains are elon
gated in the plane of the layer. Sharp (195^, p. 827) summarizes con
cisely the principal schools of thought on the genesis of foliation -
it is a product of either mechanical shearing (Philipp, 1920, pp. 502-
503) or plastic yielding (Drygalski and Machatschek, 19*1-2, pp. 123-129; 
Perutz and Seligman, 1939, pp. 355-357; Demorest, 19*1-1, 1953). 

Recent field evidence (Untersteiner 1955; Sharp, 1958; Allen 
et al., i960; Kamb, 1959; Meier, i960) supports the theory that plastic 
rather than mechanical yield is the chief mechanism, and also upholds 
the theory of Tyndall (1859) that the initial stress responsible for 
foliation is compression, which produces foliation in a plane normal to 
it. This phenomenon is most apparent at the base of icefalls where 
transverse foliation exists. 

Some believe that foliation is related to sedimentary layering, 
whereby stratification acts as planes of weakness along which ice may 
yield during flow (T. C. Chamberlin, 1895; Deeley and Fletcher, 1895; 
Philipp, 1920). 

T. C. Chamberlin (1895) suggested that small-scale foliation 
and pronounced debris layering in the ablation zone are produced by shear 
along primary stratification. 

Deeley and Fletcher (1895) concluded, contrary to T. C. 
Chamberlin, that shear develops along the layers after the grains have 
been rearranged and their shapes changed by pressure. 

Philipp proposed that ice movement occurs by laminar flow 
along trough-shaped shear fractures, the shape of which is controlled 
by sub-ice topography. The blue bands are merely healed shear fractures 
which once contained crushed ice crystals mixed with water. Philipp 
agreed with T. C. Chamberlin that stratified structures are produced not 
only by initial compaction and recrystallization in situ but also by 
subsequent shear along the layers. 

6.2.2.2 Flow structures. The contortion of primary and 
secondary structures into folds and confluent layering is evidence for 
plastic flow. Such structures are particularly well developed on the 
Saskatchewan (Meier, i960), Malaspina (Sharp, I958), and Burroughs 
Glaciers (see Section 7>3.7). In some cases contortion is due to the 
influence of sub-ice topography on ice flow; in other cases it is due 
to anisotropic characteristics of the glacier ice. 

o.2.2.3 Ruptures. In contrast to plastic yield of the ice 
at depth, rupture occurs at or near the ice surface, producing faults, 
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joints, cracks and crevasses. Hopkins (l862), Nye (1951), Schwarzacher 
and Untersteiner (1953), and Meier (i960) have found that ruptures form 
systematic patterns related to the stress field and to a particular 
mechanism of glacier flow. 

A definite relationship between fracture systems and the flow 
mechanism of ice was recognized by Hopkins (l862) in a perceptive study 
dealing with tensional structures in glaciers. His theory for deter
mining the general stress field at the surface of a glacier by analyzing 
the orientation and distribution of crevasses has been used effectively 
in studies on the flow mechanism of ice, by Nye (1951) and by Meier (i960). 

A very significant contribution was Nye's theory of crevasse 
patterns (1951) which evolved from an analysis of laboratory experiments 
on the behavior of ice under load (Glen, 1955) and a reconsideration of 
Hopkins' early principles on the relationship between crevasse patterns 
and the stress field. Assuming that ice deforms plastically, Nye worked 
out a theory for the formation of transverse crevasses. He calculated 
the distribution of stress and velocity in two dimensions for a plastic 
body flowing down a constant rough slope of great width. His theory 
illustrates how crevasses may develop on a uniform slope. Formerly it 
was thought that crevasses could develop only through bending of ice. 
Briefly Nye proposed two basic forms of ice movement: "compressive flow" 
which occurs wherever the longitudinal normal stress at a given depth is 
less than the vertical normal stress, and "extending flow" when the 
longitudinal normal stress is greater than the vertical normal stress. 
"Compressive flow" produces thrust planes and, if the ice is allowed to 
expand laterally, longitudinal crevasses. "Extending flow" produces 
transverse crevasses. Crevasse patterns representing these mechanisms 
of flow are well developed on the Burroughs Glacier (Plate II). Con
ditions which control the magnitude of the longitudinal and vertical 
normal stresses are the slope of the bed, the rate of discharge, and 
the thickness and yield stress of the ice. 

The work of Hopkins and Nye was continued by Meier in his 
analysis of the crack system on the Saskatchewan Glacier (i960) and the 
ice cap in northwest Greenland (1957)- It was first thought that cre
vasses develop perpendicular to the principal direction of tensile 
stress, but careful field observations have shown that crevasses are at 
a slight angle to this direction. Meier (i960, p. 6l) lists four reasons 
why this should be: 

(1) after a crevasse forms it is rotated passively 
in the deforming ice until it melts out and 
disappears, 

(2) the ice is somewhat anisotropic due to its 
foliation, 

(3) minor differences in stress or strength environ
ments cause some variation in fracture orienta
tions, and 
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(A) the measured principal strain rate orientations 
in mid-glacier are not precise. 

Meier observed four principal crevasse patterns: 

(1) Splaying crevasses, which have a longitudinal 
orientation in midglacier and splay out toward 
the margin, intersecting at an angle slightly 
greater than k^°, probably produced by trans
verse expansion of the glacier after passing a 
constriction in the channel. 

(2) Transverse crevasses., which are convex up 
glacier, oriented normal to the flow direction, 
and intersect the margin at the same angle as 
splaying crevasses, produced by flow over a 
bed that has a convex longitudinal profile. 

(3) Chevron crevasses, which are straight crevasses 
occurring along the margins and intersecting 
the glacier edge at about A50

f produced by pure 
shear from the resistance of the valley walls. 

(A) En echelon crevasses, a series of short cre
vasses en echelon whose trend is parallel with 
one of the other patterns, produced by a warped 
stress field, where stress at depth causes a 
splaying crevasse pattern and stress nearer the 
surface causes a chevron pattern. When these 
patterns are superimposed, the en echelon system 
results. (Meier, i960, pp. 56, 61-62). 

6.2.3 Ogives 

"Ogives" can be classified as both a primary and secondary 
structure. According to most recent theories (King and Lewis, I96I; 
Fisher, 1962) ogives are firstly the result of accumulation and ablation 
phenomena in the attenuated ice of icefalls, and secondly, the result of 
deformation where the primary structures of the icefall undergo great 
compression at the base of the falls to form transverse layers, which 
are drawn subsequently into parabolic or hyperbolic patterns by flow 
down glacier. Other detailed descriptions of ogive-like structures and 
theories for their formation are presented in papers by Forbes (18^2), 
Agassiz (l8k7), Tyndall (1876), Hess (190k), Streiff-Becker (19^3), 
Fisher (19^7)> and Leighton (1951). Although ogives, as described above, 
do not appear on the Burroughs Glacier, banding which has an ogive-like 
structure is present. 
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6.5 ICE FABRIC 

6.3.1 Definition 

The term "fabric," first used (according to Sander, 1950) by 
E. B. Knopf as an equivalent of "Gefuge" (which literally means texture 
or structure), means all spatial data which an object contains irrespec
tive of its exterior shape or boundaries (Fairbairn, 195̂ > P- l). Fabric 
data may include scalar quantities such as length and width as in crystal 
shape, or vectorial quantities such as directional properties as in crys
tal optic axis orientation (Sander, 1939)- Fairbairn (195^ PP- 2-3) 
classified fabric according to its origin: deposition fabric, growth 
fabric, and deformation fabric. All three apply to fabric in glacier 
ice. Deposition fabric results from mechanical processes of deposition 
which produce windcrusts and cross-bedding in firn; growth fabric forms 
from recrystallization of snow and/or crystallization of meltwater which 
has accumulated on the glacier surface and in cracks, crevasses, and 
depressions; and deformation fabric is produced by ice flow. 

The application of petrofeibric analysis to the study of glacier 
ice was first suggested by Sander (1930) and soon after the Swiss Snow 
and Avalanche Research Commission, in 1931 undertook a laboratory and 
field study of snow and its metamorphism on the Weissfluhjoch. Results 
of this study, "Der Schnee und Seine Metamorphose" by Bader and others, 
were published in 1939-

6.3-2 Glide Planes in Ice 

A controlling factor in the development of preferred crystal 
orientation in glacier ice is the tendency of single crystals to yield 
to stress by translation gliding on the basal plane or (0001) face. This 
was first deduced f(rom early experiments of McConnel and Kidd (1888), 
McConnel (1891), Mugge (1895), Hess (l9CA), and Tammann (1929). Matsuyama 
(1920), however, found that deformation in polycrystalline samples took 
place most easily when stress was applied parallel with the c-axis, 
Matsuyama's anomalous results might be explained by the fact that inter-
crystalline rotation was more important than intracrystalline yield 
(Reid, 1961, p. 9). 

Later, the experiments by Glen and Perutz (195^); Steinemann 
(l95^b), and Rigsby (1958) lent further support to the theory that the 
basal section is the only glide plane. Steinemann's experiment in par
ticular were most convincing. He took a bar of ice, made from a single 
crystal with c-axis normal to the length, and clamped it at both ends to 
prevent yield in the direction of the basal section. Stress approaching 
18 kg/cnr7, the rupture point, was applied to opposite sides of the bar. 
If other glide planes had existed, yield should certainly have occurred 
along them, but such yield did not occur. 
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A preferred direction of glide in the basal plane is not 
apparent from experiments by Mugge (l895)> Glen and Perutz (195*0 and 
Steinemann (195*^0, nor from theoretical considerations by Kamb (l96l). 
Glide seems to take place in the direction of principal shear stress 
acting in the plane of the basal section. 

6.5.3 Preferred Crystal Orientation 

6.3«3-1 Fine-grained ice. Crystal orientation in fine-grained 
ice was first studied quantitatively in the laboratory by Bader (1939) 
and in the field by Perutz and Seligman (1939)-

Bader (1939> translation, 195*+̂  p. 55) deformed snow and ice 
blocks at -5°C. The specimens contained randomly oriented crystals, A 
single preferred orientation resulted in which the translation planes 
were oriented mainly normal to the direction of applied pressure, parallel 
with the direction of shear, and parallel with the direction of tension 
when blocks were subjected to these stresses separately. 

Perutz and Seligman (1939) studied crystal orientation in firn 
on the Grosser Aletsch Glacier. Wear the surface of the neve, c-axes of 
most crystals observed were oriented normal to the glacier surface, but 
crystals from increasingly lower levels (corresponding to snow ages of 
6 to 8 years) were more randomly oriented. Perutz and Seligman concluded 
that preferred orientation of crystals with c-axes oriented parallel to 
the temperature gradient is produced by recrystallization of snow through 
melting and refreezing or sublimation (ibid., pp. 3̂ 2-3*+3) • 

Later, Fuchs (l959> P- 16-17) observed preferred orientation 
in firn of the Greenland ice sheet. At depths greater than 8 m, up to 
seven per cent of the crystals observed were oriented with c-axis normal 
to the surface. Because of the difficulty of preparing thin sections of 
snow, the preferred orientation of crystals at or near the surface (those 
that might be produced by wind) has never been observed. Techniques for 
preparing thin sections, however, have been greatly improved by Fuchs 
(1956). 

The observations by Rigsby (1955) of moderately fine-grained 
ice in the ice sheet and polar glaciers of northwest Greenland were most 
significant in that he consistently found c-axis perpendicular to the 
foliation plane. In some areas of high shearing stress the concentration 
of c-axes reached 39 per cent in a one per cent area, plotted on an equal 
area projection (Rigsby, i960, p. 60l). 

On the Blue Glacier (Kamb, 1959)> a- single broad maximum was 
observed for fine-grained ice, C-axis concentration seldom exceeded five 
per cent, per one per cent area, but was always centered about the pole 
to the foliation plane, regardless of the attitude of the foliation. 
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The presence of a single maximum suggested to Kamb that: 

The fabric of the fine ice is just what would be 
expected to result from mechanical plastic flow, 
due to basal glide, in simple shear across the 
foliation plane. The multiple maximum fabric of 
the adjacent coarse ice, containing no ice crystals 
oriented in the most favorable way for basal glide, 
hardly seems explicable on the basis of the mechani
cal plastic flow process. Consequently it is tempt
ing to conclude that the layers of fine ice are 
layers in which the ice has been deforming mainly 
by active mechanical plastic flow, and that recrys-
tallization of the fine ice leads to coarse bubbly 
ice, which, because of the unfavorable orientation 
of the individual ice crystals that it contains, no 
longer deforms rapidly by mechanical plastic flow 
(Kamb, 1959, p. 1898). 

Although evidence points to a tectonic origin for fine-grained layers 
it is possible that they originated as infillings of snow in crevasses 
which were subsequently deformed (Kamb, 1959; P- 1̂ 99 )• 

6.3.3.2 Coarse-grained ice. Multiple maxima in c-axes dis
tribution have been observed in the coarse-grained ice of most temperate 
glaciers investigated. Bader (l95l) in his investigation of the very 
coarse ice of the lower Malaspina Glacier was the first to observe such 
patterns. He found four preferred orientations in the c-axes: "... one 
normal to the glacier surface, one parallel to the glacier surface in 
direction of flow, and two symmetrically located at angles of close to 
20° to the normal on the plane of the banding." (Bader, 1951; P- 53^) 

The presence of several maxima in the c-axis distribution was 
verified statistically by the later work of Rigsby (1951) on the Emmons 
Glacier, where concentrations up to 26 per cent, per one per cent area, 
in a diamond-like pattern were recorded for both active and inactive 
ice. Poles to shear planes and clear ice bands occurred consistently 
near the center of the diamond (ibid., p. 595)-

Further investigations by Rigsby (i960) on the Lower Malaspina 
Glacier showed three or four maxima patterns with the pole to the foli
ation plane being closer to one of the maxima rather than in the center 
of the pattern (ibid., 592). 

Several weak maxima with poorly developed diamond distribution, 
were observed in the ice of the Saskatchewan Glacier (Meier et al. , 195^; 
Rigsby, i960, p. 59^); out maxima were centered around the pole to the 
foliation plane. 
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Rigsby suggested two possible origins for a multiple maxima 
fabric. Since the diamond pattern is fairly consistent, at least on 
the Emmons Glacier where the maxima occur dh° and 52° apart if rotated 
onto the same plane and centered about a common pole, Rigsby (1951, 
p. 596) thought that two glide surfaces (1122) (1012), in addition to 
the basal plane, exist within the single crystal. Laboratory experiments, 
however, have not revealed planes or yield other than the basal section 
(see Section 6.3.2). 

Rigsby's alternative hypothesis is that the maxima are pro
duced by preferred growth of crystals whose basal sections are aligned 
parallel, or nearly parallel with different shear surfaces which develop 
within the glacier at different times as the stress field changes; the 
maxima are, therefore, of different ages. A strong argument against 
this last hypothesis is that three or four surfaces of shear were not 
identified on the Emmons Glacier except at one locality. Furthermore 
the occurrence of a four-peak distribution pattern is independent of 
position in the glacier. 

Schwarzacher and Untersteiner (1953) observed three or four 
maxima in coarse ice of the Pasterze Glacier. Two of these maxima 
(ibid., p. 117) correspond with those of Rigsby (1951) and Bader (1951). 
Three systems of fine-grained layering which may represent three direc
tions of shear were also identified on the lower glacier, and the poles 
to these correspond closely with three of the maxima. The fourth maximum, 
which apparently was of later origin, corresponds with the pole to the 
principal crevasse plane. 

On the Blue Glacier, Kamb (1959) also identified four maxima 
for coarse-grained ice. Relative positions of the maxima varied, but 
the general diamond shape was the same from five different localities 
(ibid., p. 1896) and some agreed closely with the patterns found by 
Rigsby (1951) on the Emmons Glacier. In almost every case, however, 
the fourth maximum was weaker than the others. When five fabric diagrams 
plotted in strongly foliated marginal ice of the Blue Glacier were com
bined, there resulted two strong and. one weak maximum, rather than four 
maxima. 

In the laboratory, Steinemann (1958a) experimented with poly-
crystalline ice and produced two strong and one weak maxima from simple 
shear deformation of hollow cylinders. An increase in crystal size 
accompanied deformation, and after the specimen was unloaded, one maximum 
resulted which was centered near the pole to the shear plane. The three-
maxima fabric resembled the pattern which Kamb obtained by combining five 
fabric diagrams from strongly foliated ice of the Blue Glacier. Steinemann 
concluded that the fourth maximum, observed so often by Rigsby and Kamb in 
field observations, may be due to either observational errors or later de
formation. 

30 



6.3-4 Grain Configuration 

6.3.4.1 General. As the glacier grain or crystal progresses 
down glacier, it passes through different stress environments which alter 
its size and shape. For example, in the accumulation region, where the 
principal stresses are compressive, the grain undergoes diagenesis. In 
the ahlation region and at depth below the zone of diagenesis, where the 
stress at a given point may be tensile, compressive, or shear, the grain 
is distorted plastically. Here, the stress is continually changing as 
it is relieved rapidly by recrystallization. Finally in the region of 
stagnation the principal stress may be compressive again and the grain 
may enlarge as stress is relieved slowly. It is difficult to distinguish 
between secondary and primary structures because as the ice moves from 
one stress environment to another, one texture is often superimposed 
upon the other. 

6.3-4.2 Field investigations. Among the first to study the 
effect of ice movement on crystal growth were Seligman (1949b, 1950) and 
Ahlmann and Droessler (19^9). 

Seligman observed the changes in crystal size at points between 
the accumulation basin and the terminus on glaciers in the Alps and Norway. 
Many of Seligman's conclusions were confirmed by Ahlmann's studies at 
Kebnekajse, Sweden. Seligman's most significant conclusions were: 

(1) The crystal size observed at or near the glacier 
surface of an Alpine glacier shows an increase 
from bergschrund to snout. 

(2) In active ice the crystals of the tongue are 
smallest on the lines of fastest flow, that is 
to say, normally in the centre of the stream. 
They increase gradually toward the margins. 

(3) The longer the glacier the larger the crystals. 

(4) The steeper the glacier the smaller the crystals. 

(5) The relationships of crystal size to length of 
travel and to glacier speed indicate that while 
time must influence crystal growth in active 
ice there are probably other agencies as well. 

(6) Glacier movement may cause crystal growth by 
local shear stresses and by local pressure 
variations. 

(7) Crystals grow to very large sizes in dead ice 
even in the absence of stream flow. 
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(8) Low temperatures retard crystal growth, warmth 
stimulates it, even when no meltwater is present. 

(9) The freezing of meltwater does not play any 
important part in the growth of the crystals 
of true ice. 

(10) Vast assemblages of abnormally small crystals 
are sometimes found in glacier tongues, the 
conditions being apparently exceptional and, 
as yet, not clearly understood. 

(11) Wo crystal assemblages with a larger mean 
diameter than about 2.5 cm were found in the 
active ice of any Alpine glacier (Seligman, 
19k9la, p- 265). 

From these relationships it can be seen that three principal factors 
control crystal growth: stress, temperature, and time. 

Recent field studies by Kamb (1959) and Rigsby (i960) indicate 
that the textures of polar ice and the fine ice of temperate glaciers 
are similar. A close similarity also exists between fine ice and that 
produced by shear deformation in laboratory (Kamb, 1959; P- 1898). 
Rigsby (1958, p. 557) noted that in strongly foliated ice of polar 
regions the fine grains have an elongation parallel to the direction 
of movement and perpendicular to the c-axis, but in temperate ice grain 
elongation is not evident, although in irregular coarse ice the thin 
sections may not reveal it. Deeley and Fletcher (l895; PP- 156-157)> 
however, observed elongation in the coarse grains of the Rhone and 
Obergrindelwald glaciers. 

6.3-k.3 Laboratory investigations. The factors responsible 
for grain growth, as deduced from field evidence, have been corroborated 
by laboratory experiments. Matsuyama (1920), Demorest (l9kl; 1953); 
Steinemann (l95ka); Shumskii (1958), and Rigsby (1958) and others have 
found direct relationships between stress, temperature, and time, and 
grain growth. 

Steinemann (l95ka), who experimented with polycrystalline 
samples, found that the mean grain diameter after deformation for a 
given time varies inversely with the stress applied and that the initial 
grain size has little influence on resulting grain size. 

Changes in grain shape due to stress were noted by Matsuyama 
(1920), Demorest (1953); MacGregor (1951), Steinemann (l95La) and Rigsby 
(1958) among others. MacGregor observed that textures of stressed and 
unstressed ice resemble inequigranular and tessellate textures respectively 
in stressed and unstressed psammitic granulites. Steinemann (l95ka>; p. L5k) 
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describes the unstressed grain texture as "containing an indistinguish
able network, like a froth of bubbles sectioned at random, most sections 
are hexagons and pentagons," and. the stressed texture as a complex grain 
intergrowth. 

Grain growth enlargement after release of stress was observed 
by Hess (19CA-, pp. 31-33), Tammann and Dreyer (1929, pp. 289-213), Bader 
(1939, PP- ^5-61), Demorest (1953), Steinemann (l95^a), Shumskii (1958), 
and Rigsby (1958). The enlargement of grains upon release of stress in 
laboratory-deformed ice is most rapid at the pressure melting point and 
is retarded at lower temperatures, nearly ceasing at -10°C (Rigsby, 1958, 
p. 356). This process, comparable to annealing in metals, has its analogue 
in the stagnant zone of temperate glaciers where extremely coarse ice is 
present, as on the lower Malaspina Glacier, and in many other temperate 
glaciers, as described by Seligman (19^1, p. 313; 1950, p. 380). 

Crystal enlargement has also been observed in polar ice. Rigsby 
(1955, P- 5) noted that crystals nea.r the surface, during the season when 
the ice was at the melting point, were much larger (up to 7 cm across) 
than those a meter deeper where the ice was below the freezing point. He 
also observed that the coarse crystals occurred predominantly in bubble-
free layers, which suggests that bubbly ice does not recrystallize as 
rapidly as clear ice. Rigsby postulated that the many small bubbles may 
interfere with crystal boundary migration or that perhaps the strains 
are absorbed at the bubble ice boundary so that there is no need for 
recrystallization. 

In summary the influence of stress, temperature, and time on 
grain growth in an active glacier can be expressed by a block diagram 
as shown in Figure 21. This diagram is only tentative and may be a 
gross oversimplification but it expresses qualitatively the field and 
laboratory observations just discussed. Two extreme values for the 
temperature are considered: the pressure-melting temperature of a 
temperate-type glacier or of an ablation zone; and the low temperature 
of a polar-type glacier or of an accumulation zone. 

6.k ICE METAMORPHISM AND FABRIC 

6A.1 General 

Metamorphism is a process involving changes in the solid, 
liquid, and vapor state which tends toward restoring the equilibrium in 
a system under stress. The process of ice metamorphism and its relation
ship to fabric and glacier flow has been studied and speculated about 
since the early investigations of De Saussure (1786), Hugi (18^2), Tyndall 
(1858), and McConnel (1891). The problem has been approached in several 
ways: 
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(1) by determining directly the strain-rate of 
single crystals under controlled deformation 
as was done by McConnel (1891), Mugge (1895)* 
Tammann and Salge (1928), Steinemann (l95hb), 
Glen and Perutz (195A), Nakaya (1956), and 
Rigsby (1958); 

(2) by determining directly the strain-rates for 
polycrystalline specimens as in the experiments 
of Steinemann (l95^a), Glen (1955; 1958), 
Shumskii (1958), and. Butkovitch and Landauer 
(1959); 

(3) by calculating strain-rate in glaciers from a 
study of deformed stake patterns or other 
artificial markings on the ice surface or 
from a study of tunnel closure and borehole 
deformations as shown by Haefeli (1952), Nye 
(1953; 1959a; 19591), Glen (1956; i960), McCall 
(1952), and Landauer (1957); 

(1) by observing fabric produced by laboratory 
controlled deformation as in the experiments 
of McConnel and Kidd (1888), Tarr and von Engeln 
(1915), Matsuyama (1920), Steinemann (l95ka), 
Shumskii (1958), and Rigsby (1958); 

(5) ly observing flow characteristics of a glacier 
and relating them to structure and fabric as 
in the investigations of McCall (1952; i960), 
Gerrard, Perutz and Roch (1952), Nye (1952a; 
1957), Sehwarzacher and Untersteiner (1953); 
Rigsby (i960), Allen et al. (i960), Meier 
(i960), and Crary and Wilson (l9ol). 

A number of attempts have been made to formulate a flow law 
for ice on the basis of experimental data. Weinberg (1907), and 
Somigliana (l92l) theorized that ice deforms as a Newtonian liquid. 
Later field evidence (Gerrard, Perutz and Roch, 1952) and experimental 
evidence (Glen, 1955; Steinemann, 195Aa; 1954b; and Landauer, 1957) 
strongly indicates that ice flows according to a power law. Still 
other evidence indicates that ice deforms as a quasi-viscous substance 
under low stresses through a mechansim of grain boundary creep, and as 
a plastic substance under higher stresses through a mechanism of intra-
crystalline glide, or according to a combination of both laws (Haefeli, 
1952; Glen and Perutz, 195^; Glen, 1955; Haefeli and Brentani, 1955; 
Jellinek and Brill, 1956; Landauer, 1957; Butkovitch and Landauer, 1959)• 

In active ice, stress is the most important factor determining 
the mechanism of metamorphism, while in inactive ice, as in shallow 
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portions of the accumulation zone or in the immobile ice near the glacier 
terminus, time and temperature are the principal factors determining 
metamorphism. 

Steinemann (1958b) proposed that mechanisms of metamorphism 
can be grouped into four categories; parakinematic recrystallization, 
or recrystallization due to stress produced by movement; postkinematic 
recrystallization or recrystallization resulting from release of stress; 
cataclasis or rupture; and postcrystalline deformation or deformation of 
primary metamorphic structures. 

Shumskii (1955, translation, pp. 27A-290, and Table 5) classi
fies the processes of ice metamorphism according to the energy source for 
the metamorphism, an energy source which is either internal or external 
to the crystals being metamorphosed. The internal energy occurs either 
as surface free energy of the crystal, or as internal free energy of the 
crystal in the stressed state, both of which can produce crystal changes 
through the solid, liquid or vapor phase. The external energy has its 
source from outside the immediate system of ice crystals and produces 
dislocation metamorphism, whereby cataclasm or intergranular yield occurs 
along discrete planes within the glacier. 

6.2.2 Metamorphism in Inactive Ice 

Crystal rounding and collective perecrystallization (Shumskii, 
translation, 1955, p. 275) are- the principal processes occurring in in
active ice, mainly at shallow depths in the accumulation zone. Both 
processes are the result of the reduction of surface free energy of 
individual crystals, and play a part in firnification. In crystal round
ing the tendency is for individual crystals to attain an equilibrium form 
(a sphere which has the smallest surface area per unit volume) through 
the solid (recrystallization), liquid (regelation), or vapor (sublimation) 
phase. Convex surfaces which have the greatest vapor pressures and highest 
surface free energies lose material, whereas concave surfaces gain material. 
Crystal rounding is most rapid near the melting point and decreases with 
increasing radius of curvature. 

According to the same principle, collective perecrystallization 
occurs also, whereby crystals with larger radii of curvature will absorb 
the smaller crystals. Collective perecrystallization will occur only 
for very small crystals. 

The fabric to be expected from both processes is a moderately 
coarse aggregate with a mosaic tessellate texture and little or no pre
ferred crystal orientation. Rounding and collective processes of re
crystallization were observed by Bader (1939) and later by Wakahama 
(i960), Kojima (1950), and others. 
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6.4.3 Metamorphism in Active Ice 

According to Shumskii (19553 P- 282) paratectonic perecrystal-
lization is the principal metamorphic process involving the solid, liquid, 
or vapor state in active glacier ice. Metamorphism in the solid state 
includes migratory recrystallization and polygonization. 

In migratory recrystallization, crystal growth is controlled 
by orientation. Crystals, with basal section oriented closest to the 
principal direction of flow, will be under less stress and consequently 
will grow at the expense of crystals under higher stress. Given enough 
time, very coarse crystals will result with optic axes normal to the 
direction of flow. The grain will have a sutured or intergrowth texture. 

Polygonization is "the disintegration of overstressed curved 
crystals into a series of finer crystals with fairly straight boundaries 
between them and with a crystallographic orientation corresponding to 
the orientation of a given segment of a primary curved crystal" (Shumskii, 
1955, translation, p. 287). This was first observed by Cahn (1949) in 
metals and later by Glen and Perutz (1954) in laboratory deformed single 
ice crystals. Shumskii considers polygonization to be a form of retro
gressive metamorphism, called "diaphthoresis," for instead of converting 
the polycrystalline ice into a monocrystal it reduces the grain size. 
The resultant texture consists of fine-grained angular crystals with no 
preferred orientation. 

The paratectonic perecrystallization involving the vapor 
(sublimation) and liquid (regelation) states, occurs, according to 
Riecke's Principle, where "an isotropic crystal immersed in a saturated 
solution of its own composition, and subjected to a load not exceeding 
its elastic limit, will show differential solubility. There will be 
solution parallel to the loaded surfaces and deposition on the free, 
unstressed surfaces" (Fairbairn, 1954, p. 86). Such a process generally 
produces coarse-grained ice of random crystal orientation, but with grain 
elongation normal to the direction of compression. The sparsity of 
elongated crystals in glacier ice suggests either that regelation and 
sublimation according to Riecke's Principle play a minor role, or that 
the elongate texture is easily destroyed by subsequent metamorphism. 

A second major process of metamorphism in active glacier ice 
is Shumskii's dislocation metamorphism. In the solid state, cataclasm 
and mylonitization result. Near the melting point the cataclasis may 
grade into intergranular slip, with the help of liquid produced by the 
heat of friction. The texture resulting from these processes is that 
of fine-grained, randomly oriented ice confined to layers. If rupture 
is the major process, rather than intergranular slip, the grains will 
be angular rather than rounded. An angular texture, however, may be 
destroyed upon release of stress by the process of crystal rounding 
described above. 
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In a paper on ice straining and its recrystallization Shumskii 
(1958) elaborates upon the mechanisms of paratectonic perecrystallization 
and dislocation metamorphism, in the light of recent laboratory investi
gations. He proposes six mechanisms of metamorphism due to internal 
energy of the stressed state and to external energy. 

His first mechanism of ice straining represents a very early 
stage of migratory recrystallization where slow shearing, parallel to 
the basal section, occurs in single crystals. No significant changes 
in structure result, however. 

The second mechanism is a continuation of the first, with 
slight curving and other local disturbances of the crystal lattice, 
still not having progressed far enough to be considered a migratory 
recrystallization. This is the predominant mechanism of ice straining 
in a glacier and occurs when tangential stresses are less than one kg/cn2 

The third mechanism of straining is the true migrational re
crystallization whereby the less stressed crystals grow at the expense 
of the stressed ones. The rate of recrystallization increases with 
temperature and with the magnitude of the stress difference between 
adjoining crystals, and decreases with increasing difference in the 
orientation of neighboring crystals (op. cit., p. 2^5). This mechansim 
occurs mainly at the bottom of rapidly moving glacier ice. 

Finally, with further increase in stress, the fourth mechansim 
of straining is reached in which crystal bonds are destroyed, resulting 
in partial cataclasm with some intergranular slide. This process also 
occurs at the bottom of rapidly moving glacier ice, or in highly strained 
firn and snow. 

The fifth and sixth mechansims of straining proposed by Shumskii 
result from high tangential stresses 10 kg/cm2 and greater. The fifth 
mechansim occurs under low normal pressures, where shear develops along 
thrust planes, sometimes producing mylonitization and brecciation zones., 
When normal pressure is extremely high and temperature is near the melt
ing point the sixth mechanism takes place, and at depth friction heat 
produces internal melting and regelation causing "blue bands." The fifth 
mechanism is characteristic of slide between ice blocks near the surface, 
while the sixth mechanism is characteristic of block sliding at depth. 
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7. OBSERVATIONS OF ICE STRUCTURE 

7.1 GENERAL 

Structures were investigated in detail on the eastern tongue of the 
Burroughs Glacier. In this area the attitudes of layers and fractures 
were mapped and the ice fabric on the walls of pits, crevasses and mou-
lins, and in ice cores was observed. The general trend of the structures 
on the remainder of the glacier was determined from an analysis of aerial 
photographs taken in I960 and from observations made on numerous traverses 
on the eastern half of the glacier. 

Ice fabric was studied by several techniques: examination of thin 
sections from ice cores under polarized light; preparation and examination 
of graphite and grease pencil rubbings of grain boundaries and bubble 
layers on smoothed ice surfaces; and examination of etched crystals in 
situ at the glacier surface, and on the walls of pits, moulins and cre
vasses. Using these methods the grain configuration, the grain size, 
and the optic orientation of individual grains were determined and related 
to regional structures such as foliation, fractures, and crevasses, and 
also related to the distance from the glacier terminus and general direc
tion of ice movement.* 

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

(1) Foliated ice which consists of fine-grained layers 
and bubble layers in a groundmass of irregular 
crystals 0.1 to 5.0 cm diameter. It occurs on 
most of the glacier surface above 225 m elevation. 

(2) Coarse-grained border ice which generally 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 alignment of coarse crystal boundaries, 
distributed in the same manner as fine-grained 
foliation. This structure has been mapped as 
relict foliation. Moderately coarse ice covers 
a zone approximately l./k to l/2 km wide near the 
eastern terminus. 

In ice of the Burroughs Glacier, to be described in succeeding sections, 
a grain and crystal are the same. In firn ice, abundant in glaciers 
above the firn line, a grain may be an aggregate of several firn or 
snow crystals. 
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(3) Very coarse-grained basal ice which consists of 
crystals 10 to 20 cm in diameter or larger and 
is generally covered by a thick layer of debris. 
It is exposed in discontinuous narrow zones at 
the ice margins, particularly around nunataks. 

A detailed plane-table map of the eastern end of the glacier (the 
area shown in Plate III) was constructed showing fractures, crevasses, 
banding and foliation. This map, accompanied by crystal orientation 
data from the same area, is presented in Plate IV. 

In the discussion of structure reference is made to the "upper 
glacier" which is taken to mean areas above the 375-m contour (Plate I). 
In this region the structures are not as well defined as in the eastern 
tongue. 

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 
S. Finsterwalder's kinematic or geometric theory of ice movement (1907). 
According to this theory a firn particle originating in the accumulation 
area is carried downward 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. l). 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. Evidence for the direction of flow and possible source areas 
will be discussed in succeeding sections. 

7.2 CREVASSES AND FRACTURES 

7.2.1 Regional Pattern and the Stress Field 

As has been observed by Hopkins (l862), Nye (l95l)> and Meier 
(i960), the crevasse and fracture patterns on a glacier are controlled 
by the stress field and therefore are good indicators of the general 
stress field. On the Burroughs Glacier two principal crevasse patterns 
are present (Plate II): a transverse pattern (crevasse types are de
scribed in Section 6.2.2.3) in the upper glacier and a longitudinal 
pattern in both ends of the lower glacier. According to Nye's theory 
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of crevasse patterns (l95l)> which has been discussed in Section 6.2.2.3, 
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 
(Plate II). Below this elevation the velocity decreases down glacier 
and the principal stress is compressive and parallel with the crevasse 
direction. A further discussion relating the crevasse patterns to ice 
flow is presented in Section 5-3-

7.2.2 Local Pattern and the Stress Field 

7.2.2.1 General. A plane-table map (Plate IV), at a scale 
of 1:1200, 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. 

Before the distribution and origin of the structures can be 
discussed, the configuration of the glacier tongue must be described. 
This tongue (Plates II and III) is approximately one km wide and is 
bordered on the northeast by Minnesota Ridge (790 m elevation), on the 
southwest by a prominent medial moraine (a bottom feature recently ex
posed by ablation of overlying ice) and on the east, at the terminus, 
by the Curtis Hills (330 m elevation). The longitudinal axis of this 
tongue, which nearly parallels the principal crevasse direction, has 
been plotted on the fabric diagrams of Plate IV. 

The broad dark lines curving across the map represent the 
trend of dirt bands at the ice surface. These bands are the same as 
those in the aerial photograph of Fig. 22, and in Fig. 23. 

Two kinds of foliation are present in this region. The promi
nent one consists of gently dipping fine-grained layers which are part 
of a regional shallow trough structure extending across the entire 
tongue. These layers have been accentuated at the surface by accumu
lation of dirt. Their outcrop pattern is responsible for the broad dirt 
bands described above. The other foliation is very weak and consists of 
steeply dipping, fine-grained layers with a persistent longitudinal 
orientation. Foliation will be discussed in more detail in the suc
ceeding section. 

7.2.2.2 Crevasses. Two sets of crevasses are also present 
(Plate IV). The prominent set is nearly parallel with the lobe axis 
and the longitudinal foliation. The other set intersects the first at 
angles between 30 and 45 degrees. The crevasses generally do not exceed 
30 cm in width and 10 m in depth, and all are nearly vertical. The 
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amount of opening and closing of Ik crevasses was measured between 
July 19 and August 25, i960. During this 55-d.ay period ten crevasses 
widened between 1.5 and 5-7 cm (an average of 5-0 cm per crevasse), 
while four crevasses closed between 2.0 and 5.0 cm (an average of k.O cm 
per crevasse). Although these measurements represent only a small por
tion of the total crevasses in the map area, they suggest that extension 
is still taking place near the terminus at a very low rate. 

7.2.2.5 Fractures. Examination of the fracture patterns 
(Plate IV) shows that there are three principal sets: a transverse set 
which dips up glacier between 50 and 70 degrees; 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 other two 
sets, 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 corre
spond to Nye's possible slip-line fields or fault planes (Nye, 1952a, 
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 fracture set 
is parallel with the linear pattern in the topography of the Curtis Hills 
east of the terminus (Fig. 7 and Plate II) and also parallel with 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 with 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 responsible for the minor system of crevasses 
at Locality B (Plate IV) which are nearly parallel with these fractures. 

7.2.2.L Strain-rate at the glacier surface. An attempt was 
made to measure the strain-rate at Locality A (Plate IV) at the glacier 
surface. The procedure for measurement and computation of the strain-
rate tensor is presented in Section 5-^. The greatest principal axis 
of strain which is plotted on the plane-table map, Plate IV, was found 
to be compressive and in a north-south direction, nearly parallel with 
the direction of over-all ice movement measured at Locality B (Pole 8). 
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Since crevasses are still widening in this area, although by 
only a few centimeters a year (Sec. 7-2.2.2), the principal compressive 
strain axis should be oriented parallel with these crevasses rather than 
at L50. 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. This would not account, however, 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 (Sec. 5.h). 
It is advisable to use these measurements cautiously in interpreting the 
local stress field and its relationship to ice fabric. 

7.3 FOLIATED ICE 

7.3.1 General 

Ice foliation is a compact planar structure produced by shear 
or compression and consists either of alternate 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. 

Alternate layers of fine-grained and coarse-grained ice on the 
Burroughs Glacier are the only structures related to foliation that could 
be mapped with any certainty. Bubble layers are extremely difficult to 
see at the surface as they are obscured by the more prominent fine and 
coarse ice layers. 

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 (Sec. 3-3)> 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 classi
fication of these structures is based mainly upon the broad structural 
relations observed at the surface. Very often the structures could be 
traced to the lower glacier where ice textures were examined in more 
detail. 

Two sets of fine-grained layers (ice foliation) appear over 
most of the glacier except in the very coarse marginal ice: a gently 
dipping set (Figs. 2k and 26) which is indirectly related to primary 
stratification; and a steeply dipping set (Figs. 25 and 26) which 
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generally maintains a longitudinal orientation. In both cases the 
layering consists of inequigranular fine-grained clear ice (crystal 
size less than 0.1 cm to 1.0 cm in diameter and layers 0.5 to 5.0 cm 
thick) separated by layers of coarser bubbly ice of the same thickness 
or greater (sometimes 20 or 30 cm). In the upper glacier the layers 
are extremely difficult to see because differences in grain size are 
slight and the bubbles, which seem to be concentrated in the coarse 
ice, obscure the grain boundaries. The attitude of the layering was 
measured with a Brunton compass on numerous traverses across the glacier 
(Plate III). 

Fine-grained ice layers can be observed best during overcast 
and rainy weather. During clear weather the excessive etching of crystal 
boundaries produces an extremely rough cobble-like surface. The fine
grained crystals melt out rapidly at the surface so that an indentation 
in the surface is produced, hiding the layer from view unless observed 
close at hand. This texture is illustrated in Fig. 29, a photograph of 
the ice surface on the lower glaciei" where grain size differences are 
most pronounced. 

7.3.2 Foliation in the Upper Glacier 

7.3-2.1 Gently dipping foliation. In the upper glacier this 
foliation is discontinuous, but a single layer may extend across the 
glacier surface for 100 m or more. At the margins the layers dip as 
much as 35° toward the center of the glacier, and here it is often 
difficult to distinguish these structures from the other set (Fig. 2k). 
Near the center of the glacier the strike and dip of the layers is 
difficult to determine because of the very gentle dips. The over-all 
structure seems to be a shallow trough with a fold axis nearly horizontal 
and also parallel with the valley walls. 

7.3-2.2 Steeply dipping foliation. The steeply dipping layers 
(Fig. 26) are more irregular and discontinuous than the gently dipping 
ones. They extend for less than 20 or 30 m across the surface, but 
maintain an orientation parallel with the valley walls. They are not 
as evenly distributed as the gently dipping ones and are concentrated 
near the margins and in longitudinal zones, as shown in the structure 
map (Plate III). Two zones of intense longitudinal foliation were 
identified: one begins near the ice crest and extends a short distance 
eastward; the other extends in a discontinuous line from the western end 
of the glacier to near the eastern terminus. On aerial photographs the 
zones appear whiter than the surrounding ice, but at the surface this 
color difference cannot be detected. The foliation zone in the western 
terminus was identified from aerial photographs only. The individual 
folia in these zones are very closely spaced and cut sharply across the 
coarser ice and other layered structures. 
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The zones of intense foliation resemble, to some extent, the 
"longitudinal septum" described on the Blue Glacier (Allen et al., i960) 
and the "Feinbander" described on the Pa.sterze Glacier (Untersteiner, 
1955). On the Blue Glacier the foliation is produced by strong dif
ferential movement between two ice flows which coalesce at the base of 
an ice fall below a rock bastion. The zone of intense foliation persists 
down glacier almost to the terminus, where differential movement between 
adjoining ice-flows no longer exists., After the foliation is produced 
beneath the rock bastion, it is carried passively down glacier maintain
ing most of its original characteristics. 

The distribution of the foliation zones on the Burroughs Glacier 
suggests an origin similar to the one proposed above by Allen et al. (i960) 
for "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 
Gushing Glacier (Fig. l). In the latter case the foliation has been 
carried eastward some distance from its source. 

The present direction of ice flow, to the east and west from 
an ice crest, cannot be responsible for these zones of longitudinal 
foliation since no tributary glaciers are present in the immediate 
vicinity, except the dying 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 Clashing and Burroughs valleys. 

7.3.3 Foliation in the Eastern Tongue 

7.3-3-1 Structural pattern. The structural arrangement of 
the foliation in the eastern tongue can best be shown by a block diagram 
(Fig. 30) which is a somewhat simplified representation of conditions in 
this part of the glacier. The fine-grained foliation in this area is 
separated by well-defined a,reas of very coarse ice. 

The steeply dipping longitudinal foliation occurs mainly along 
the edges of the glacier lobe and in a. zone 2/3 Ian from the north edge, 
a continuation of the zone of intense foliation in the upper glacier 
(Plate III),, The longitudinal, foliation also occurs with less intensity 
across the entire lobe. The distribution of this foliation resembles 
that described by Streiff-Becker (1953, P- 6) for the Aletsch Glacier, 
except that In his case a series of coalescing glaciers are present 
each with its individual foliation pattern. 

The gently dipping foliation has the same trough-like structure 
as in the upper glacier. In this tongue, however, the layers are concen
trated at definite horizons, separated by coarse ice (Fig, 28). These 
horizons form a series of dirty arcuate bands at the surface (Fig, 23), 
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which conform to the shape of the tongue, as shown in the aerial photo
graph of Fig. 22. The origin of the dirt is discussed in Section 7.6. 
At the margins of the tongue the other foliation, which is consistently 
longitudinal, is parallel with 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 metamorphosed sediments (Fig. 23). 

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. 23). 

7.3.3.2 Coarse ice texture. The coarse ice separating the 
fine layers contains very irregular and inequigranular crystals from 
0.5 to 10 cm in diameter. Thin bubble layers occur at irregular inter
vals throughout this ice; they are generally parallel with the gently 
dipping layers of fine-grained ice. This texture can be seen in the 
two grease-pencil rubbings of thin sections shown in Figs. 31 and 32.* 
Grain boundaries and bubble layers are also distinct in a photograph of 
an ice thin section (Fig. 35) taken from a different core at the same 
locality as Fig. 32 (Pole l). 

7.3.3.3 Fine ice texture. The contact between the fine
grained layer and the coarse ice is sharp and planar, as shown in the 
thin section of Fig. 33 and in the close-up photograph of the pit wall 
(Fig. 27). The layer varies from 0.5 to 5-0 cm in thickness and contains 
inequigranular crystals from 0.5 to less than 0.1 cm in diameter.** 
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, on the order of 0.5 to 2.0 cm. The actual thick
ness is often difficult to measure since many of the folia coalesce. 

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 h. This table 
should be helpful in the following discussion of the genesis of these 
structures. 

*Thin sections, taken from ice cores, were set out in the sun until the 
grain boundaries were etched. The surface of the ice was dried with a 
sponge and a nonabsorbent tracing paper laid on the surface. Rubbing 
the paper with soft graphite or grease pencil reproduces the bubble 
cavities and grain boundaries. Excessive etching, however, often de
stroys many of the very fine crystals and also tends to round out the 
grain boundaries. 

**Ahlmann and Droessler (19^9, pp. 273-27*0 observed similar fine-grained 
layers in coarse-grained dead ice of the Kebnepakteglaciaren. 
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Table k. Characteristics of Foliated Ice 

Fine-grained Ice 
Characteristics Steeply Dipping 

Layers 
Gently Dipping 
Layers 

Coarse-grained Ice 

Crystal size 

OS 

Crystal shape 

Bubble content 

Ine qui granular, 
< 1 mm to 5 mm 
diameter. 

Polygonal to 
round. 

Generally bubble 
free. 

Inequigranular, 
< 1 mm to 5 mm 
diameter. 

Polygonal to 
round. 

Generally bubble 
free. 

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

Sinuous. 

Thin bubble layers. 

Layering 

Preferred crystal 
c-axis orientation 

< 1 to 2 cm 
thick, 
discontinuous 
coalescing layers, 
many local 
contortions. 

Unknown 

1 cm to 5 cm thick, 
persists for 
greater distance 
than steeply dip
ping layers, does 
not coalesce, many 
broad contortions. 

Single 6$> maximum 
normal to layer. 

5 cm to 100 cm thick, 
continuous. 

Multiple maxima, 
5 to 6$. 



7-3«^ Crystal Orientation in Foliated Ice 

7.3-^.1 General. In the detailed work done near the eastern 
terminus the orientations of c-axes in coarse-grained and fine-grained 
ice were determined for a total of a thousand crystals. A Rigsby uni
versal stage was used, following the standard techniques introduced by 
Bader (l95l).> Rigsby (l95l), and later summarized by Langway (1958). 

Two hundred fine crystals (l mm 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 (Plate IV). These sites are approximately 
150 m apart and 600 m from the ice edge. Thin sections, most of them 
cut horizontally, were taken from oriented 7«5 c m diameter cores, from 
l/2 to 2 m below the surface. 

An average of five coarse crystals and seven fine crystals 
were measured in each thin section before the thin section disintegrated. 
Generally in the coarse ice only about seven partial crystals comprised 
a thin section, but in the fine ice as many as 100 crystals were present. 
Approximately 138 thin sections were needed for the measurements. Pre
paring thin sections with a pruning saw and mitre box was extremely 
tedious work because the cores often broke apart along grain boundaries 
unless they were cut into sections immediately after being removed from 
the bore hole. 

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 (Sec. 7.^.3). 
An analysis of the crystal orientations in this ice (Plate IV") and its 
relationship to fabric at Localities A and B is presented in Section 7.^ 
on coarse-grained ice. 

The orientations of fine crystals and coarse crystals in foli
ated ice were plotted separately on a Schmidt equal-area net (lower 
hemisphere) and their concentrations were contoured according to the 
method introduced by Schmidt (1925) and described by Fairbairn (l95̂ > 
pp. 285-291). Since contoured diagrams are often misleading and weak 
maxima often over-emphasized, the distribution of c-axes and poles to 
structural elements is presented with the contoured diagrams (Plate IV). 

7.3.^.2 Data reliability. Fairbairn lists three major sources 
of error in petrofabric studies employing the universal stage: 

(1) Measurement of too few grains to give the 
average orientation. 

(2) Arbitrary selection of certain grains for 
measurement and neglect of others equally 
important to the analysis. 
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(3) Misplaced emphasis on the importance of 
concentrations of points in diagrams having 
relatively poor orientations. (Fairbairn, 
1959, P- 291) 

In this particular study 200 may not have been a sufficient 
number of grains to use to show orientation; however the maxima in 
several diagrams representing localities 150 m apart occur in nearly 
the same position, which means that these particular maxima are probably 
a valid representation of conditions. 

In some cases, particularly in fine-grained ice, an arbitrary 
selection of grains could not be avoided. In the coarse ice so few 
grains were in each thin section that every crystal could be measured 
with ease. In fine ice, however, the larger crystals (greater than 1 mm 
diameter) were sometimes chosen simply because they were easier to see. 
In many cases the ice section could not be cut as thin as the diameter 
of the very small crystals. Therefore, these crystals could not be 
measured, for at steep inclinations of the stage the light passed through 
more than one crystal. There was also a slight tendency to measure those 
crystals which had optic axes inclined at low angles, for these grains 
exhibited the strongest extinction and highest birefringence. 

The third source of error listed by Fairbairn is particularly 
applicable to this study since the maxima are very weak, not exceeding 
eight per cent and many no greater than five per cent (Plate IV). A 
mathematical test can be made to determine the probability that a given 
concentration results from chance sampling of a parent population that 
has no preferred orientation. This may be determined from Poisson's 
exponential binomial limit (Molina, 1992). The probability, PA, that a 
concentration of x or more points will occur in a particular one per cent 
circle from chance sampling is expressed in the following relationship: 

N x 

V e K W 
P A • L ; — 

x=A 

where N = number of points sampled; K = the number of equal areas used 
to determine the density of points; and x = the number of points falling 
in any one of these areas. Using Molina's tables (1992, Table II) for 
the solution of PA the following values were obtained. 

ci Concentration of 
Probability c-axes in a 1$ Area 

0.192877 2$ (x=9) 
0.016569 3f» (x=6) 
0.001097 9$ (x=8) 
0.000096 5# (x=10) 
0.000001 Si (x=12) 
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This indicates that there is a small probability of obtaining a single 
five per cent concentration (10 points) from chance sampling of a popu
lation of c-axes of uniform distribution. Single maximum below five 
per cent should be interpreted with caution. 

There are other sources of error which are peculiar to ice 
petrofabric measurements. Langway lists four in the use of the Rigsby 
universal stage: 

(1) the error in measuring exact extinction 
positions at high angles, 

(2) the possible parallax effect when the eye 
is not quite normal no the plane of the 
thin section and in line with the grain 
being measured, 

(3) the measuring error in reading the values 
from the Aj and Ag [the inner-vertical and 
east-west horizontal] in axes of the stage, 
and 

(A) the inherent mechanical error of the uni
versal stage itself (reproducibility of 
readings from the same grain is usually 
between 1 and 2 degrees. (Langway, 1958, 
P. 8) 

If all of these sources of error are taken into consideration, 
the total error in measuring the orientation in c-axes should not be 
more than five degrees (ibid., p. 8). 

Still other sources of error are peculiar to this particular 
method of investigation: l) mistaking partial crystals of coarse ice 
for fine ice, 2) taking measurements from thin sections that are too 
close together, so that the same coarse crystal is measured twice, 3) 
errors in measuring the azimuth of optic axes because the thin section 
has melted away from stage supports and shifted slightly, and h) error 
in maintaining proper orientation of thin section after removal, from 
core. Most of these errors are easily avoided by measuring only fine 
crystals that occur in large groups, by using thin sections separated 
by as much as 10 cm depending upon the grain size, by discarding the 
thin section before melting has progressed to the extent of loosening 
the section from the mount, and by being extremely careful in marking 
orientation of core in place before it is drilled. 

7.3.^-3 Interpretation of data. The following relationships 
are evident in the fabric diagrams from Localities A and B at the eastern 
terminus of the Burroughs Glacier (Plate IV). 
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General Pattern 

(1) All diagrams show that the strongest maxima 
occur in the southeastern quadrant. 

(2) All diagrams, for both fine and coarse ice, 
show that a single maximum of from four to 
six per cent occurs in approximately the same 
position. 

Fine-gra:.ned Ice 

(3) A maximum of six per cent occurs at both 
Localities A and B in approximately the same 
position. 

Coarse-grained Ice 

(A) Three broad maxima of from five to six per 
cent occur at Locality A. 

(5) Four weak maxima of four per cent occur at 
Locality B and appear at the same general 
position as two maxima at Locality A. 

Relationship to Planar Features 

(6) The single maximum for fine-grained ice occurs 
close to the pole of the plane of the gently 
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 six 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 (0001), 
as discussed in Section 6.3.2. The preferred orientation is brought 
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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 already normal or 
nearly normal to the direction 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, Sec. 6.k.3). 
Upon release of stress these grains may continue to grow at the further 
expense of smaller crystals through the process which Shumskii (l955> 
p. 275) refers to as collective perecrystallization (Sec. 6.h.$). Thus., 
preferred crystal orientation may be preserved in the very coarse-grained 
ice which occurs near the glacier terminus. 

The southeasternmost maximum in the diagram for coarse ice at 
Localities A and B coincides fairly closely with the pole to the trans
verse fracture plane (east-west thrust faults on plane-table map). This 
suggests that the stresses which brought about thrust faulting near the 
surface also produced recrystallization just below the rupture zone. 

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 east
ward. The shear stress which produced them may also have produced a 
plastic yielding of the ice through recrystallization at depth; whereby 
a preferred orientation resulted with c-axes normal to the direction of 
shear stress. 

This hypothesis assumes that the preferred crystal orientation 
which was produced at depth just below the ruptured layer still 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 recrystallization due to stress takes place here. At the sur
face 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: 
1) the fine-grained ice maximum is normal to the gently dipping foliation 
plane and corresponds to one of the maxima in the coarse-grained ice, and 
2) the other maxima in the coarse ice are oriented close to the poles of 
the principal transverse fractures (steeply dipping thrust faults) and 
oblique shear fractures. 

j.3.5 Genesis of Foliation 

Ice foliation on the Burroughs Glacier is produced by tensional, 
compressional, and shear stresses. The foliation plane develops in a 
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direction of least resistance 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. 

One system of ice foliation consists of longitudinal layers 
which are vertical near the centerline but parallel with the valley walls 
at the margins and parallel with the valley floor at depth. This folia
tion is caused by faster flow of the ice at the centerline than at the 
margins, and faster flow at the surface than at the bottom, which produces 
differential movement and recrystallization along closely spaced layers. 

Foliation also occurs as steeply dipping layers concentrated 
in two narrow longitudinal zones. It is probably produced by differential 
movement between coalescing glaciers farther to the west and then carried 
passively down glacier from its source. 

Another system of foliation consists of gently dipping layers 
in a trough-like attitude. It is possible that this system formed much 
farther up valley in the vicinity of the Cushing Glacier. With subse
quent 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 Wye's 
theoretical slip-line fields postulated for "compressive" and "extend
ing flow" (Nye, 1952a, p. 88), or parallel with stratification planes 
which were present in the accumulation basin at the head of the Cushing 
Valley. 

No evidence of original stratification in the ice is present. 
Therefore, the only basis for assuming that stratification was the con
trolling factor is that foliation occurs in trough-like structure in 
both the upper and lower glacier. The stratification may have consisted 
of bubbly fine-grained winter ice alternating with slightly coarser and 
less bubbly summer ice. In the early stages of ice movement, yield may 
have taken place along the structurally weak winter layers. Recrystal
lization in the layer absorbs strain from the adjacent, more resistant, 
ice. The layering will persist as the ice progresses down glacier. 

Meier suggests a mechanism for the formation of foliation which, 
with some modification, can be used to explain the origin of fine-grained 
foliation on the lower Burroughs Glacier and in the tongues of Alpine 
glaciers which Seligman (Sec. 6.3.k) described but could not explain. 

Under an applied stress, ice begins to yield by 
plastic flow (grain boundary creep and intra-
crystalline gliding...). Some local areas will 
strain more rapidly than others because of slight 
differences in grain shapes and orientations. When 
the critical strain necessary for crystal softening is 
reached in any small region, that region becomes locally 
a weak zone which tends to propagate by capturing more 
strain. These soft zones may grow most rapidly in a specific 
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planar direction, so that layers of soft ice, alternate 
with layers of hard ice, producing a foliated structure. 
The larger plastic strain in the soft ice may drive air 
bubbles into the neighboring ice, alter the grain sizes 
and shapes, and produce a preferred crystal axes orien
tation pattern. The soft layers need not be oriented 
parallel to the direction of maximum shearing strain 
and their orientation may be controlled by a minor pre
vailing anisotropy in the ice. The relative amounts of 
hard and soft ice which will exist at any one time in 
any one place will depend on (a) the total plastic 
strain, (b) the strain rate, and (c) the rate of re-
crystallization (Meier, i960, p. 60). 

The fine-grained ice in the lower Burroughs Glacier may repre
sent the "soft layer." 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 are "soft ice," 
then a preferred orientation of c-axes normal to the layer should be 
present, in addition to some evidence that any bubbles originally 
present have been expelled from these layers. 

A preferred orientation does exist in the fine ice although it 
does not exceed six per cent concentration per one per cent area (Plate IV). 
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 
grease pencil rubbing of Fig. 51 and the photograph in Fig. 53 bear out 
this point. Bubble layers do exist but they occur as very thin concen
trations, generally within coarse ice and some distance from the contact 
between fine-grained and coarse-grained ice. It can be argued that sub
sequent recrystallization of fine ice to coarse ice has shifted the con
tact away from the bubble layer. If this is so, the contact cannot be 
as sharp and straight as it is observed to be. Of course the bubbles 
may never have been in the ice where the fine-grained texture developed. 

The bubble-rich layers related to stratification may not be the 
anisotropic feature that controls the location of the fine-grained foli
ation, because most of the gently dipping fine-grained ice observed con
tains no bubbles and most bubble layers in the coarse ice are some dis
tance from the fine ice layers. A slight variation in grain size, shape 
and orientation from one layer to another in the original firn may be the 
principal controlling factor. 

7.3-6 Recrystallization Process 

Assuming that fine-grained ice layers form according to the 
mechanism suggested by Meier, the question is, what recrystallization 
process accounts for the absorption of strain by the "soft ice"? Since 
the original texture of the ice is not known, a recrystallization process 
is difficult to postulate. 
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Bearing in mind that the layers consist of fine, inequigranular 
crystals with a weak preferred orientation, the following process may 
produce this foliation: 

(1) An early stage of migratory recrystallization 
where the less stressed crystals grow at the 
expense of the highly stressed ones. Intra-
crystalline glide occurs in those crystals 
with axes oriented normal or nearly normal to 
the principal direction of shear stress. This 
produces an inequigranular texture and pre
ferred orientation. 

(2) As stress approaches the yield point, for ice 
in shear, 1 kg/cm2, polygonization occurs 
(Sec. 6.^.3) 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, migra
tory recrystallization alone is taking place with the development of a 
preferred orientation and much larger crystals. The preferred orienta
tion 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 oriented in this direction may be greatly 
reduced. This may account for the multiple maxima fabric shown in 
Plate IV, but does not explain the symmetrical four-maxima fabrics ob
served on other glaciers (Sec. 6.3«3«2). In the fine ice, the layering 
itself, once it has been established, controls the direction of yield 
so that only a very drastic change in stress field would produce a pre
ferred orientation which is not normal to the layering. In this case a 
completely new set of layers may result. 

The problem still remains as to what produces a "soft ice" 
layer initially. A layer containing; slightly smaller grains than the 
surrounding ice may be the structure necessary to absorb strain. A 
group of randomly oriented small crystals can adjust more rapidly to 
stress than a group of randomly oriented coarse crystals, simply be
cause there is more grain surface per unit volume where adjustments 
through recrystallization can occur. A soft layer may be one which has 
a strong preferred orientation in either fine or coarse ice. In coarse 
ice the recrystallization may not be as great as that in either randomly 
oriented or preferentially oriented fine-grained ice. 
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7-3.7 Confluent Structures in Foliated Ice 

7-3-7.1 General. In addition to being deformed into small 
drag folds and offset by fractures and crevasses, both the steeply dip
ping and gently dipping foliation ha.ve been distorted into a confluent-
pattern (Figs. 3! and 35)- The confluent structures are found only in 
the lower Burroughs Glacier 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 Fig. 3^ are accentuated at the surface by the accumulation of silt and 
clay and are separated by relatively clean coarse-grained ice k to 20 em 
thick. A shallow hole about 25 cm deep has developed at the center of 
the pattern (Fig. 35). This hole is absent in many of the structures. 
The confluent pattern has also been observed on the walls of crevasses, 
but the 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. 

7.3.7.2 Genesis of Confluent Structures. Very little is known 
yet about the over-all distribution of the confluent structures, their 
attitude with respect to the glacier as a whole, and the degree of re-
crystallization 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 de
formed clay. H. Cloos (1930) and others have shown that a clay block 
subjected to simple compression develops two sets of shear fractures, 
which are oriented approximately L50 from the direction of compression 
and intersect one another at nearly 90° (Fig. 36). 

In a plastic material under simple compression, fractures will 
not occur, but a continuous deformation should take place concentrated 
mainly along slip planes of maximum shear stress at L50 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 oriented, 
normal to the direction of compression the layers would probably deform 
into a number of confluent patterns whose centers coincide with the inter
sections of planes of maximum shear stress. Two such patterns are illu
strated in Fig. 37- If the compression is not approximately normal to 
the layers, the layers themselves will probably act as planes of weakness, 
slip will occur along them and the confluent patterns will 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 com
pression. The apparent angle between slip planes as observed on the ice 
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surface may be considerably narrower than the true dihedral angle because 
the ice surface intersects the planes at an oblique angle. 

Figure 38 shows the postulated attitude of the structure as 
determined from patterns seen on the ice surface and on crevasse walls. 
The intersection of planes of maximum shear stress form a line which 
joins the center of the confluent pattern on the surface with that on 
the wall of the block. Along this line of intersection the greatest 
strain occurs. The attitude of this structure requires a component of 
compression oriented 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 pro
duced normal to the walls and foliation would be where the ice, under 
"compressive flow," is prevented from expanding laterally. In the upper 
Burroughs Glacier the crevasses change gradually from a transverse to a 
splaying pattern (Plate II). The transition occurs within a valley con
striction just before the ice expands into a broad basin. At thi£ con
striction the foliation along the margins could be compressed to form 
the confluent structure. 

According to this hypothesis a plastic flow seems to be the 
chief mechanism in the development of the confluent pattern. The surficial 
fractures in the ice appear to be a later feature unrelated to the pattern 
in the layering (Fig. 39)- Only in the center of the pattern where strain 
release is greatest is there evidence that the ice has disintegrated. Here 
it is possible that the crystals were crushed, and if no extensive recrys-
tallization 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. 35)- In some cases plastic flow may have been 
greater along one slip plane than along the other, which might explain 
the unusual pattern in Fig. 39- This pattern could also be due to an 
offset of the original symmetrical pattern caused by later plastic flow 
along one of the original slip planes. Note that fractures do not coin
cide with this line of offset. 

There is no independent evidence that this type of deformation 
can actually occur in ice under stresses of the order of one to two bars 
(Nye, personal communication); 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, 195?) and the 
available evidence suggests that the confluent patterns form at consider
able depth. 

A second hypothesis is that the structure may be caused by the 
plastic collapse of abandoned moulins (Meier, M,; Bull, C.; and Lewis, W., 
personal communication). It is very possible that a moulin which has 
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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 further support of the moulin hy
pothesis is the fact that the theoretical pattern of foliation that re
sults from the closing of a moulin (assuming a plane problem and conser
vation of volume in the ice) closely resembles the observed pattern. 
(This idea was suggested by Nye, personal communication.) 

7,k COARSE-GRA.INED BORDER ICE 

7A.1 Texture 

The moderately coarse-grained ice, which covers an area l/k 
to l/2 km wide at the eastern terminus of the glacier (Plate III), con
tains crystals from 5 to 10 cm in diameter or larger and 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. 

Throughout most of this marginal ice are a series of planar 
surfaces formed by the alignment of boundaries of coarse crystals (Fig. kO), 
These planes may have contained fine crystals, which with subsequent re-
crystallization formed coarse crystals whose boundaries were aligned along 
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 ice and often grades into this 
pattern, these structures are referred to as relict foliation on the 
structure map (Plate III). 

7-̂ .2 Grain Size Changes 

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 was used 
as a parameter to show differences in size. Using this technique, several 
traverses were made from the terminus up ice to the foliated ice area, 
making measurements every 100 to 200 m. The grain size generally de
creases linearly away from the terminus and is independent of changes in 
local ice surface gradient. 

An example of one traverse is shown in Fig. kl. On an ice 
slope of about four degrees, the coa,rse crystal size decreases linearly 
away from the terminus, but the slope of the curve changes abruptly in 
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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 Fig. kl refers 
only to the coarse-ice crystals.) The change in slope shown on the lower 
graph in Fig. 41, 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 in
crease 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, pp. 31-33; Tammann and Dreyer, 1929, pp. 289-213; 
Bader, 1939; PP- ^5-6l; Demorest, 1953; Steinemann, 1954a; Shumskii, 
1958; and Rigsby, 1958) that grain enlargement does occur after release 
of stress. Rigsby (1958, p. 35o) 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 (Sec. 6.3-7.3)-

7.4.3 Crystal Orientation 

Orientations of 200 crystals near the terminus were measured, 
about 600 m from Localities A and B (Plate IV"). The optic axis was 
determined by measuring with a Brunton compass the strike and dip of 
deeply etched grooves "Forel's stripes" (Forel, 1882), appearing on the 
exposed surface of very large crystals In situ (Fig. 42). This method 
was first suggested by Bader (1951; P- 53C>T-When exposed to infrared 
radiation, the surfaces of large crystals melt out along 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, who first described them (1858), found that they were 
elongate in a preferred direction in 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., per
pendicular to the c-axis in the hexagonal ice crystal, and therefore can 
be used to determine orientation 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 could be done fairly accurately (within five degrees) 
if extreme care was 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 
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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 Plate IV plotted from these data is 
fairly 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. 

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 (Rigsby, 1951., p. 59M; a n a the lower Blue Glacier (Allen et al. , 
I960, p. 615) resemble this triple pattern. These fabrics were obtained 
from the center of glacier tongues, and many of them had four maxima in 
a diamond distribution. 

A triple maxima pattern has been reported by Steinemann (1958a., 
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 (greater than 10 per cent) and one weak (5 to 10 
per cent) maxima 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 ice, or by shear near 
the glacier bed. If the maxima had been caused by shear, however, a 
similar pattern of maxima centered about the pole to this foliation 
plane in the coarse ice should be present at Localities A and B also, 
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 maxima 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 traveled a greater 
distance than the ice at A and B (Sec. 7-l)- In addition, this terminal 
ice has been exposed recently to a stress-free environment, compared with 
the environment at the other localities where ice is still moving (Pole 8, 
0.5 m in 11 months, Table2). Recrystallization may or may not have altered 
the fabric originally produced under stress. 

7.5 BASAL ICE 

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. hj), along the 
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glacier terminus east of these nunataks, and in the Glacier Pass region 
(Fig. 9)« 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 relationship between layers on both 
sides of the contact (Fig. kk). In Glacier Pass, the relict foliation 
in the dirty ice dips 10° to 15° northeast beneath the white ice and 
strikes about south k0° east, while foliation in the white ice dips 5° 
northeast and strikes south 25° east (Plate III). In the Glacier Pass 
area there is no abrupt change in grain size across the contact. The 
over-all grain size varies between 5 and 20 cm diameter at the surface. 
This relationship between the two kinds of ice is similar to that in 
the other areas. 

In the Glacier Pass region broad dirt bands on the surface of the 
exposed basal ice can be seen (Fig. 9), particularly in the 19^8 and 
I960 aerial photographs. Close observation reveals that the banding 
is surficial moraine which forms broad ice-cored ridges containing all 
sizes of debris from large boulders, as much as a meter in diameter, to 
silt and clay. Surface melt water drainage down slope towards the mar
gins seems to have accentuated the bands. The 19^8 aerial photographs 
show that the bands extended across the nose of Minnesota Ridge and 
curved toward the southeast, as shown in Plate III. These bands suggest 
a former flow direction in the dirty ice. 

It seems likely that these dirty ice masses are remnants of very 
old ice and that the contact is an eld erosion surface upon which the 
younger 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 grain size no longer increases; the grains in the basal dirty 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 over
lying 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 Kunatak E 
(Fig. ho). 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 Burroughs Glacier. Below this ice, however, 
at the very edge of the nunatak at the left of the photograph (Fig. 4o), 
a distinct band of much darker ice is present. In this ice the shear 
planes are generally absent and the debris is concentrated along a single 
horizon. It is similar to basal ice of 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 
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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. 

7.6 SURFACE BANDS 

7-6.1 Upper Glacier 

Broad dirt bands present on the glacier surface can be identified 
most easily from aerial photographs (Fig. 22). On the upper Burroughs 
Glacier these bands form elongate concentric rings centered about the ice 
crest (Plate III). The bands have the appearance of being drawn out by 
flow in opposite directions from the crest. The concentric pattern was 
first observed by Field (1959, pp. k0-4l) in 1935 from the air (Fig. k<y) 
and in 19^1 from a ridge near Glacier Pass. Field suggested (ibid., 
p. Ul) that they may be the result of surface ablation of the outcrops 
of annual layers composed of alternate winter firn and summer windblown 
debris. 

A comparison of aerial photographs taken in 19^8 and i960, 
shows that the banding in the upper Glacier has become less distinct 
while that on the lower Glacier, particularly at the northeast terminus 
(Fig. 22) has become much clearer. In both sets of photographs several 
bands can be followed from the upper glacier through to the terminus. 

Banding on most of the upper glacier is apparently due to 
variation in dirt content, but the bands are often so broad and indistinct 
that they cannot be recognized at the ice surface. However, the gently 
dipping fine-grained layering in the ice has the same trend at the sur
face as the bands, and dips gently toward the center of the concentric 
band pattern, forming a trough structure. 

The thickness of the bands in the upper glacier should indicate 
whether they are annual. The thickness can only be estimated from aerial 
photographs. In i960 they were as much as 6 m wide on a slope of from 
two to four degrees near the southwest margin, where the layering dips 
up glacier ten degrees. Assuming the attitude of the bands is the same 
as the layering, the thickness of a broad dark and light band together 
is on the order of 2.5 m. Since glacier ice has a density of about 
0.88 gm/cm3 and snow about half this value, it would take about 5 m of 
snow to produce this band, provided the ice was not attenuated. But 
there may have been a significant attenuation, for this surface was 
buried under at least 230 m of ice during the Little Ice Age advance 
(Sec. 3»3)- The amount of attenuation is difficult to estimate since 
there is no information available about the magnitude of the horizontal 
strains during the time of burial. Not taking into account the thinning, 
5 m of snow would be needed to produce an annual band pair. The present 

61 



mean annual snowfall at Haines at sea level (Table l) inland to the 
northeast is about 2.7 m. It is conceivable that during the Little Ice 
Age, twice this amount or more accumulated at 700 m elevation where the 
annual precipitation was entirely snow. This is at least within range 
of the estimated amount of snow needed to produce an ice layer that has 
not been attenuated. 

If the bands represent annual layering, then the concentric 
pattern suggests that accumulation was once centered about the present 
ice crest. The firn line must have been lower than the present ice 
surface, to account for accumulation bands at this elevation, unless 
basal melting and/or extrusion type flow removed a considerable amount 
of ice at depth and lowered the ice surface. Field (1959); however, 
estimated that the firn line in this area during the Little Ice Age 
was not lower than '(GO m. 

An alternative hypothesis is that the bands may have been 
formed by accumulation in the vicinity of the Cushing Glacier (Fig. l) 
or higher to the west and been carried down glacier through the Burroughs 
Valley. As discussed in the preceding sections, structural evidence 
suggests that the Burroughs Glacier once flowed in a west to east direction. 
The concentric pattern in the bands (Fig. A5) centered on the present crest 
of the Burroughs Glacier may actually be a series of gently dipping trough
like layers with the long axis of the trough paralleling the valley. The 
bands appear to have a basin structure because the ice surface, which 
slopes off in opposite directions from the ice crest, on intersecting 
these trough layers produces a closure in the outcrop pattern. 

7.6.2 Lower Glacier 

In the lower glacier on the eastern tongue the dirt bands are 
more distinct (Fig. 22) forming a lobate pattern convex down glacier. 
The bands occur at the outcrops of the fine-grained ice (Fig. 23). 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 
windblown particles at the surface became gradually trapped along grain 
boundaries as the ice downwasted. 

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 (Fig. 29). 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. 

Since grain sizes in the upper glacier were more uniform and 
the fine-grained bands could not be identified at the surface, it was 
difficult to see whether the broad dirt bands there were a surface 
phenomenon as they were on the lower glacier. 
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8. SUMMARY OF INVESTIGATION 

8.1 GENERAL 

The Burroughs Glacier in southeastern Alaska is a rapidly ablating 
remnant (lh x 5 km) of a large glacier system that extended, during the 
Little Ice Age, to the mouth of Glacier Bay nearly 100 km from the ter
minus of present tidewater glaciers. During this advance the ice in the 
valley of the Burroughs Glacier was at least 300 m thick and between 46C 
and 600 m thick in the neighboring 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. 

8.2 ABLATION 

The Burroughs Glacier is a temperate type, entirely below the firn 
line, rising from near sea level to 500 m elevation. Between 194-8 and 
I960 the ice surface dropped at the rate of 0.8 m per year on the 500-m 
crest of the glacier and 6.8 m per year at the eastern terminus. The 
present annual ablation varies from 6?0 cm of water at 100 m elevation 
to 350 cm of water at 4-00 m elevation. The decrease in ablation with 
elevation averages about 0.9 cm/day/100 m. 

8.3 MOVEMENT 

Surface velocity during an 11-month period, August, 1959 "to July, 
I960, varied between 6.7 m &t ^25 m elevation to less than 0.5 ni at 200 m 
elevation near the terminus. A study of glacier topography from a map 
compiled in i960, reveals a relationship between curvature of contours 
along the glacier centerline 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. 

8.4 CREVASSE AND FRACTURE SYSTEM 

Transverse crevasse patterns are well developed in the upper 
Burroughs Glacier and longitudinal patterns in the lower glacier. A 
detailed plane-table map of fractures and crevasses in the eastern tongue 
of the glacier shows that the greatest principal stress axis in this area 
is longitudinal and compressive. Three fracture systems are well developed, 
l) a transverse system of steeply dipping thrust faults, 2) a longitudinal 
system of vertical extension cracks related to the regional longitudinal 
crevasse system, and 3) an oblique system of strike-slip faults related 
to local adjustments of the ice to irregularities in the sub-ice topography. 
Measurements of strain-rate at the glacier surface within the map area, 
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700 m from the terminus, produced a value of -0.013 yr"1, compressive and 
in a direction at 45 degrees to the principal crevasse direction. The 
reliability of the measurements is doubtful because of the extremely 
small displacement between poles and because the ablation, which occurred 
during the period of observation, lowered the surface ihO cm and necessi
tated re-drilling poles. 

8.5 ICE TEXTURE AND FABRIC 

8.5.1 General 

Three major types of ice were identified at the glacier surface: 

(1) Foliated ice which consists of fine-grained 
layers and bubble layers in a groundmass of 
irregular crystals 0.1 to 5-0 cm in diameter. 
It occurs on most of the glacier above 225 m 
elevation. 

(2) Coarse-grained border ice which generally 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 alignment of coarse crystal boundaries 
distributed in the same manner as the fine
grained foliation and traceable to this struc
ture. These planar surfaces have been mapped 
as relict foliation. Coarse-grained border 
ice covers a zone approximately l/k to 1/2 km 
wide near the eastern terminus. 

(3) Very coarse-grained basal ice which consists of 
crystals 10 to 20 cm in diameter or larger and 
is generally covered by a thick layer of debris. 
It is exposed in discontinuous narrow zones at 
the ice margins, particularly around nunataks. 

8.5.2 Foliated Ice 

Foliation is defined as a compact planar structure produced by 
shear or compression and consists of alternate layers of bubble-rich and 
bubble-free ice, or alternate layers of fine- and coarse-grained ice. In 
some cases the bubbles or grains are elongated in the plane of the layer. 

Several systems of foliation containing fine-grained layers are 
present on the Burroughs Glacier. One system consists of longitudinal 
layers which are vertical near the centerline but parallel with the valley 
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walls at the margins and parallel with the valley floor at depth. This 
foliation is caused by faster flow of the ice at the centerline than at 
the margins, and faster flow at the surface than at the bottom, which 
produces differential movement and recrystallization along closely spaced 
layers. 

Foliation also occurs as steeply dipping layers concentrated 
into two narrow longitudinal zones. It was probably produced by dif
ferential movement between coalescing glaciers farther to the west and 
then carried passively down glacier from its source. 

Another system of foliation consists of gently dipping layers 
in a trough-like attitude. The trough-like structures were either in
herited from foliation which occurred along former stratification planes 
near the ice source above the Cushing Glacier, or from foliation which 
occurred along spoon-shaped shear surfaces near the same ice source. 
The structures subsequently were drawn out by ice flow over a great 
distance through the Cushing Valley. 

There is no conclusive evidence that gently dipping foliation 
is related to primary stratification, except for the fact that the foli
ation is not oriented along the theoretical spoon-shaped planes that 
should develop according to Nye's slip-line fields. 

Foliation becomes more and more discontinuous toward the ter
minus with an increase in the over-all area and crystal size of the 
intervening coarse-grained ice. 

Foliation in the lower glacier has been plastically deformed 
into confluent patterns which were formed at depth (below 30 m) by 
filling in of abandoned moulins, or by directed compressive stresses 
in the ice which produced intersecting shear planes that caused a con
vergence in the foliation. 

The optic orientation of 600 crystals was measured in the 
foliated ice of the eastern tongue 600 m from the terminus and within 
the plane-table map area. A triple maxima fabric (five to six per cent 
concentration) is present in the coarse ice and a single maximum (six 
per cent concentration) in the fine ice. The fine ice maximum is normal 
to the gently dipping foliation plane and corresponds to one of the 
maxima in the coarse ice. This relationship suggests that the coarse 
ice maximum may be a relict of the fine ice fabric after grain enlarge
ment, or it may have been produced simultaneously with the fine ice pre
ferred orientation. The other maxima in the coarse ice are oriented 
close to the poles of the principal transverse fractures (steeply dipping 
thrust faults) and oblique shear fractures, suggesting that the stresses 
which brought about fracturing near the surface also produced recrystal
lization just below the rupture zone. 
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8.5.3 Coarse-grained Border Ice 

Coarse-grained border ice lacking fine-grained foliation con
tains a series of planar surfaces which are related to fine-grained 
foliation up ice and are designated as relict foliation. Grain sizes 
in the coarse ice decrease linearly with distance from the terminus. 
The rate of decrease in size levels off rapidly in the vicinity of the 
boundary between coarse ice and foliated ice. 

Orientations of 200 grains near the terminus were determined 
by measuring with a Brunton compass the strike and dip of etched basal 
sections on the surface of single crystals and in some cases by measuring 
the attitude of internal melt figures. A triple maxima fabric was ob
tained, centered about a pole to a nearly horizontal plane. It is 
possible that the three preferred orientations were caused by shear 
along the glacier bed. This fabric resembles a three-maxima pattern 
obtained by Steinemann in torsion shear experiments on ice where the 
maxima were centered about the pole to the principal shear plane. 

8.5.^ Coarse-grained Basal Ice 

Very coarse-grained basal ice was observed around nunataks 
and in discontinuous narrow zones at the glacier margin. This ice may 
be a remnant of very old glacier ice which was caught in local depressions 
and overrun by younger glacier ice during an early stage of the Little Ice 
Age. 

8.6 HISTORY OF ICE FLOW 

Structural evidence suggests that, during the Little Ice Age, the 
Burroughs Glacier originally flowed from west to east. At this time it 
was being supplied by ice from the Gushing Plateau Glacier to the west 
and by the Muir Glacier to the north, which overflowed Minnesota Ridge 
through Glacier Pass (Fig. l). Ice in the Burroughs Valley increased in 
thickness, while flow occurred along a series of trough-like foliation 
planes and steeply dipping longitudinal planes. 

Bands of intense longitudinal foliation were produced where flow 
from Glacier Pass and the Carroll Glacier joined the main eastward flow 
of ice in the Burroughs Valley. 

The surface of the glacier between Minnesota Ridge and the Bruce 
Hills (Fig. l) gradually developed a broad dome (called the Cushing 
Plateau) which reached an elevation probably exceeding 700 m with the 
ice flowing over the Bruce Hills into the Plateau Glacier. Growth of 
the ice dome in its early stages was due to increased supply of ice 
through Glacier Pass. When the dome exceeded the elevation of the firn 
line, local accumulation contributed to its growth. 
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During the waning stage of the Little Ice Age ice flow from both the 
Cushing Glacier and Glacier Pass began to decrease significantly. Rapid, 
lowering of the ice dome followed, with flow occurring in both an east
ward and westward direction. The dome finally lost its identity with the 
emergence of the Bruce Hills and the formation of the separate Burroughs 
and Plateau Glaciers. 

Flow to the east and west from an ice crest in the Upper Burroughs 
Glacier has continued to the present with the development of transverse 
and longitudinal crevasses. Fine-grained ice persists along the old 
foliation planes which are still being activated, while coarse ice is 
gradually increasing between these planes as ice flow decreases. With 
continued downwasting the stagnant border ice is increasing in width, 
and more and more debris-laden basal ice is appearing around nunataks 
and the terminus. 

9. 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 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 recrystallization of the ice just 
below the ruptured zone. Thus the fabric measured near the surface is 
not necessarily representative of 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 1 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 been mapped recently and 
where motion studies (Paterson, 1962) have been made. 

A continuation of structure studies on the Burroughs Glacier would 
be worthwhile, since this is one of the few accessible and mapped glaciers 
containing structures related to the Little Ice Age. Although the history 
of flow of this glacier is complex, a detailed photographic record and 
early maps showing the extent of the ice at different intervals since 
the late l800's are available. A continuation of photographic work at 
the stations established by the American Geographical Society will be 
extremely valuable in studying changes in ice structures as increasingly 
older ice is revealed by ablation, and in studying ice contact deposits 
in the formative stage. Radiocarbon dating of gas bubbles in the old ice 
should yield some interesting results which could be compared with dates 
already obtained from buried logs in neighboring outwash deposits. 
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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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Figure 2. Eastern terminus of Burroughs Glacier in small outwash val
ley, 1/2 km west of Station 15, August, I960. Note kame and kettle 
topography in process of formation. Some ice is still present beneath 
gravels. 

Figure 3» Eastern terminus of Burroughs Glacier at same locality as 
in Figure 2, but one year later, September, 1961. Note the signifi
cant change in outwash topography. Ice retreated approximately 70 m 
since I960. 
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Figure 4. View of Idaho Ridge and Wachusett Inlet as seen from the 
eastern Bruce Hills, July, I960. Lichen line at approximately 460 m 
elevation on the east wall of cirque below the Patton Glacier is evi
dence of former ice level. Note crevasse fillings on ice-free penin
sula in center foreground. Terminus of Plateau Glacier is to far 
right. 
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FIGURE 5 A COMPARISON OF ABLATION RATE WITH WIND, MAXIMUM TEMPERATURES 

OVERCAST, AND PRECIPITATION . BURROUGHS GLACIER TERMINUS. 

Lower graph shows dai ly maximum a i r temperature off ice a t 27*7 m 
elevation, § km from glac ier . Shaded portions represent periods 
of extreme overcast where dai ly cloud cover was 8/10 or greater 
and precipi ta t ion exceeded 0.3 cm per day. kTind veloci ty graph 
is based upcn dai ly estimates a t base camp. 
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Figure 7. Portions of U. S. Geological Survey 
Mt. Fairweather, D-l and D-2 Quadrangles 
showing extent of g l ac i e r s , 19h8. 



FIGURE 6 LONGITUDINAL PROFILES FROM IS4S AND I S M TOPOGRAPHIC 
MAPS , LOWER BURROUGHS GLACIER. 
SEE PLATE I FOR LOCATION OF PROFILE 

Figure 9. View of Glacier Pass, August, I960 from Station 9 (Plate 
III). Arrows show the level of ice in 1941 and 1959 on the side of 
Minnesota Ridge 
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FIGURE 10 ICE A B L A T I O N , LOWER BURROUGHS GLACIER , ALASKA 
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FIGURE II ICE ABLATION, LOWER BURROUGHS GLACIER , ALASKA 



FIGURE 13 CHANGE IN ANNUAL ICE 
LOSS WITH ELEVATION, 
' 48 TO'60 
LOWER BURROUGHS GLACIER 

FIGURE 12 CHANGE IN ANNUAL 
ABLATION WITH 
ELEVATION / 5 9 TO '60, 
LOWER BURROUGHS GLACIER 

FIGURE 14 CHANGE IN ABLATION 
RATE WITH ELEVATION, 
JULY I O - A U G . 2 0 / 6 0 
LOWER BURROUGHS GLACIER 
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FIGURE 15 ANNUAL ABLATION 
PLOTTED AGAINST LOCAL 
ICE SURFACE GRADIENT 
LOWER BURROUGHS GLACIER 



* 

LEGEND 
F.L. - FIRN LINE 
•N - LATITUDE 
'44 - DATE OF OBSERVATION 

references 

Fourteenth of July - Sverdrup (1935, 0.I60) 
Barnes - Baird et a l . (1952, p.7) 
Hoffel ls jokull - Ahlmann and Thorarinsson (1938, p.210) 
Taku - Nielsen (1957, p . 178) 
Karsa - Wallen (I9u8, p.553) 
Saskatchewan - Meier (i960, p.11) 
Gorner - rienaud (1952, p.57) 

FIGURE 16 VARIATION OF TOTAL ANNUAL ABLATION WITH ELEVATION BELOW FIRN L INE, 
LOWER BURROUGHS AND OTHER GLACIERS 
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FICURE 20 LONGITUDINAL PROFILE , LOWER BURROUGHS GLACIER, WITH HORIZONTAL 
MOVEMENT FOR II MONTH PERIOD SHOWN AT 5 L O C A L I T I E S . 
SEE PLATE I FOR LOCATION OF PROFILE 



Figure 21 . Block diagram showing Qualitatively the 
influence of stress, temperature, and time on crystal 
si7.e in crlacier ice. 
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Figure 22. Aerial view of eastern tongue of the Burroughs Glacier 
from 2135 m elevation (7,000 ft.) showing distribution of splaying 
crevasses and dirt bands. Medial moraine can be seen at upper edge 
of photograph and Minnesota Ridge at lower edge. Width of tongue 
is 1 km. 

Figure 23. Ice surface on the eastern tongue of the Burroughs Gla
cier. Terminus toward the right. Dirty bands consist of two systems 
of fine-grained foliation as designated on the photograph. Bands are 
convex down glacier. Note Brunton compass at lower left of center. 
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Figure 24. Gently dipping layers of fine-grained foliation 1/2 km east 
of Nunatak E (Plate III) on lower Burroughs Glacier. 

Figure 25. Steeply dipping foliation on upper Burroughs Glacier in 
zone of intense foliation (Plate III). 
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Figure 26. East wall of 2m pit show
ing two systems of fine-grained foli
ation. Pit is located near Pole 9 
(Plate I). 

Figure 27. Close view of 2m pit showing the 
steeply dipping fine-grained foliation. 
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Figure 28. South wall of 2m pit show
ing two systems of fine-grained foli
ation. Note change in grain size from 
layer to layer in coarse ice. 

Figure 29. Texture of foliated ice on the low
er Burroughs Glacier. Coarse ice has cobble
like surface with dirt concentrated along 
etched grain boundaries. Fine ice has a lay
ered structure accentuated by concentration of 
dirt. Layers form distinct indentations in the 
ice surface due to differential ablation. 



-J 

Figure 30 . Schematic Block diagram illustrating structural 
relationships in eastern tongue, Burroughs Glacier. White 
areas represent coarse-grained ice. Fine lines represent 
fine-grained foliation. Vertical scale exaggerated. 

L. D. TAYLOR I962(3l)-1 PS 



Bubble layer 

Coarse-grained ice layer 

Bubble layer 

Fine-grained ice layer 

Coarse-grained ice layer 

Fine-grained ice layer 

Coarse-grained ice layer 

Figure 31. Reproduction of 
grease pencil rubbing made on 
etched surface of vertical 
thin-section from 0.6 m depth. 
Sample from Pole 1, Plate I. 
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Fine-grained ice layer 

Coarse-grained ice layer 

Fine-grained ice layer 

Flcture 32 . Reproduction of grease 
pencil rubbing made on etched 
surface of vertical thin-section 
from 1.5 m depth. Sample from 
locality B, Plate IV, or Pole 8, 
Plate I. 
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Figure 33. A vertical thin-section under polarized light showing typ
ical texture of foliated ice. Sample from 2 m depth near Pole 1 (Plate 
I). Scale in centimeters. 



Figure 34. Confluent pattern in fine-grained foliation of eastern 
tongue of Burroughs Glacier. Attitude of two systems of foliation 
is shown at upper right. 

Figure 35. Close view of center of structure shown in Figure 34. 
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Fig. 37 Fig. 36 

Figure 36. Fracture pattern in clay block deformed under 
uniaxial compression. 

Figure 37. Confluent pattern in layers resulting from 
plastic deformation produced by uniaxial compression. 

Figure 38. Postulated three di
mensional attitude of typical 
confluent pattern in fine-grained 
layers of Burroughs Glacier. A-B 
represents line of greatest strain 
release. 
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Figure 39. A complex confluent structure on eastern tongue of 
Burroughs Glacier. Note the truncation of fine-grained layers 
by coarse ice near upper left of photograph. 

Figure 40. Ice surface east of Nunatak E. Coarse-grained bor
der ice with relict foliation in foreground. Note distribution 
of debris on surface bordering nunatak„ 
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Figure 42. Coarse-grained border ice near eastern terminus of 
Burroughs Glacier. The surface of individual crystals is etched 
deeply forming grooves parallel with the basal section of the 
crystal. Dirt is concentrated along the grooves. Note jack-
knife in upper center of photograph. 
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Figure 43. Aerial view of eastern terminus of the Burroughs Gla
cier from 2135 m elevation (7,000 ft.) showing debris-rich basal 
ice bordering nunataks. The nunataks are labeled as on the struc
ture map, Plate III. Distance of F from ice edge = 1/2 km. 

Figure 44. Debris-rich basal ice bordering the glacier in the 
vicinity of Glacier Pass (Plate III). Contact dips 10 to 15 de
grees toward the right of photograph. 
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Figure 45. Aerial view of the Upper Burroughs Glacier looking toward 
the eastern end of the Bruce Hills, October, 1935 (Field, 1959). 
Note the broad concentric bands on the ice surface. 
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PLATE I 

107 



108 

PLATE H 
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PLATE IV 

LOCALITY A 

LOCALITY B 

GLACIER TERMINUS 

L.D. TAYLOR 1962 - I P S 

FABRIC DIAGRAMS AND PLANE TABLE MAP OF ICE STRUCTURES, 
LOWE A BURROUGHS GLACIER, ALASKA* 

Map Legend 

Crevasse > 20 cm wide 

Crevasse < 20 cm wide 

Fracture with dip indicated 

Vertical fracture 

Trend of dirt bands 

Moulin 

Locality of fabric analysis 

Strike and dip of 
longitudinal fine-grained 
foliation 

Strike and dip of fine-grained 
foliation possibly related 
to stratification 

Pole for measuring motion 

Direction of ice motion 

. Principal axis of horizontal 
compressive strain 

Explanation of Fabric Diagrams 

Each point diagram shows the distribution of 200 "c" axes plotted on lower 
hemisphere of Schmidt equal area net oriented in horizontal plane. 

Each contoured diagram shows the density of 200 "c " axes. Contours represent 
concentrations of 3, h, 5, 6, 7 and 8 percent for a one percent area. Poles to 
planar features are plotted on each diagram: 

Pole to longitudinal 
foliation plane 

Pole to foliation plane 
related to stratification 

Pole to fracture planes 
of preferred orientation 

Pole to crevasse planes of 
preferred orientation 

''"See Plate III for location of plane-table map. 




