ICEFIELD
RANGES
RESEARCH
PROJECT

SCIENTIFIC RESULTS
VOLUME 3

PUBLISHED JOINTLY BY THE

AMERICAN GEOGRAPHICAL SOCIETY

- -AND THE

ARCTIC INSTITUTE OF NORTH AMERICA




ICEFIELD RANGES RESEARCH PROJECT

ADVISORY COMMITTEE

Dr. Walter A. Wood, Chairman
2561 North Vermont Street
Arlington, Virginia 22207

Mr. William A. Anders
6703 Wemberly Way
McLean, Virginia 22101

Dr. Henri Bader

Institute of Marine Science
University of Miami
Rickenbacker Causeway
Miami, Florida 33149

Dr. E. Lovell Becker, M.D.
435 East 70 Street, Apt. 12K
New York, New York 10021

Dr. A. C. Bryan, M.D.
Department of Anesthesia
University of Toronto

101 College Street

Toronto 2, Ontario, Canada

Dr. Ian McTaggart Cowan

Dean, Faculty of Graduate Studies
University of British Columbia
Vancouver 8, B.C., Canada

Dr. William O. Field

American Geographical Society
Broadway at 156 Street

New York, New York 10032

Dr. G. D. Garland
Department of Physics
University of Toronto
Toronto 5, Ontario, Canada

Dr. Richard P. Goldthwait
Chairman, Department of Geology
The Ohio State University

125 South Oval Drive

Columbus, Ohio 43210

Mr. George Gryc

Chief, Alaskan Mineral Resources Branch

U.S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025

Mr. Trevor A. Harwood
Defence Research Board/DREO
125 Elgin Street

Ottawa 4, Ontario, Canada

Dr. Geoffrey F. Hattersley-Smith
The Crossways
Cranbrook, Kent, England

Dr. Calvin J. Heusser
Sterling Forest

P.O. Box 608

Tuxedo, New York 10987

Dr. J. Peter Johnson, Jr.
Department of Geography
Carleton University
Ottawa 1, Ontario, Canada

Dr. Melvin G. Marcus
Department of Geography
University of Michigan

Ann Arbor, Michigan 48104

Dr. John W. Marr
Department of Biology
University of Colorado
Boulder, Colorado 80302

Dr. Carlos Monge, M.D.
Apartado 821
Lima, Peru

Dr. Terris Moore
123 Brattle Street
Cambridge, Massachusetts 02138

Mr. Graham W. Rowley
245 Sylvan Road
Ottawa 2, Ontario, Canada

Dr. John S. Tener
Canadian Wildlife Service
400 Laurier Avenue, West
Ottawa 4, Ontario, Canada

Member Emeritus

Prof. Robert P. Sharp

Department of Geological Sciences
California Institute of Technology
Pasadena, California 91109



ICEFIELD RANGES RESEARCH PROJECT
SCIENTIFIC RESULTS

Volume 3

551.31
IRRP
Y.






ICEFIELD RANGES -RESEARCH PROJECT
SCIENTIFIC RESULTS

Volume 3

Edited by

VIVIAN C. BUSHNELL
American Geographical Society

and

RICHARD H. RAGLE

Arctic Institute of North America

Published jointly by

AMERICAN GEOGRAPHICAL SOCIETY, NEW YORK
and

ARCTIC INSTITUTE OF NORTH AMERICA, MONTREAL

1972



Library of Congress Catalog Number: 70-90351



This series of volumes is dedicated to

the people of Yukon Territory.






CONTENTS

Editors’ Preface

Steele Glacier, 1935— 1968
by Walter A. Wood . . .
Kluane Lake Map Area (abstract)
by J. E. Muller. . . .
Geology of the Wolf Creek Area St Ehas Range
by Robert P. Sharp . ;
Movement Observations on the Termmus Area of the Steele Glacrer
by S. Thomson
Comparison of Moraines Formed by Surgrng and Normal Glacrers
by Nathaniel W. Rutter .
Some Aspects of the Geomorphology of Meltwater Streams Steele Glacler
by A. J. Broscoe .
Observations on an Alpine Mudflow Steele Creek
by A. J. Broscoe and S. Thomson
Observations of the Surge of Steele Glacier
by A. D. Stanley .
The Ice-Dam, Powder-Flow Theory of GIacuer Surges
by Lawrence B. Niglsen . . .
Summary of Rusty Glacier Mass- Balance Study, 1968
by Thomas Brewer . .
Some Results of the Hydrolcgrcal Investlgatlon of the Rusty Glacler Basm
by Theodorik Faber . .
Gravity and Shallow-Ice Temperature Measurements on the Rusty Glacler
by David J. Crossley and Garry K. C. Clarke .

Thermal Drilling and Deep-Ice Temperature Measurements on the Rusty Glacrer

by David F. Classen and Garry K. C. Clarke . . -
Abundances of Isotopic Species of Water in the St. Elias Mountams

by K. E. West and H. R. Krouse .
Snow Accumulation in the Icefield Ranges

by Melvin G. Marcus and Richard H. Ragle .
The Reflection Characteristics of Radio Waves on the Surface of a Subarctlc
Glacier in Summer

by Takeo Yoshino <
Supraglacial Streams of the Kaskawulsh GIacrer

by Karen J. Ewing
Infrared Radiometric Temperatures in the Alplne/PengIaclaI Envrronment as
Related to Thermal Remote Sensing

by Ray Lougeay .

Page

1
29
39
47
53
61
A
75
83
93

. 103
. 117
.13

. 143

. 153

. 163



Up-Heaved Blocks: A Curious Feature of Instability in the Tundra
by Larry W. Price .
The Sedimentology of a Braided Rrver
by Peter F. Williams and Brian R. Rust .
Vegetation, Microtopography, and Depth of Active Layer on Drfferent
Exposures in Subarctic Alpine Tundra
by Larry W. Price ;
A Checklist of Vascular Plants from the Icefreld Ranges Research Prolect Area
at Kluane Lake
by James A. Neilson .
New and Important Additions to the Flora of the Southwest Yukon
by James A. Neilson
Behavior Study of the Arctic Ground Squrrrel
by Betsy Jo Lincoln .

Geomorphic Effect of the Arctic Ground Squrrrel inan Alprne Envrronment

by Larry W. Price .
Pesticide Residues in Selected Yukon Mammals
by Donal W. Halloran and Arthur M. Pearson

viii

Page

177

. 183

.21

= 221
.24
. 245
. 255
. 261



Editors’ Preface

The studies reported in this volume fall into three general categories:
(1) those related to surging-glacier research (pp. 1-130); (2) topics of general
interest in the physical sciences (pp. 117-220); and (3) topics of general
interst in the biological sciences (pp. 211-261). Included in the first
category are studies of the Steele Glacier, which surged in 1965-1968, and
studies of the Rusty Glacier, which is believed to be in a presurge phase. In
the first category, not all of the research reported was carried out under the
auspices of the Icefield Ranges Research Project, but is included here
because it is directly related to the IRRP research.

Papers of general interest, in both the physical and the biological
sciences, follow the pattern of those of the two previous volumes in that
some are by senior researchers and some are by students. Some articles have
been published previously and others have not. Articles being published for
the first time have been reviewed by experienced specialists. Previously
published papers are reprinted as they first appeared, except for stylistic
changes.

One of the papers reprinted here (pp.11-27) reports some of the
earliest (1943) geologic work done in the area. The reader’s attention is
called to more recent (1967) geologic studies by the inclusion of an abstract
taken from a published memoir (p. 9).

VIVIAN C. BUSHNELL
RICHARD H. RAGLE






Steele Glacier 1935-1968
Walter A. Wood*

Introduction

Steele Glacier—also referred to in the early literature
as Wolf Creek Glacier—is about 35 km long and rarely
more than 2.5 km wide. It is one of many ice streams
which drain the northeastern slopes of the St. Elias
Mountains. Water discharged by the glacier enters the
Donjek River via Steele Creek and eventually reaches the
Bering Sea by way of the White and Yukon Rivers. To-
gether with Steele Creek Steele Glacier is the principal
distributary of a watershed that encompasses 700 km?
and within which the topography is dramatically alpine.
A perennial mantle of ice and snow covers the crests of
the watershed and individual summits range in elevation
from 2500 m to more than 5000 m. The western bound-
ary of the watershed is a high ridge which links Mt. Steele
(5070 m) and Mt. Wood (4840 m) and forms the divide
between drainage of the Yukon River system and that
which reaches the Gulf of Alaska via the Chitina and Cop-
per Rivers. Approximately thirty glaciers comprise the
system within the Steele watershed. Of these some
twenty-five are connected or disjuncted tributaries of the
Steele Glacier, The remainder belong to an isolated sys-
tem, the drainage from which is carried by Hazard Creek
and flows into the valley of Steele Creek about 15 km
above the terminal moraine of the last advance.

Climatologically the continental slope of the St. Elias
Mountains is semi-arid. Mean annual precipitation at
Kluane is of the order of 35 cm, while that of Yakutat on
the Gulf of Alaska exceeds 300 cm. While some maritime
moisture reaches the Steele watershed, most of the ef-
fect of Pacific airmasses is lost before they cross the high
Steele—Wood—Walsh ridge, and the environment of the
Steele watershed must be considered dry as compared to
the Pacific littoral. The equilibrium line on Steele Gla-
cier and on its major tributaries is between 2750 and
2900 m. Tree line in the valley of Steele Creek approxi-
mates 1400 m and more than 90% of the watershed is
treeless. Tundra vegetation is continuous to about 2150
m but isolated alpine plant communities are to be found
near the 2800-m contour,

Exploration of Steele Glacier, 1935-1947

Although the high summits of the Icefield Ranges
(name first used by Bostock, 1948) were seen by early

* American Geographical Society

travelers from vantage points many miles away on the
Yukon Plateau (McConnell, 1905), and several of the
more prominent peaks among them were named, explor-
ation was restricted to the courses of the major river val-
leys. The valley of the Donjek River, in the same area
which contains Steele Glacier, was well known to pros-
pectors and to hunting parties from the time of the Gold
Rush, and in 1913 Mt. Steele and Mt. Wood were sur-
veyed by mapping parties of the International Boundary
Commission from stations within the White River drain-
age area. A crude recognition of the existence of Steele
Glacier appears as early as the 1920’s and this probably
dates from the work of McConnell (1905). It is doubtful,
however, whether prior to 1935 any party penetrated
Steele Creek region for more than a few miles. Inhabi-
tants of Burwash Landing, some of them still alive, have
reported that Steele Creek was a “forbidden valley,” and
no Indian would enter it for fear of annihilation from
flood waters and crashing ice (Wood, 1967).

In 1935, Steele Glacier became the central setting for
a field program in high-mountain photogrammetry. In
1930 O. M. Miller of the American Geographical Society
began research in the use of high oblique aerial photo-
graphs for mapping areas of high relief (Miller, 1931).
One such area selected as a target for this study was the
portion of the St. Elias Mountains rising between Kluane
Lake and the International Boundary. This area was
chosen because of the dramatic relief presented by the
terrain, the presumed accessibility by pack train from
Burwash Landing on Kluane Lake, the presence of a tri-
angulation network adjacent to it done by the International
Boundary Commission Survey of 1913, and the availability
in the Yukon of aircraft to serve as platforms for high
oblique photography.

Under the sponsorship of the American Geographical
Society the Wood Yukon Expedition went into the field
in July of 1935 (Wood, 1936). With a pack train of 34
horses provided by the Jacquot Brothers of Burwash Land-
ing, it succeeded in breaking a trail along the trim line
above the true right margin of Steele Glacier until four-
footed progress was stopped by the lowest connected
tributary glacier of the Steele system (Fig. 1). A base
camp was established at this point and became the hub
of field operations for that year, and for other seasons to
follow.

The primary objective of the 1935 season was to estab-
lish a network of local ground control points of such
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Fig. 1. Map of Steele Glacier region
showing locations of survey stations
and points where movement observa-

tions were made. Numbered arrows
give locations and directions of ex-
61706 posure of aerial photographs (Figs.

prominence and distribution as to permit identification
in air photographs, and strong resections from photo-
goniometer measurements to be made in the laboratory.
Six such stations were established between the terminus
of Steele Glacier and the base of Mt. Steele in July and
August (Fig. 1).

Important as were these stations to the establishment
of geographical references, of far greater significance are
the photographic panoramas exposed at nine sites, includ-
ing the survey stations, for the purpose of developing
minor control. Each of these panoramas illustrates a por-
tion of the surface of Steele Glacier, and the 1935 field
season, therefore, is the datum from which any photo
interpretive analysis of the recent behavior of the glacier
must begin. The first field season ended with a number
of air photographic missions, from one of which we have
the first aerial photographic coverage of Steele Glacier
(Fig. 2). The photography, unfortunately, cannot be
considered to be worthy of formal exhibition. It was the
writer’s first attempt at large format (13 x 18 cm) aerial
work and his first exposure to high-mountain flying—the
pilot’s also. So menacing was the weather and so primi-
tive was the aircraft (by present-day standards) that more
concern, by pilot and photographer alike, was devoted to
maintaining stability and composure than was given to f
stops and shutter speeds. The results, however, are en-
tirely satisfactory for interpretive purposes.

The 1935 field season was consumed in large part by
reconnaissance—physical, technical, and logistical. In

ol 29).

1936 operations were shifted to an area some 40 km
north of Steele Glacier. No work was done on the ground
within the Steele watershed, but a number of aerial flights
over the glacier expanded the photographic coverage of
1935, particularly in the upper reaches of the area of ac-
cumulation. .

In 1937 Dr. Bradford Washburn and Dr. Robert H.
Bates descended the full length of Steele Glacier follow-
ing their ascents of Mts. Lucania and Steele, and several
fine aerial photographs exposed by Washburn in that year
give us valuable documentation at all levels of the glacier
and help to bridge the gap of evidence between 1936
and 1939.

In 1939 the Third Wood Yukon Expedition again
entered the Steele watershed, and it expanded familiarity
with the topography by exploring the glaciers which drain

. into Hazard Creek (Fig. 1). These ice bodies affect Steele
Glacier only through water discharged through Hazard
Creek, which enters the Steele valley nine miles above
the terminus.

During the summer four survey stations/(w-,re added to
the 1935 sites. The summer of 1939 will go down in his-
tory as one of nearly continuous foul weather. Of 61 days
spent in the field the weather on 45 was so inclement as to
preclude survey or photographic operations. Aerial pho-
tography, too, was thwarted in the Steele Glacier area and
no meaningful coverage was obtained.

The 1941 field season was as productive as the 1939
season had been sterile. Nine survey stations were oc-
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Fig. 2. Middle course of Steele Glacier
in 1935. The debris-covered ice in the
foreground was inactive if not stagnant
at that-time (August 30, 1935; 16:30;
3550 m).

cupied and photo panoramas were exposed at each. Six
of the nine records were repeats of earlier years. Also in
1941 the first professional assessment of the glacial his-
tory of a large portion of the Steele watershed was under-

taken by Sharp (1951). In the light of the dramatic re-
cent (1965-1968) behavior of Steele Glacier a number
of Sharp’s observations are of great interest.

At the time the Steele was first seen in 1935, it was

Fig. 3. Steele Glacier in surge, 1967.
Note the lake impounded in the valley
of Hazard Creek at lower right (August
9,1967; 11:15; 3050 m).




obvious that the lower eight miles of its trunk were in-
active if not stagnant (Fig. 2). From the stability of al-
luvial fans built onto the glacier from tributary valleys
along both margins below the 1500-m contour and other
evidence, Sharp concludes stagnation to have been pres-
ent in 1941. This was substantiated by examination of
photo panoramas exposed from Station 4 (Fig. 1) in
1935 and 1941. During the six-year interval no percep-
tible downvalley movement could be detected. Three
kilometers farther upstream (Station 8, Fig. 1) movement
of the order of 5 m was measured at points on the surface
of the glacier south of the axis of flow and along the in-
ner arc of the bend of the Steele (Fig. 4). This motion
can be attributed, in part at least, to the activity of gla-
cier A (Fig. 1) which experienced a period of rejuvena-
tion between 1935 and 1941. As 0F1941, then, it is fair
to assume that Steele Glacier was barely active in the vi-
cinity of its great bend, and stagnant below it.

Sharp has also recorded evidence of thickening and ad-
vance of a number of disjuncted and connected tributar-
ies of Steele Glacier during the period 1935-1941. Final-
ly, because the last advance of the Steele prior to 1965
invaded a mature spruce forest, Sharp estimates from
vegetational relationships that this advance culminated
during the period 1850-1890.

The 1941 field season ended with a series of photo-
graphic flights over the Steele watershed from which the
most complete coverage to date was obtained.

Six years intervened before Steele Glacier was revis-
ited. In 1947 the writer, on terminal military leave, and
his family spent a week in the Steele watershed during
which five previously established survey stations were re-
occupied. Photo panoramas were exposed at all sites.
Analysis of these photographs clearly shows that activity
increased in the vicinity of the great bend during the in-
terval 1941-1947. Movement in the vicinity of Station 8
was of the order of 30 m, while the ice opposite Station
4, stationary between 1935 and 1941, had moved down-
valley as much as 15 m during the six-year interval.

The 1947 data are the last to have been gathered on
the ground prior to the surge of the Steele in 1965, and
it can be said that 1947 brought to an end the period of
reconnaissance exploration of the Steele watershed and
of the trunk glacier in particular.

Steele Glacier, 1947-1965

The summer of 1951 was an important one for the St.
Elias Mountains, and especially for Steele Glacier, for the
time had come in the Canadian Government’s program to
map these ranges for eventual publication at the scale of
1:250,000. In July vertical aerial photography intended
for stereo-photogrammetric plotting of topography was
obtained at 10,670 m. The north-south flight lines cov-
ered the terrain between the 60th and 62nd parallels, and
were bounded by the Alaska Highway on the east and the

WALTER A. WOOD

International Boundary on the west and southwest. This
photography, of excellent quality, marked the frontier
in time between data of general interpretive interest and
that with evidence of analytical value.

The 1951 photography was followed in subsequent
years by further Canadian coverage of the St. Elias Moun-
tains. Only that of 1954 and 1956 is pertinent to the area
of Steele Glacier. It was from the 1951 photography that
the Steele watershed was mapped as a part of the Kluane
Lake Sheet of the 1:250,000 topographic series.

During the ten years prior to surge (1955-1965) the
chronology of Steele Glacier is spotty. There appear to
be no photographs of the glacier between 1956 and 1960,
but in 1961 the writer secured partial high oblique cov-
erage of the watershed, as did W. O. Field; Austin Post
(personal communication) flew air photographic missions
over Steele Glacier in 1960, 1961, 1963, and 1965 as part
of his broad study of glacier fluctuations in northwestern
North America. From an appraisal of his 1960 photog-
raphy Post evaluated Steele Glacier as being in a state of
imminent surge, and he predicted such an event for 1963.
In late August of 1965 Post again overflew the Steele and
noted activity in the ice of the upper trunk glacier. In
April of 1966 the writer overflew the Steele on a recon-
naissance for the projected Yukon Alpine Centennial Ex-
pedition of 1967. At that time the surge was in full flood
and by July it had invaded the stagnant ice below the
great bend. Post’s photographs of August 1965 show no
dramatic displacement of the ice in the upper reaches of
Steele Glacier. They do, however, illustrate increased
marginal crevassing as compared with his 1961 records,
and there can be no doubt that unusual activity was tak-
ing place. The massive slump of the ice in the upper
reaches of the glacier did not take place until after Post’s
observations of late August. In July 1966 the writer
talked with a number of residents of Burwash Landing,
some of them Indians long familiar with the local envi-
ronment, to determine whether any unusual circumstance
might have caught their attention during the fall of 1965
or the winter 1965-1966. Three Indians independently
reported that “during the winter” (date unknown) they
had heard a prolonged rumbling in the west accompanied
by a “haze over the mountains.” They had no recollec-
tion of such phenomena having occurred previously.

Once a “surge in being” was recognized, the history
of Steele Glacier swelled with data on its behavior.
Through the facilities of the Icefield Ranges Research Pro-
ject a field party was established at Station 6 in July 1966.
High oblique aerial photographs were exposed over the
chaotic ice (Fig. 7), and ten survey stations established
prior to 1947 were reoccupied by helicopter and photo
panoramas exposed (Fig. 5). Movement of the ice in the
vicinity of Station 6 was measured and a daily rate of 15m
was established. At the same time the significance of the
surge and the scientific opportunity engendered by it
was called to the attention of the Surveys and Mapping
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Branch of the Department of Energy, Mines and Re-
sources of Canada, with the recommendation that map-
ping photography be exposed over the Steele at the earli-
est possible moment. The response to this plea was en-
lightened and immediate. On August 13 and again on
September 15, 1966 mapping photo coverage of the
Steele was obtained. During the same period the National
Geographic Society assisted the work of the Icefield
Ranges Research Project by fielding a party which broad-
ened the detailed coverage of Steele Glacier begun by the

writer earlier in the season. Finally, in September 1966 L.A.

Bayrock led a reconnaissance party which examined pro-

Fig. 5. View of Steele Glacier surge
from Photo Survey Station 8 in 1966
(see Fig. 4 for a view from Station 8
in 1939). The general level of the
chaotic ice is about 75 m above the
Station (July 25, 1966; 10:30; 1691
m). Photo by R. C. Faylor.

Fig. 4. Looking northwest across Steele
Glacier from Photo Survey Station 8
(Fig. 1) in 1939. The general surface of
the inactive ice is about 100 m below
the Station (July 18, 1939; 10:00;
1691 m).

cesses at work in the terminal area of the advancing ice
(Bayrock, 1967).

During the winter 1966-1967 M. E. Alford, Resident
Water Resource Engineer of the Department of Energy,
Mines and Resources in Whitehorse, photographically
recorded the progress of the Steele Glacier surge in No-
vember 1966 and in January, March, April, and May
1967. His photo series of January 1967 contains the first
evidence of the surge of the Hodgson Glacier, the largest
tributary of Steele Glacier. So powerful was this surge
that ice of the Hodgson was able to narrow the trunk of
the still surging Steele by about one-third of its width




(Fig. 9). By mid-August this compound element of the
Steele had advanced nearly 3 km downvalley before being
pinched to the left margin by the main ice stream.

In 1967 the writer again obtained high oblique aerial
coverage of the Steele in June and in August (Fig. 3).
Fourteen photo survey stations were reoccupied, and sur-
face movement in the vicinity of Station 6 was measured,
the rate being 6.5 m/day. Though the rate was less than

Fig. 7. Surging Steele Glacier in the
area covered by the central portion of
Figure 6. The power and initial veloc-
ity of the surge is evident in the clean
decapitation of the tributary glacier
by the surging glacier (July 24, 1966;
15:15; 2550 m).

WALTER A. WOOD

Fig. 6. Right margin of Steele Glacier
in 1961. Note the penetration of the
tributary glacier into the main stream
prior to surge (August 10, 1961; 15:30;
3110 m).

50% of that measured at the same locality in 1966, it was
of interest to note that the general level of the ice surface
between Stations 6 and 4 was higher than that observed
in 1966. In the vicinity of Stations 8 and 4 the thicken-
ing was of the order of 15 m.

During the summer of 1967 the terminal area of the
advancing ice was intensively studied by a party represent-
ing the University of Alberta and the Research Council of
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Alberta. Under the leadership of L. A. Bayrock micro-
movement of the ice was observed throughout a network
of points on the surface of the frontal ice, water discharge
and sedimentation were measured, and geologic and geo-
morphic processes studied, especially as these relate to the
contact between advancing the stagnant ice (Thomson,
1968). Although the terminus of the surging ice was still

Fig. 9. Upper Steele Glacier in surge,
1967. Surface velocities of the Steele
at this time probably approximated 1
m/hr; yet the surge of the tributary
Hodgson Glacier (right) is of sufficient
thrust to divert the flow of the main
stream through about one-third of its
width (June 16, 1967; 09:00; 3100 m).

Fig. 8. Upper Steele Glacier in 1936.
The prominent debris mound may be
seen just to the right of optical center
(August 11, 1936; 11:30; 2900 m).

advancing, downvalley movement was of the order of 2
m/day as compared with 10 m/day in September 1966.

Modern Behavior of Steele Glacier

Sharp (1951) has concluded that the last major advance
of Steele Glacier terminated between 1860 and 1890.




Since 1935 its average gradient has been about 35 m/km
and the steepest break in slope occurs where the ice stream
enters the east-west fault zone which determines the
course of the lower Steele Glacier. It is within this de-
pression that all stagnant ice of the glacier occurs. Active
ice, then, occupies approximately 20 km of the 35 km
length of the trunk stream. Within that span and through
measurements of five surface features which appear on
vertical photographs of 1951, 1956, and 1966, it has been
possible to approximate the movement of Steele Glacier
(Table 1) for the period 1951-1966; to project these

rates, assuming them to have been constant, for the period
1956-1965; and to suggest the accelerated rate of flow for
the period September 1965-August 1966, a period of time
commencing with Post’s recognition of increased activity
and ending with the mapping photography of August
1966. All five points, distinct elements of medial moraine
loops and kinks, survived the first year of the surge.

A reliable check on these approximations has been
provided by examination of two high oblique photographs,
one taken by Wood in 1941, the other by Post in 1961.
Point 3 is well illustrated in both photographs, the opti-
cal axes of which were normal to the axis of flow. Semi-
graphic computation gives a total downstream movement
for Point 3 of 490 m between 1941 and 1961, or 25
m/yr.

Evidence is meager on the behavior of upper Steele
Glacier prior to 1951. A single high oblique aerial photo-
graph by Wood in 1936, however, clearly illustrates Point
3, a prominent debris mound (Fig. 8). By the roughest
of estimates of its horizontal position relative to points
on the margin of the glacier and relating this to the known
positions in 1941, 1951, and 1956, the feature cannot
have advanced less than 2100 m in 15 years (1936-1951),
arate of 140 m/yr, and some five times the rate indicated
for 1951-1956, and the technically less reliable rate for
1941-1961. There is, however, other evidence of reju- ¢
venation of the upper Steele Glacier in the years prior to
1941. The writer’s party traveled over the upper Steele
in 1935 and again in 1941. In the former year the gla-
cier surface was smoothly molded and presented no tech-
nical problems. In 1941 the same surface was coarse in
texture and was seamed with crevasses whose well-
weathered contours bespoke exposure of several seasons.

WALTER A. WOOD

The 1935 campsite at the base of Mt. Steele had been all
but overrun by a swelling of the neighboring ice.

Sharp (1951) calls attention to rejuvenation of a num-
ber of the glaciers of the Steele watershed during the
period 1935-1941, a cycle which had subsided by 1947.
It seems probable, indeed certain, that the upper course
of the Steele Glacier also experienced accelerated flow
during this period. The measurements cited above, how-
ever, indicate that acceleration was shortlived and did not
extend its visible effects below the confluence of the
Hodgson Glacier and the middle course of the Steele.

By August 1968 the surge of Steele Glacier appeared
to have run its course. The zone of contact between ac-
tive ice of the surge and stagnant debris-covered ice of the
last advance showed little change from the August 1967
stand. Motion was certainly present in the middle and up-
per reaches of the glacier, but the chaotic texture of the
surface, so dramatic in 1966, had been replaced by soft-
ened lines and angles, and it was quite possible to land a
helicopter at many places where, two years previously,
it would have been out of the question to do so. 1968,
then, is a logical punctuation point in the history of Steele
Glacier. It must be a comma or a semicolon, however,
and not a period, for documentation of the post-surge
history of the glacier is important.
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ADDENDUM

ICEFIELD RANGES RESEARCH PROJECT SCIENTIFIC RESULTS: VOLUME 3, p.8

TABLE 1. Movement of the Steele Glacier during 1951--1966

Total Total Observed Estimated
Total Average movement movement movement movement
observed annual projected projected for 11 for 12
Approx. movement movement for for months in months in
Point elevation 1951--56 1951--56 1956--65 1951--65 1965--66 1965--66
no.* (m) (m) (m) (m) (m) (m) (m)
1 1800 116 23 207 320 4495 4908
2 2100 134 27 243 375 4830 5268
3 2200 140 28 252 392 4816 5244
& 2300 123 25 225 348 5095 5556
5 2350 150 30 270 420 5348 5832

* See map on p. 2






Kluane Lake Map-Area *
J. E. Muller t

Kluane Lake map-area embraces some 6900 square
miles of St. EliasMountains and Yukon Plateau, separated
by Shakwak Trench. Yukon Complex metamorphic rocks,
with granodiorite of Ruby Range batholith and some
smaller bodies, mainly underlie Yukon Plateau. The prob-
ably Precambrian and early Paleozoic schists were meta-
morphosed and granitized in Mesozoic and perhaps early
Tertiary time. Minor Mesozoic volcanic rocks, some
granite, and abundant rhyolite also occur in Nisling
Range.

Eugeosynclinal deposits of St. Elias Mountains have
yielded Middle Devonian, Lower Permian, Upper Triassic,
and Jura-Cretaceous fossils. The volcanic rocks are pre-
Permian, Permian, and Triassic; carbonate-clastic se-
quences are Devonian, Lower Permian, and Upper Trias-
sic; and a greywacke-argillite sequence is Upper Jurassic
to Lower Cretaceous.

Folding perhaps preceded Permian sedimentation, and

*This has previously appeared as the Abstract of Memoir 340,
Geological Survey of Canada (1967), and is reprinted here with
permission,

tGeological Survey of Canada, Department of Energy, Mines
and Resources, Vancouver, British Columbia

orogeny with granitic intrusion terminated the geosyncline
in Cretaceous time. Paleocene or Eocene plant-bearing
beds of conglomerate, sandstone, shale, and coal are fol-
lowed by a thick succession of basaltic lava and tuff, and
are pierced by a few felsitic plugs.

Shakwak lineament is believed to be a major hinge line
reflecting mainly vertical movements between the St.
Elias geosyncline and Yukon geanticline. Duke River
thrust is an important break, affecting all rocks including
Tertiary beds. In Kluane Ranges low-angle thrusts have
placed older rocks on Tertiary.

Three glaciations, showing increase in topographic ex-
pression coupled with decreasing age and extent, are
tentatively mapped; the oldest may be pre-Wisconsin.

The explosion center of 1500-year-old volcanic ash
covering much of Yukon and Alaska may be at the foot
of Natazhat Glacier,

Mineral deposits, so far of minor importance, are placer-
gold, possibly concentrated from till, nickel-copper sul-
phides near peridotite occurrences, native copper in Trias-
sic lavas, a few tungsten and molybdenite showings in
granitic rocks, gypsum in Devonian? and Triassic forma-
tions, and coal in Tertiary sediments,






Geology of the Wolf Creek ' Area, St. Elias Range *
Robert P. Sharp

ABSTRACT. The heretofore unmapped rock sequence on Wolf Creek provides a useful section for
correlation of Canadian Yukon and Alaskan formations. The oldest rock, massive Devonian marble at least
1000 feet thick, is overlain by several thousand feet of Devonian-Mississippian slate, phyllite, schist, fissile
marble, granulite, and greenstone. An unconformity separates 1500 feet of well-bedded Permian limestone,
sandstone, and tuff from the older rocks, and the Permian is overlain discordantly by 4600 feet of
well-layered Tertiary volcanics, about half acidic pyroclastics and half andesite and basalt flows.

Pennsylvanian (?) gabbro intrudes the pre-Permian rocks, and large bodies of late Mesozoic or early
Tertiary granite and quartz monzonite are exposed. The youngest intrusives are mafic plugs and dikes
associated with the Tertiary volcanism. The contact zones of the granitic and monzonitic bodies are
pyritized, and a highly fractured silicified area in quartz monzonite contains molybdenite.

The Paleozoic metamorphics are compressed into east-northeast isoclinal folds. The Permian beds are
tilted gently northward, and the Tertiary volcanics are largely horizontal. Two sets of high-angle reverse faults
trending northwest and northeast near Wolf Creek mouth and an east-northeast monoclinal flexure with
upthrow to the south along lower Wolf Creek are major features in the relatively simple structural pattern.
The monocline and faults developed in the middle or late Cenozoic and may be the product of adjustments

within the St. Elias block during its last major uplift.

INTRODUCTION

General Statement

During the Wood Yukon Expedition of 1941 (W. A.
Wood, 1942a, 1942b; Bates, 1942) the geology of 130
square miles in the northern St. Elias Range was
mapped in reconnaissance fashion. This area had been
previously visited by a few hunters, prospectors, and two
earlier Wood expeditions (W. A. Wood, 1936; F. H. Wood,
1940), but its geology, aside from brief notes by Wood
(1936), was unreported. The region adjoining Wolf Creek
and large areas to the west and south are also blank on the
geological map of Yukon Territory (1917). Intermediate
location of the Wolf Creek area makes it a valuable link
between eastern Alaska and western Canada. This report
describes only the bedrock geology, since treatment of
the glaciation is reserved for a publication of the Ameri-
can Geographical Society covering activities of all Wood
Yukon expeditions.

Every member of the party assisted in the geological
work, but special acknowledgment is due Walter A, Wood,
who most ably organized and led the expedition. The
services of Dr. H. S. Bostock, of the Geological Survey of

! Wolf Creek is now officially known as Steele Creek and St. Elias
Range is now St. Elias Mountains.

*This report has previously appeared in Bulletin of the Geo-
logical Society of America, Vol. 54, pp. 625-650 (1943), and
is reprinted here with permission.

tPresent address: Department of Geological Sciences, California
Institute of Technology, Pasadena
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Canada, who read the manuscript and offered suggestions
based on his wide knowledge of the Yukon, are much ap-
preciated. Dr. J. S. Williams, of the U. S. Geological Sur-
vey, kindly studied Permian fossil collections. The Uni-
versity of Illinois Graduate School Research Board aided
with a grant defraying expenses of transportation, and the
Reserve Officers’ Training Corps of the University loaned
a small plane table,

Location and Physical Features

Wolf Creek, on the northeast flank of the St. Elias
Range, 25 miles east of the Alaskan border, at 6§°
15" N and 140° 10’ W (see inset of Fig, 1), is one of the
larger western tributaries of the Donjek River, a major
branch of the White, Whitehorse, the nearest convenient
point of entry, lies 180 miles airline east-southeast. Burwash
Landing at Kluane Lake, 3 to 4 days pack-train trip—45
miles airline—to the east, served as a final outfitting post.

Peaks of the St. Elias Range, one of the higher and
more rugged mountain masses on the continent, culminate
in Mt. Logan (19,850). No points on the map (Fig, 1) are
over 11,000 feet, although on its western and southern
periphery are Mt. Wood (15,880) and Mt. Steele (16,644)
(Fig. 2). Relief within the area mapped is about 7,000
feet, and complete dissection has produced an extremely
rugged topography (Fig. 3). Wolf Creek flows eastward
in a broad U-shaped glacial trough (Fig. 2) with a remark-
ably straight course to the east-northeast in its lower half,
The valley makes an almost right-angle bend to the south
near its midpoint—herein identified as “the bend.”
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Fig. 1. Geological map and structure section of Wolf Creek area







GEOLOGY OF THE WOLF CREEK AREA, ST. ELIAS RANGE

Wolf Creek valley averages 4000 to 5000 feet deep
with floor elevations between 3500 and 6500 feet within
the boundaries of Plate 1. Timber line is close to 4500
feet, and fully 90% of the area is free of vegetation large
enough to hamper geological work. Orographic snow line
lies between 8000 and 9100 feet, and most of the high
country is covered by ice and snow (Fig. 4). The only
sources of geological information for such areas are a few
isolated bare rock ledges and debris carried down by gla-
ciers. A trunk glacier 25 miles long occupies Wolf Creek

Fig. 3. East wall of Wolf Creek near
bend. Rocks largely granite and quartz
monzonite. Looking east-southeast.
(Aerial photo by W. A. Wood, Sept. 9,
1941.)
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Fig. 2. Wolf Creek valley; Mt. Steele (S),
Mt. Wood (W). Donjek flood plain and
Wolf Creek fan behind foreground ridge;
stagnant lower Wolf Creek Glacier in
center. Looking west-southwest. (Aerial
photo by W. A. Wood, Sept. 9, 1941.)

valley to within 6 miles of its mouth. Tributary canyons
indenting the high south wall contain smaller glaciers
(Fig. 3), and a larger glacier occupies the major north
branch near Mt. Wood (Fig. 1).

Nature of Work

Initially, supplies and equipment were obtained chiefly
by parachuted loads from the air (Wood, 1942a, 1942b),
but all subsequent operations were by foot and back pack.




14

Seventy-three days were spent on Wolf Creek between
June 26 and September 6, 1941. Unfavorable weather
handicapped the work only slightly, for the summer of
1941 was one of the driest and clearest reported in Yukon
history. Geological mapping was on a 1:50,000 scale con-
trolled by an excellent triangulation system established
through theodolitic observations in previous years by
Walter Wood. A small U, S. Army plane table and a Brun-
ton compass established locations by resection. Aerial
photographs furnished by Wood proved extremely helpful.

METAMORPHIC AND SEDIMENTARY ROCKS

Introduction

Table 1 summarizes the data on formations mapped
along Wolf Creek, and the columnar section (Fig. 5) shows
their structural relations.

Marble (Devonian)

General statement. This formation consists of uniform
massive gray marble, locally argillaceous and cherty, which
is best exposed on the west wall of Wolf Creek above the
bend (Fig. 6). The area of exposure is small, but marble
may underlie much of the high ice- and snow-covered area
to the west. Poorly preserved corals indicate a Devonian
age, which is consistent with the stratigraphic succession.

ROBERT P. SHARP

Fig. 4. Wolf Creek Glacier above bend.
Continues southward from Figure 3.
Chiefly quartz monzonite and some
Devonian-Mississippian metamorphics
to left of glacier. Peak in right center
is Mt. Walsh. Looking southeast.
(Aerial photo by W. A. Wood, Sept. 9,
1941.)

Total thickness may be at least 1000 feet and possibly
more.

Description, The marble is uniformly massive, light to
dark gray, and of medium grain. It weathers gray, brown,
or reddish and contains a few thin argillaceous layers and
irregular chert nodules. White, coarsely crystalline calcite
fills veinlets and replaces bryozoans and corals. Stratifica-
tion is obscured by fracturing, metamorphism, and weath-
ering, The topographic habit of the marble is character-
ized by steep, rough surfaces with numerous spires and
sharp ridges.

Age. A species of Cladopora and one other distorted
coral with Devonian characteristics are among the poorly
preserved fossils in the marble, Dr. W. H. Easton of the
Illinois Geological Survey identifies these corals as defi-
nitely pre-Carboniferous and probably not older than
Devonian,

The massive marble is overlain conformably by a consid-
erable thickness of schist, phyllite, and thin marble beds
unless the entire section on Wolf Creek is inverted, which
seems unlikely. The schist and associated rocks unconform-
ably underlie Permian beds and are considered Mississip-
pian or Devonian, or both. The probable Devonian age of
the fossils is thus consistent with the stratigraphic succes-
sion, Massive Middle Devonian limestone in various parts
of Alaska (Brooks and Kindle, 1908; Smith, 1939; Capps,
1940) may be in part equivalent to the marble of Wolf
Creek.
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TABLE 1. Summary of Formations

Recent gravels
(Qag)

Few hundred feet thick at most, largely
bouldery outwash gravels of modern glaciers

Recent moraines

(Qrm)

100 to 200 feet, fresh, bouldery till of present
glaciers and modern advance 100 to 200
years ago

Later or post-
Wisconsin
moraines (Qwl)

Quaternary

100 feet, bouldery till, slightly weathered,
covered with vegetation, exact age un-
known

Earlier
Wisconsin
moraines

(Qwe)

100 feet, bouldery till, noticeably weathered,
subdued topography, 500 to 1500 feet above
present streams, older than preceding later
or_post-Wisconsin moraines, but still prob-
ably late Wisconsin

4600 feet, well-layered basalt, andesite,
trachyte, quartz latite, obsidian, ash, tuff,

Tertiary Volcanies (Tv) agglomerate, breccia, all of local origin,
volume of flows and pyroclastics about equal,
mafic dikes, sills, plugs associated

Early Large batholithic body of porphyritic

Tertiary or Granitic biotite granite and hornbiende-biotite quartz

Late intrusives (gi) monzonite, locally mineralized and contain-

Mesozoic ing molybdenite
1500 feet, well-stratified limestone, limy

Permian Sedimentary sandstone, sandstone, grit, chert, sandy

rocks (Cpm) tuff, and water-laid tuff, containing Per-

mian fossils

Pennsylvanian (?) | Gabbro (palg)

Stocklike body of medium- to coarse-grained
augite-hornblende gabbro, intruding pre-
Permian rocks

Several thousand feet of slate, phyllite,

Mississippian, Undifferentiated schist, fissile marble, quartzite, greenstone,

Devonian, metamorphic and granulite, originally sedimentary and
or both rocks (pals) volcanic, closely and complexly folded

1000 feet or more, massive, uniform, gray

Devonian Marble (palm) marble, slightly cherty and argillaceous,

sparse corals

Undifferentiated Metamorphic Rocks
(Mississippian, Devonian, or Both)

General statement. This formation consists of slate,
phyllite, schist, marble, quartzite, greenstone,? and gran-
ulite® produced by a low-grade regional and somewhat
more intense contact metamorphism of sedimentary and
volcanic beds. It outcrops over a large part of the area
mapped (Fig. 1) and composes much of the south wall of
Wolf Creek below the bend (Fig. 7). Most of the rocks

Greenstone is used here for a relatively massive rock, containing
enough chlorite and epidote to give it a greenish color, which was
produced by low-grade metamorphism of fine-grained mafic
igneous material.

3 Granulite is used in the sense defined by Holmes (1929, p. 111):
“A granulose metamorphic rock composed of even-grained inter-
locking granular minerals.”

are schistose and so complexly folded that measurement
of thickness is impossible. On the basis of stratigraphic
relations this unit is Devonian or Mississippian, or possibly
both.

Description. Marble and phyllite dominate, The mar-
ble is gray to nearly black, finely crystalline, fissile, schis-
tose, and crenulated. It weathers gray to brown. Impure
calcareous beds contain dolomite, sand, clay, and carbon-
aceous material, Veinlets of coarse-grained white calcite
are numerous in fractured strata, and small pods of hydro-
thermal quartz are locally abundant. Black, paper-thin
phyllite forms partings between layers of marble, and
phyllite beds in groups 200 to 300 feet thick alternate
with similar groups of marble strata. Most phyllite is
shiny gray to nearly black, brownish weathering, and
thin-bedded. Paper-thin beds are rich in clay, and platy
strata contain some sand and calcite. Small-scale sharply
asymmetrical crenulations, less than 0.5 mm high, give
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Fig. 5. Columnar section.

many phyllites a prominent linear marking on schistosity
planes, and cross crenulations locally produce a reticulated
pattern. Slates are not abundant, although much of the
phyllite is slightly recrystallized and resembles slate.
Scattered beds of gray, brown-weathering, fine, argillaceous
quartzite were noted.

Near intrusives phyllite and marble gradually give way
to schist and granulite. Quartz-biotite, quartz-sericite,
and sericite-chlorite schists of medium grain are common,
The various granulites consist of interlocking granules of
calcite, quartz, diopside, hornblende, biotite, chlorite, zois-
ite, sericite, plagioclase, and traces of pyrite. In some beds
a distinct compositional interlayering of biotite and quartz
with pyroxene and calcite is apparent.

Greenish calcareous sericite-chlorite schists and green-
stones crop out on lower Wolf Creek. The greenstones
consist of chlorite, epidote, hornblende, plagioclase (near

ROBERT P. SHARP

albite), sericite, calcite, sphene, and traces of pyrite in
interlocking granules without well-developed foliation.
Veinlets and pods of coarse-grained hydrothermal quartz
and ankerite (?) are abundant in these rocks.

The rocks composing this formation were developed by
low-grade regional metamorphism of shale, calcareous
sandy shale, limestone, impure sandy and dolomitic lime-
stone, and argillaceous sandstone. In lower Wolf Creek,
mafic volcanics, presumably flows or tuff, and possibly
tuffaceous limestone were included. Granitic intrusions
locally produced more intense metamorphism. These
rocks are so tightly and complexly folded that the
thickness cannot be determined accurately. One to several
thousand feet appears a not improbable figure.

Age and relation to other sections. The only direct
field evidence on the age of this unit is its conformable
position above marble containing Devonian fossils and its
unconformable attitude beneath Permian beds.

Metamorphic rocks of the pre-Mesozoic complex east
and north of Wolf Creek are usually assigned to the Yukon
group of pre-Cambrian or Paleozoic age (Lees, 1936;
Bostock, 1936). The Mount Stevens group (Cairnes,
1912; Cockfield and Bell, 1926) in the Wheaton and
Whitehorse districts and previously established forma-
tions of undetermined age, such as the Kluane schist (Mc-
Connell, 1905; Cairnes, 1915b), are probably Yukon equiv-
alents. The metamorphics of Wolf Creek are somewhat
similar to the Yukon group, but H. S. Bostock (personal
communication) thinks the descriptions above indicate
less marked regional metamorphism than shown by that
group along Yukon River. This need not be a fatal objec-
tion to correlation, but there is yet no proof that the Wolf
Creek rocks should be included in the Yukon group.

In Alaska deposits of every Paleozoic period are known
(Smith, 1939), and many of the systems contain rocks
similar to the Wolf Creek metamorphics. However, pre-
Devonian rocks may be tentatively eliminated, for the
Wolf Creek metamorphics overlie Devonian marble, and
comparable pre-Devonian rocks are scarce in the vicinity
of Wolf Creek. In contrast, Middle Devonian rocks are
widespread in southeastern Alaska (Moffit, 1938b), and
the Mississippian is well represented throughout the Terri-
tory (Mertie, 1930b; Smith, 1939). Both systems contain
rocks similar to the Wolf Creek metamorphics. They also
include metavolcanics (Capps, 1916; Mertie, 1935; Moffit,
1938a) like those on Wolf Creek and are cut by similar
gabbroic intrusives (Mertie, 1937; Moffit, 1941). Since
there is little reason for excluding either the Devonian or
Mississippian of Alaska as possible correlatives, it is best
to assume that the Wolf Creek rocks may be either Mis-
sissippian or Devonian or possibly in part both. This is
consistent with the Devonian age of the underlying marble,
the lack of definite break between Devonian and Lower
Carboniferous beds (Brooks and Kindle, 1908), and the
unconformable position of the overlying Permian.

.
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Similar rocks along the Donjek River just to the east
contain Carboniferous fossils (McConnell, 1906). This re-
lation and the abundance of Mississippian rocks on upper
Chitina River 35 miles west (Moffit, 1938a) might suggest

that the Wolf Creek metamorphics are largely Mississippian.

Lack of definite correlation between the fossiliferous
Donjek beds and the Wolf Creek rocks and the possibility

Fig. 7. Region south of Wolf Creek.
Foreground rocks possibly Devonian-
Mississippian metamorphics. Mt.
Wood at upper left. Looking north.
(Aerial photo by W. A. Wood.)
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Fig. 6. Rocks of upper Wolf Creek.
Foreground ridge composed of dark
horizontal Tertiary volcanics on
Devonian marble. Peaks beyond
Wolf Creek Glacier largely granitic.
Looking east. (Aerial photo by

W. A.Wood, Sept. 9, 1941.)

that McConnell’s fossils may have come from strata now
known to be Permian lend uncertainty to this dating,

The Wolf Creek rocks are probably not younger than Mis-
sissippian, for they are unconformable beneath Permian
strata, and the Pennsylvanian is poorly represented in
Alaska. The only beds definitely known to be Pennsyl-
vanian are terrestrial (J. S. Williams, 1941),
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Permian Rocks

General statement. Permian strata are exposed on the
north wall of lowermost Wolf Creek (Fig. 1). The follow-
ing data were obtained from distant observations and study
of float, for access to the Permian outcrops was prevented
by Wolf Creek, which in summer is unfordable by foot.
Abundant float and excellent exposures permit reasonably
reliable descriptions.

About 1500 feet of well-stratified limestone, limy
sandstone, grit, chert, sandy tuff, and water-laid tuff are
exposed (Fig. 8). Limestone, sandstone, and tuff are about
equally abundant, and Permian fossils are plentiful.

Description. The 1500 feet (estimated) of Permian
beds appear from a distance to be as follows:

Permian strata (descending order) Feet
7. Massive black beds . swww oo s smmumns sww D0
6. Uniform, well-bedded, gray-weathering strata. . 500
5. Interlayered yellowish-brown, white, gray, and

black beds, constituting the most distinctive

group within the Permian sequence. .. .... 100
4, Dark, massivebeds ................... 50
3. Dark-weathering, massive beds with some light-

colored strata . . . . s s e s waae 290
2. Dark-weathering, well-bedded strata with two

prominent white layers, 20 to 40 feet thick . 250
1. Brown-weathering, well- bedded strata. . ... .. _300

P
92 e
.

1
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The calcareous strata are light-gray, fine-grained, soft,
argillaceous limestone; black, dense, brittle limestone with
irregular fracture; and various shades of gray, medium- to
fine-grained arenaceous and tuffaceous limestone. Most
of these beds weather light brown or gray. The large frag-
ments of chert suggest that it occurs as beds rather than
solely as nodules. Gray, green, white, and brown dense
chert layers are interbanded on a %- to 1-inch scale. Are-
naceous strata consist of light-gray to brownish-gray, fine-
to medium- and even-grained quartz sandstone some of
which is tuffaceous and some calcareous. Nearly all the
sandstone is distinguished by a vivid warm-brown weath-
ering color. Tuff beds are gray, fine-grained, weather
brown, and contain considerable quartz and feldspar.

The tuff is well cemented and lacks the lamination noted
in calcareous strata, although it appears to be well bedded
in outcrop and is presumably water laid. The grits are
brownish to greenish gray and consist of subangular to
subrounded fragments of quartz, tuff, limestone, chert,
and unidentified materials up to 3/8 inch in diameter.
The matrix is variously sandy, calcareous, or tuffaceous.
The fossiliferous beds are dark-gray, arenaceous lime-
stone and light-to brownish-gray, limy sandstone.

The northern St. Elias Range contains a greater
thickness of Permian strata than the 1500 feet exposed
on Wolf Creek, for these beds extend northward in a homo-
clinal section, and much greater thicknesses have been re-
ported in Alaska (Capps, 1916; Ross, 1933; Moffit, 1938b).

o

S

Fig. 8. Faults in north wall of lower Wolf Creek. (1) Devonian-Mississippian metamorphics; (2) Permian strata; (3) Tertiary volcanics.
Dashed lines are faults, dotted lines are unconformities.
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The Permian beds of Wolf Creek have a gentle north-
ward tilt and are cut by a number of high-angle oblique
faults. They are unconformable on Paleozoic gabbro and
metamorphics at the mouth of the canyon and discord-
antly overlain by Tertiary volcanics, The pre-Permian
erosion surface is smooth throughout the short distance
exposed. Unconformities between Permian and Missis-
sippian or Devonian rocks are reported in Alaska (Moffit,
1938a; Ross, 1933).

Age and relation to other sections. Fossils collected
in float have been studied by Dr. J. S. Williams, who kindly
furnishes the following statement.

“The collection consists of species of the brachiopod

genera: Chonetes, Productus, Marginifera, Spirifer

(Neospirifer), Punctospirifer, and Rhynchopora. Two

species of bryozoans are also present. The brachiopod

species are, for the most part, as yet unpublished, but
they are well known in Alaskan collections of late

Paleozoic age. The faunule is typical of the Alaskan

faunules at present generally referred to the Permian

period.”

Permian strata are reported in many Alaskan districts
within a 300-mile radius of Wolf Creek other than those
already referred to (Capps, 1940; Moffit and Knopf,
1910; Moffit, 1933, 1941; Mertie, 1930b, 1937), and
beds of possible Permian age are known in the Canadian
Yukon (Cairnes, 1915a; Bostock and Lees, 1938).
Brooks’s (1900) Nutzotin series and Carboniferous strata
near Whitehorse (Cockfield and Bell, 1926) may also
contain deposits of this period. Strong lithologic similar-
ities between the Wolf Creek rocks and Permian strata in
Alaska suggest at least partial equivalence. The middle
division of the Alaskan Permian, consisting of intermixed
sedimentary and volcanic beds, seems to be represented
here rather than either the upper or lower divisions which
are predominantly volcanic (Moffit, 1930; Ross, 1933).
This may indicate a Permian overlap to the east or south-
east,

Quaternary Deposits

Thorough treatment of Quaternary materials requires
a discussion of glacial history beyond the scope of this
article. Deposits of two Wisconsin substages are mapped
and designated for convenience as earlier and later Wis-
consin, The older moraines resemble those of the Iowan-
Wisconsin advance in the mountains of western United
States (Sharp, 1941), but other considerations suggest
that they may not be older than late Wisconsin.* The
younger substage is latest or possibly post-Wisconsin and
includes moraines of two separate but closely related
phases. Recent deposits of bouldery till and outwash
gravels are related to existing glaciers and to a marked ad-

* Subsequent studies tend to confirm the late Wisconsin age of the
older moraines.
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vance culminating 100 to 200 years ago. This dating is
based in part on ecological data and parallels the estab-
lished history of coastal Alaskan glaciers, many of which
drain from the same snow fields.

The Recent white volcanic ash reported throughout
the Yukon (Dawson, 1888; Hayes, 1892; Cairnes, 1912)
is absent from Wolf Creek. According to Capps (1915)
the source was about 40 miles northwest, and his isopach
map indicates a possible 2 to 3 feet of ash in this vicinity.
H. S. Bostock (personal communication) suggests from
his observations that wind direction during eruption may
not have favored deposition on Wolf Creek. Rugged local
terrain, exceptionally active erosion, and the possibility
that the ash fell on snow which subsequently melted and
washed it away are supplementary or alternate factors,
This 1400-year-old ash (Capps, 1916) is one of the best
chronological markers in the region.

IGNEOUS ROCKS

General Statement

Igneous rocks on Wolf Creek are classified into four
age groups, the oldest being the metamorphosed Devonian-
Mississippian mafic flows or tuffs already described. A
Pennsylvanian (?) gabbroic stock intrudes the Paleozoic
metamorphics, and considerable late Mesozoic or early
Tertiary granite and quartz monzonite are exposed. Terti-
ary lavas and pyroclastics cover a large area north of Wolf
Creek and with associated dikes, sills, and plugs constitute
the youngest igneous group.

Intrusive Bodies

Pennsylvanian(?) gabbro. A stocklike body of gabbro
composes the north wall of Wolf Creek at its mouth
(Fig. 1). The rock is a dark-green altered augite-horn-
blende gabbro of xenomorphic granular texture and medi-
um grain size, containing finer diabasic phases and ex-
tremely coarse pegmatitic segregations. Secondary ser-
pentine, chlorite, epidote, and calcite are abundant, and
some talc is seen in hand specimen and thin section.

Exact dimensions of the gabbro body cannot be deter-
mined, but it is discordant and seemingly small, so it may
provisionally be classed as a stock. The gabbro intrudes
the Devonian-Mississippian metamorphics and is uncon-
formably overlain by Permian beds. It is certainly late
Paleozoic and probably Pennsylvanian, for absence of
marine Pennsylvanian beds in Alaska (J. S. Williams,
1941) suggests widespread diastrophism and probably
igneous intrusion during that period. Similar basic and
ultrabasic Paleozoic bodies are known in Alaska (Mertie,
1937; Smith, 1939) although not all are contemporaneous.

Late Mesozoic or early Tertiary granitic bodies. The
south wall of Wolf Creek westward from its midpoint is
composed largely of granite and monzonite (Fig. 1).
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Aerial photographs suggest a considerable southward
extension of the granitic rocks (Figs. 3,6), and debris

on the glaciers shows that many of the high snow- and
ice-covered peaks to the southwest are composed of simi-
lar material. A body of batholithic proportions is indi-
cated.

The chief rocks are a pink porphyritic biotite granite
between middle Wolf Creek and the bend, and varieties of
white to gray hornblende-biotite-quartz monzonite farther
south. These rocks are of medium grain and hypauto-
morphic texture. Myrmekite, perthite, and zoned plagio-
clase are common. The porphyritic granite has pink
orthoclase phenocrysts 1% inches long, and a melanocratic
phase of the quartz monzonite contains considerable
sphene. Gneissic structure and inclusions are prominent
in the granitic rocks only near intrusive contacts. Small
aplite and pegmatite dikes, some with black acicular tour-
maline, were noted, and three plugs of dark biotite-horn-
blende tonalite containing considerable sodic oligoclase
intrude the Devonian marble on the west wall of upper
Wolf Creek. One plug is truncated by the erosion surface
below the Tertiary volcanics, and since the tonalite is
peripheral to the granitic rocks it is assigned to the same
group. Time did not permit separate mapping of the
various lithologies within this group, so they are not dif-
ferentiated on Figure 1.

The porphyritic biotite granite is highly silicified,
pyritized, and contains a few flakes of molybdenite and
chalcopyrite in a 200- to 300-foot border zone north and
east of peak 9761 (Fig. 1). A large medial moraine on
Wolf Creek Glacier consists of highly silicified quartz
monzonite containing chalcopyrite, pyrite, specular hema-
tite, and considerable molybdenite in small veinlets and
ﬂakes The abundance of mineralized debris in the mo-
raine indicates a large exposure farther up the valley out-
side the map area (Fig. 1). Molybdenum is reported in 41
localities in Alaska, some not far west of Wolf Creek
(Smith, 1942).

The granitic rocks intrude the Devonian-Mississippian
metamorphics, but their relationship to the Permian beds
is not known. They are unconformably overlain by Ter-
tiary volcanics, and intrusion probably occurred before

deposition of the lignite-bearing late Eocene beds (Cairnes,

1915b) a short distance east of Donjek River as indicated
by the lack of metamorphism and marked deformation in
the latter. On a stratigraphic basis the Wolf Creek granitic
rocks may be tentatively dated as post-Devonian or Mis-
sissippian and pre-late Eocene. The lack of Paleozoic in-
trusives of this type in the Alaskan Yukon (Smith, 1939)
and other relations indicate that they are probably post-
Paleozoic.

In the Alaskan Yukon, post-Paleozoic intrusives are
broadly grouped as Mesozoic and Cenozoic (Smith, 1939)
but Mertie (1930a) and Moffit (1938a) show that a three-
fold subdivision is feasible. On this latter basis the fol-
lowing classification is formulated: (1) Coast Range bath-
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olith rocks, late Mid-Jurassic to early Lower Cretaceous;
(2) Laramide rocks, late Upper Cretaceous to early Eo-
cene; and (3) mid-Tertiary intrusives,

The Coast Range rocks form large batholiths and satel-
litic bodies predominantly of granodiorite or quartz dio-
rite, although granite, monzonite, syenite, and acidic and
basic differentiates are known. Smith (1939) states that
quartz monzonite is rare in the Coast Range bodies of the
Alaskan Yukon, but this generalization may not hold
elsewhere (Cairnes, 1912; Bostock, 1936). The Laramide
bodies are also of batholithic proportions and largely
granite and monzonite, with a variety of other rocks re-
ported locally. The Laramide and Coast Range bodies
are alike in size but differ in average composition. Some-
what similar relations are recognized in western United
States (Lindgren, 1915).

The age of the Alaskan bodies herein termed Laramide
has not been accurately determined, and failure in the
past to distinguish them either from Coast Range or mid-
Tertiary intrusives leads to confusion. Capps (1933)
reports intrusion of granite during the Eocene in the
Mount McKinley region, and Mertie (1938) favors an
early Tertiary age for seemingly correlative inirusives
farther west. The bodies of granite, monzonite, and
diorite near Broad Pass (Moffit and Pogue, 1915) pre-
viously dated as post-Eocene because they intrude the
Cantwell formation need be only late or post-Cretaceous,
as the Cantwell is now known to be Upper Cretaceous and
not Eocene as formerly supposed (Smith, 1939; Capps,
1940). Large intrusives of late Cretaceous or early Terti-
ary age have also been reported in Suslota Pass (Moffit,
1933), possibly in the upper Chitina River (Moffit, 1938a),
and in the Yukon Plateau to the east of Wolf Creek
(Bostock and Lees, 1938). The existence of a number
of large intrusives approximately of Laramide age (late
Upper Cretaceous to early Eocene) appears to be estab-
lished.

Mid-Tertiary stocks, laccoliths, dikes, and sills of
granite, quartz monzonite, and monzonite are exposed
in the Ruby-Kuskokwim (Mertie, 1924), Yukon-Tanana
(Mertie, 1937), and possibly the Nushagak (Mertie, 1938)
districts. Many are related to cinnabar mineralization,
and some still possess peripheral hot springs.

The size, composition, lack of cinnabar mineralization
or hot springs, and inferred antecedence to the coal-bear-
ing Eocene beds east of the Donjek indicate that the Wolf
Creek intrusives are not mid-Tertiary. Furthermore, the
granitic intrusives of east-central Alaska and most molyb-
denite-bearing bodies of that region are now considered
Mesozoic (Smith, 1942). The predominance of granite
and quartz monzonite in the Wolf Creek bodies favors
correlation with the Laramide group, but Laramide rocks
are scarce in near-by areas in contrast to the abundance
of Coast Range rocks. It seems prudent for the present
to recognize that the Wolf Creek bodies may be either
Laramide or Coast Range (late Middle Jurassic to early
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Eocene) with intrusion during the Mesozoic considered
most likely.

Tertiary plugs, dikes, and sills. Coarse-grained ex-
tensively altered sodic monzodiorite containing anortho-
clase and distinctive titanium-rich augite composes small
pluglike bodies at the base of the Tertiary volcanic rocks
in upper Wolf Creek. Sills of diabase within the volcan-
ics near the same locality and a diabase plug intruding
schists near point 5564 (Fig. 1) south of middle Wolf
Creek contain the same titanium-rich augite. This sug-
gests a common source for the monzodiorite and diabase.
A number of mafic dikes 2 to 20 feet wide cut the vol-
canics and adjacent Paleozoic rocks. Those examined in
thin section are augite andesite or diabase of fine to
coarse diabasic texture. These intrusives are of essen-
tially the same composition as the Tertiary flows and
presumably of the same age.

A rhyolite porphyry dike in Paleozoic schist near
peak 6791 may possibly be related to similar rocks of
Cenozoic age in other areas (Cairnes, 1915a; Cockfield,
1921; Mertie, 1937).

Tertiary Volcanics

General statement. Well-layered nearly horizontal
volcanic rocks at least 4600 feet thick compose much
of Wolf Creek’s north wall (Fig. 9). Small outliers are
preserved south of the canyon, and volcanics cover a
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large area west of Wolf Creek bend (Fig. 1). Pyroclas-
tics, largely tuff and agglomerate, compose at least half
this sequence, the remainder being basalt and andesite
flows. Quartz latite, trachyte, and obsidian are minor
constituents. The volcanics are Tertiary, of local origin,
and widely distributed in this part of the St. Elias Range
(Fig. 10) (Brooks, 1900; McConnell, 1905).

Lithology. Most of the flows are augite andesite and
olivine-augite basalt with andesite slightly predominant.
A thick flow of sodic quartz latite and a group of trachyte
or possibly sodic latite flows resemble soda-rich rocks re-
ported in corresponding volcanics of the Nabesna-White
River District, Alaska (Moffit and Knopf). Except for
obsidian, all the lavas are holocrystalline with fine
hypautomorphic granular, pilotaxitic, or trachytic tex-
tures most abundant. Porphyritic types are slightly more
abundant than nonporphyries. Common phenocrystsin
andesite are augite, zoned labradorite, and less abundantly
biotite. In addition, olivine and more rarely basaltic horn-
blende are present in the basalt flows. The quartz latite
contains large crystals of quartz, anorthoclase, andesine,
and aegirine-augite. A coarse-grained amygdaloidal basalt
near the base of the section is distinguished by its tabular
crystals of amber glassy labradorite % inch long. Similar
phenocrysts are reported from lavas in neighboring parts
of Alaska (Moffit and Knopf, 1910; Moffit, 1938a).
Pyrrhotite is the major ore accessory in the lavas, and
cristobalite fills small cavities in the quartz latite and
one andesite flow.

Fig. 9. Tertiary volcanics, north wall of Wolf Creek. Normal section described in text is exposed on flank of central snow-capped
peak. About 4600 ft of volcanics shown. d
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Some flows are moderately vesicular, and others are
scoriaceous with horizontally flattened vesicles. Roughly
spherical amygdules, up to 1% inches in diameter, are
filled with quartz, chalcedony, calcite, and aragonite.
However, most flows are neither vesicular nor amygda-
loidal. Columnar jointing is locally well developed in a
few flows near the base of the sequence.

Obsidian showing flow lines and crude layering out-
crops in cliffs 200 feet high on the flanks of peak 6791
west of Wolf Creek bend and along the river banks to the
north (Fig. 1). This rock is chiefly a black vitreous to
pitchy glass containing scattered crystals of potash
feldspar and an irregular intermixture of 5% reddish-
brown glass. Under the microscope the red material
appears to be small braided layers, stringers, and spicules
of hematite which represent the oxidized black particles
of similar size and arrangement in the black glass. The
indices of the red (1.495) and the black (1.498) glass
show that they are both obsidian, with about 73% silica
(George, 1924). Long splinters of gray obsidian associ-
ated with tuff near the middle of the volcanic section
farther east contain crystals of potash feldspar and have
slightly higher index (1.507).

The pyroclastics range from fine ash and tuff to coarse
agglomerate and breccia. The fine deposits are white,
gray, or brick red and usually well bedded, although some
are massive. Ash beds are soft and friable, but the tuff
layers are indurated, and some near the base of the se-
quence in the west are hard, platy, and silicified. The
latter contain irregular siliceous nodules presumably
formed by circulating hot waters and vapors associated
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Fig. 10. Tertiary volcanics north of
Wolf Creek. Aerial photo looking
north from over Wolf Creek (by
W. A. Wood).

with hot-spring and solfataric action. Under the micro-
scope the fine beds are seen to consist of glass, crystal
fragments, chiefly feldspar, quartz, biotite, and augite,
and much fine unidentified material. These minerals and
the associated fragments of gray obsidian indicate a com-
position more acidic than that of the flows. Some crystal
tuffs are andesitic, however, and locally so firmly welded
as to be indistinguishable from altered lava. Well-bedded
pyroclastics are clearly water laid, but massive layers may
have been deposited directly from the air. Scattered beds
of conglomerate and tuffaceous sandstone, 2 to 6 feet
thick, are associated with the water-laid ash and tuff.
The conglomerate contains well-rounded stones of lava,

2 to 12 inches in diameter, in a sparse sandy matrix.

Distinctive white, gray, and red lapilli tuff in groups of
beds up to 200 feet thick are more abundant than the
finer layers. The white beds consist largely of pumiceous
fragments an inch or less in diameter set in a tuffaceous
matrix of glass and crystal shards. The red and gray lay-
ers contain varicolored scoriaceous to pumiceous frag-
ments with a few pieces of dark dense lava and obsidian,
usually less than an inch in diameter, all embedded in red
or gray cinders.

Crudely stratified agglomerate and breccia are abun-
dant in beds 50 to 75 feet thick. They consist of angular
to subangular pieces of vesicular basalt and andesite up to
5 feet in diameter, embedded in a scanty tuffaceous
matrix.

Andesite flows well up in the section contain angular
fragments of granite and schist a few inches in diameter
which have been carried up several thousand feet from
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the older basement rocks. The schist appears to be es-

sentially unmodified, but the granite shows evidences of
leaching and perhaps differential fusion, for it is notably
cellular, frayed at the edges, and digested in appearance.

Thickness, arrangement, and structure. The thickness
of these volcanics was originally greater than the 4600
feet now exposed, for the uppermost layers have been
eroded. McConnell (1906) estimates their minimum
thickness in this vicinity at 5000 feet, and 6000 to
8000 feet of similar rocks is reported in the Copper River
region (Mendenhall, 1905).

The succession of flows and pyroclastics shown in
Figure 1represents the normal Wolf Creek sequence ex-
posed in the lower central part of the canyon (Fig. 9).

It consists of the following major units:

Tertiary volcanics (descending order)

11. Interbedded lava and agglomerate with
minor white tuff; layers at top are
cliffforming ................

10. Breccia, agglomerate, lava, tuff, and
ash in various arrangements, white
and red lapilli tuff layers abundant
and separated by lava flows 20 to 40
feet thick, a few thin conglomerate
bedsincluded . .. .............

9. White lapilli tuff layers constituting
the most prominent unit in the
SEQUENCE , . w3 s wawss o s swle s 200
. Massive andesite flows . . ......... 100
7. Agglomerate, lava, tuff, ash, and a few
conglomerate and sandstone beds,
fragmental material predominant

overflows .. .....coovvinn.. 600 to 800
6. Group of 15 to 20 thin flows each

characterized by a thin vesicular zone

at the base, a central layer of non-

vesicular but commonly porphyritic

lava, and an upper zone of highly

vesicular brecciated reddish lava rep-

resenting the broken and oxidized top

of the flow; no evidence of extended

weathering between flows except in

one or two instances where it might

be due to modern processes acceler-

ated by ground-water seepage. From

a distance this group of flows looks

like well-bedded sedimentary rocks . . 200
5. White tuffbed. . .. ............. 30
4. Cliff-forming, vesicular to dense basalt

and andesite flows including layers of

agglomerate and the distinctive

amygdaloidal porphyritic basalt flow

containing large amber phenocrysts

of labradorite; many flows only 5 to

10 feet thick and notably vesicular . . 300 to 400

1000(?)

o]
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3. White porousash............... 50
2. Uniform massive sodic quartz latite
flows of dense and porphyritic
teXtUre . .. vt 200 to 300
1. Massive flows forming vertical cliffs . . 200 to 300
Approximate total. . .. ....... 4600

The amounts of pyroclastics and lava in this section
are about equal. Flows predominate near the base where
basalt is most plentiful. The middle third has more pyro-
clastics than average with white ash and lapilli tuff par-
ticularly abundant. The upper third consists about half
and half of agglomerate and flows. Extrusive episodes
were interrupted frequently by explosive outbursts and
by short periods of quiescence during which conglom-
erate, sandstone, and other water-laid beds containing
materials of local origin were deposited.

Origin. These rocks are considered to be of local
origin because: (1) The obsidian can hardly have come
from a distant source, (2) large angular fragments in
agglomerate and breccia beds indicate a vent of mod-
erate proximity, (3) the flows could have been sup-
plied from local dikes and plugs of proper composition,
(4) the area between peaks 9209 and 9197 is thought to
be a filled volcanic crater, and (5) the thin flows on
Wolf Creek could hardly have come from a point so
distant as the vents of the Wrangell Range, 130 miles
west-northwest, which supplied the Wrangell lavas so
widely distributed in Alaska (Mendenhall, 1905; Moffit,
1941). Furthermore, similar volcanics in neighboring
areas may also be of local origin (Cairnes, 1915a; Capps,
1916).

Deviations from the normal succession are found near
the bend in Wolf Creek, where the lowermost beds are
obsidian and white platy ash. Near point 5564 south
of the canyon the basal materials are well-bedded tuf-
faceous silt, sandstone, and conglomerate. Agglom-
erate and breccia increase in abundance and coarseness
westward. The well-bedded normal sequence gives way
to a jumbled mass of breccia, agglomerate, welded crys-
tal tuff, lava, and dikes in an area bounded on the east
by peak 9197 and on the west by peak 9209. This
area is considered to be a filled volcanic crater because:
(1) The well-developed layering seen farther east disap-
pears here, (2) coarse agglomerate beds dip 25° inward,
(3) abundant coarse pyroclastics indicate excessive ex-
plosive action, (4) more noticeable alteration of the
rocks suggests circulation of hot vapors and solutions,
(5) lava flows thicken up to the edge of this jumbled
area and end abruptly, (6) such flows also dip slightly
outward as though they had formed on the lower
slopes of a broad cone.

The volcanics are largely undeformed except along
sharp linear flexures and faults. This is also generally
characteristic in Alaska (Moffit and Knopf, 1910; Mof-
fit, 1930).
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The Wolf Creek flows came in part from vents and
possibly also from fissures. Many of the coarse agglom-
erate beds may have been deposited as mudflows (H.
Williams, 1941). No progressive change in-chemical
composition of materials erupted is recognized. In the
eastern part of Wolf Creek mafic flows are abundant
toward the base, but in the west the lowermost layers
are obsidian and acidic tuff. This suggests eruptions
from different vents or fissures supplied at about the
same time with magmatic materials of different compo-
sition. Fully half the volcanism of Wolf Creek was ex-
plosive, and some of the most violent explosions were
from vents supplied with acidic materials.

Pre-volcanic surface. These volcanics rest on a rela-
tively smooth erosion su:face (Fig. 8) with a maximum
observed relief of less than 200 feet. This does not com-
pare with the 3000-feet relief, reported by Mendenhall
(1905), on the surface beneath the Wrangell lavas. The
Wolf Creek surface is more like that in the Talkeetna
Mountains (Brooks, 1911) and the Chisana-White River
area (Capps, 1916). Possibly these surfaces are not the
same, for Mendenhall’s appears to be Eocene, but that
on Wolf Creek and elsewhere may be younger.

The pre-volcanic erosion surface on Wolf Creek is
mantled by several feet of structureless extensively
weathered detritus, and the rocks below are oxidized
and kaolinized to depths of 30 feet. This weathered
mantle consists of small angular fragments of the under-
lying rocks with a preponderance of quartz and less
abundant schist and phyllite. The sandy and micaceous
matrix contains kaolin and is cemented by brown hy-
drous iron oxides. This material is interpreted as a
regolith developed on the erosion surface by subaerial
weathering and subsequently buried by the volcanic
materials. True soil is lacking excépt possibly in one
place where several feet of reddish structureless clay
overlies the coarser regolith.

Age. The volcanics of Wolf Creek rest unconform-
ably on older rocks including the late Mesozoic or early
Tertiary intrusives. The thickness, grain size, and prox-
imity of the late Eocene lignite-bearing beds east of
Donjek River (McConnell, 1906; Cairnes, 1915b) strong-
ly suggest that they formerly extended into the Wolf
Creek area. Lava and tuff interbedded in these strata
may represent a preliminary phase of the volcanism, but
absence of late Eocene deposits from Wolf Creek sug-
gests erosion prior to eruption of the Wolf Creek vol-
canics. Thus, the base of these volcanics need be no
older than Oligocene. Local deformation and dissection
to a depth of 5000 feet or more prior to the later Wis-
consin glaciation suggests that the uppermost layers are
not younger than middle or late Quaternary.

The Wrangell lavas of Alaska (Mendenhall, 1905)
were extruded during a period extending from Eocene
to Recent time. The Eocene age of the basal Wrangell
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lavas is confirmed by Moffit’s (1930, 1938a) evidence,
and Recent activity of the Wrangell vents is a matter of
historical record. Capps (1916) believes that local
phases of the volcanism began in Eocene time, but the
major activity was post-Eocene, a conclusion favored by
Schrader and Spencer (1901). Capps (1916) has further
established the Pleistocene age of most of the lavas
north of White River by finding them interbedded with
and overlying pre-Wisconsin Pleistocene tillite. Canadian
Yukon rocks similar to those of Wolf Creek are the
Carmacks volcanics (Bostock, 1936) and the Newer vol-
canics (Cairnes, 1916; Cockfield, 1921), which are Eo-
cene to Miocene,

Presumably the Wolf Creek volcanics are at least
partly equivalent to these formations and represents a
fraction of the total span of Wrangell activity, but none
of these names is adopted because the Wolf Creek rocks
are of local origin. The Wolf Creek volcanism probably
centered around the mid-Tertiary, although it could
have been initiated as early as Oligocene and may have
continued into the Quaternary.

STRUCTURE

Structures along Wolf Creek are relatively simple ex-
cept in the closely folded Paleozoic metamorphics and in
a faulted area at Wolf Creek mouth. Recognizable folds
in the metamorphics are small, the largest being 100 to
200 feet from limb to limb, but these may be superim-
posed on larger structures. Many folds are isoclinal, and
the almost universal parallelism between bedding and
foliation suggests that this is the predominant habit.
Most fold axes trend east-northeast, but the direction
and degree of plunge is not consistent. The foliation
dips 50° to 75 northwest except near Wolf Creek
mouth (Fig. 1). Deformation of the metamorphics was
well advanced or completed prior to intrusion of the gab-
bro and may be tentatively dated as Pennsylvanian.

High-angle faults with apparent reverse displacements
(Fig. 8) cut the Permian beds and the unconformably
overlying volcanics in lower Wolf Creek (Fig. 1). They
are divided into a minor set trending northeast and a
major set trending northwest. The fault planes dip 80°
to 90°, and displacements are relatively small (500 to 800
feet) on all except the two easternmost faults which have
throws of at least 2000 feet. Direct examination of fault
planes was not possible, so the exact direction of relative
movements cannot be given. An oblique, dip-slip or
strike-slip movement could have produced the observed
stratigraphic displacements. If these faults are essentially
contemporaneous and related to the same stress, their

high angle and orientation suggest an essentially horizontal
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shear couple acting in a northwest and southeast direc-
tion with the northeast side moving southeast. The su-
perior development of the faults trending northwest could
be attributed to their approximate parallelism with the
shear couple (Fig. 11).

Since these faults cut the Tertiary volcanics, they are
probably middle or late Cenozoic. It has been suggested
(Russell, 1891, 1892; Spencer, 1903) that the St. Elias
Range is a horst bounded on the northeast and south-
west by faults showing considerable late Cenozoic dis-
placement. Differential uplift along such fractures would
set up stresses within the St. Elias block which may well
have caused the Wolf Creek faults.

The Tertiary volcanics are deformed by a sharp mono-
cline trending east-northeast from north of Mt. Wood to
lower Wolf Creek where it is lost in the fault complex.
The straight course of Wolf Creek from the bend eastward
(Fig. 2) and of its north fork westward has been deter-
mined by this structure. The monocline has an upward
shift on the south of several thousand feet, which ac-
counts for the almost complete lack of volcanic rocks
south of Wolf Creek. Dips up to 60° N have been mea-
sured along this flexure. Parallelism between the mono-
cline and foliation in the metamorphics (Fig. 1) indicates
some degree of control by the latter. However, the folia-
tion shows no evidence of warping or tilting within the
monoclinal zone. This suggests a fault in the metamor-
phics over which the volcanics were draped in monoclinal
fashion. Such a fault would be difficult to locate because
it would parallel the bedding and schistosity. Location
of the monocline along the margin of the massive granite
batholith is probably not accidental. Since the volcanics
are displaced by this structure, it is middle or late Ceno-
zoic and may be related to the same stresses which caused
the faults at Wolf Creek mouth, particularly if it is due
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Fig. 11, Analysis of middle or late Cenozoic stress-strain relations

on Wolf Creek (southeast-northwest shear couple is postulated),
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to compression (Baker, 1935; Blackstone, 1940). Figure
11 is a generalized analysis of the possible stress relations
which might have produced both the faults and the mono-
cline.

SUMMARY OF GEOLOGICAL HISTORY

The earliest event recorded is deposition of at least
1000 feet of relatively pure limy sediment in a Devonian
sea shallow enough to be inhabited by corals. Subse-
quent changes introduced much mud and some sand
without interrupting deposition of calcareous material.
The resulting sediments were impure limy and dolomitic
beds interlayered with thin mud strata. Contemporaneous
igneous activity supplied interbeds of basic volcanic debris,
Deposition of several thousand feet of these mixed sedi-
ments continued through part of the Devonian or Mis-
sissippian, or both.

Diastrophism tightly compressed the Devonian-Missis-
sippian (?) sediments into folds trending roughly east-
northeast, imparted a low-grade metamorphism to the
rocks, and uplifted the land. Following culmination of
the deformation, but possibly contemporaneous with its
closing phases, a stock of gabbro was intruded near the
mouth of Wolf Creek. By some time in the Permian ero-
sion had exposed the gabbro and developed a land sur-
face of low relief across the older rocks. These relations
suggest that the Pennsylvanian was largely a period of
diastrophism, intrusion, and erosion, and this seems to
have been true over much of Yukon and Alaska.

A Permian sea eventually submerged the land, and on
its slowly subsiding floor many thousand feet of sand,
lime, and volcanic materials were deposited. Brachiopods
and bryozoans flourished in parts of the Permian sea.
These strata were deformed by moderate tilting prior to
intrusion of granite and quartz monzonite in upper Wolf
Creek. These large intrusives are related either to the
Jurassic-Cretaceous Coast Range batholith or to Creta-
ceous-Eocene Laramide bodies. They metamorphosed the
Paleozoic rocks and produced considerable silicification
and sulphide mineralization, including introduction of
molybdenite.

Diastrophism associated with or subsequent to the
intrusion uplifted the land and initiated erosion which
exposed the granitic batholith, and developed a surface
of low relief across all the older formations. A regolith
was formed by weathering on this surface prior to eruption
of the Tertiary volcanics which buried the area to a depth
of nearly 5000 feet in basaltic and andesitic flows and
more acid pyroclastics. In other regions the period be-
tween granitic intrusion and volcanism involves deposi-
tion of Cretaceous or Eocene formations and several epi-
sodes of deformation and erosion. Evidence of thesg
events is lacking along Wolf Creek, although Eocene coal-
bearing beds crop out just to the east. During the volcanic
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activity extrusions of lava and explosive outbursts were
about equally abundant with flows dominant in the early
stages and explosions more abundant in the middle. Vol-
canism did not continue into the latest Pleistocene here
as in other Alaskan and Yukon areas.

The volcanics were deformed by high-angle reverse
faults and a monoclinal flexure in middle or late Cenozoic
time, perhaps contemporaneously with phases in the last
major uplift of the St. Elias block. The erosion initiated
by uplift cut canyons many thousand feet deep which
served as passageways for the great Pleistocene valley
glaciers. The complex history of erosion, deposition, ad-
vance, and retreat of the glaciers occupying the Wolf
Creek drainage is reserved for treatment in other publica-
tions. It involves several Wisconsin or partly post-Wiscon-
sin episodes and a modern advance 100 to 200 years ago
followed by retreat and stagnation interrupted by minor
advances, one of which is currently in progress.
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Movement Observations on the Terminus Area

of the Steele Glacier
July 1967

S. Thomson *

ABSTRACT. The Department of Geology of the University of Alberta placed an expedition on the Steele
Glacier from July 10 to 24, 1967 to study the effects of a surging glacier on the formation of glacial deposits
and to observe the means of incorporating debris into the ice mass. A part of this study consisted of
measurements of the movement of the active ice mass and the reactivation of dead ice.

Observations consisted of angles turned from each end of a known base line to stations established on the
dead ice and to recognizable features on the active ice. During the first few days, rates of movement were
approximately 0.4 ft/hr but by the end of the observation period the motion had slowed to less than half this
value. The portion of the dead ice being reactivated had rates of movement of the same order of magnitude.
The dead ice appears to be reactivated by the generation of a series of shear planes, some of which rise from
the ground surface through the entire ice mass. Suggested mechanisms for incorporation of debris into the ice
mass are motion on shear planes and overriding of superglacial debris on the dead ice.

Introduction

The Department of Geology of the University of Al-
berta supported a party which studied some aspects of
the geomorphology of the terminus area of the Steele Gla-
cier in July 1967. The major purposes of the study were
to observe the effects of a surging glacier on the forma-
tion of glacial deposits and to observe means of incorporat-
ing debris into the ice mass. The party arrived in the ter-
minus area of the glacier on July 10, 1967 and left on
July 24, 1967.

A necessary part of the study was the determination of
the direction and rate of movement of the active ice and
the reactivation of the dead ice. This report deals exclu-
sively with movement observations in the terminus area
and an analysis of the resulting data.

The Steele Glacier is 32 air miles west of Burwash
Landing; the latter locality is at the northwestern end of
Kluane Lake and was the base of operations for the ex-
pedition (Plate 1).! A camp was established in the ter-
minus area of the glacier.

Steele Creek is an easterly flowing tributary of the
Donjek River which it joins at a point about 25 mi up-
stream from the Alaska Highway crossing. Steele Creek
valley is 4000-5000 ft deep and about 4000 ft wide near
river level. At its confluence with the Donjek River, river
elevation is some 3200 ft. The elevation of the camp site

*Department of Civil Engineering, University of Alberta, Ed-
monton
!Plate 1 is a map inside the back cover of this volume.
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near the terminus of the glacier at the time of study was
approximately 4200 ft. The Steele Glacier occupies the
valley to within some 8 mi of its mouth.

The valley was glaciated during Wisconsin time; Sharp
(1943) mapped two moraines resulting from late sub-
stages of this glacial advance. These appear as a series
of morainal ridges on the lower part of the valley walls.
The recent deposits of bouldery till and outwash gravels
as well as remnants of debris-covered dead ice in the val-
ley, are related to a marked ice advance which culminated
100-200 years ago (Sharp, 1943).\ The downstream limit
of this advance is marked by a well-developed terminal
moraine,

The present glacier advance is considered to have be-
gun in 1965; since that time the ice has advanced some
7 mi. Rates of advance in the order of 35 ft/day were re-
ported (Bayrock, 1967). The moving or active ice is in-
corporating the dead ice, its superglacial debris, and adja-
cent material.

Observation Points

When the party arrived on site, the active ice was im-
pinging upon a large block of dead ice located in about
the center of the valley. Two lobes or tongues were ad-
vancing around the dead ice. In order to observe ice move-
ments, it was decided to establish two base lines roughly
parallel to the glacier advance, for transit surveying, Sub-
sequently, a third short base line was set up in the vicinity
of the camp. Figure 1 is a schematic diagram illustrating
the location of the survey stations and the general areas
in which the observed points were located.
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APPROXIMATE AREA
OF POINTS 23 TO 25

LOCATION OF SURVEY
STATIONS

APPROXIMATE AREA

EeeD OF POINTS 1TO 15

APPROXIMATE AREA
OF POINTS 36 TO 321

OUTLINE OF
OLD ICE

ACTIVE ICE

Fig. 1. Schematic diagram illustrating location of survey stations
and areas of points.

Observation points established on the dead ice con-
sisted of one-inch diameter red and white range poles or
crosses painted on large rocks. Where possible, identifying
numbers were painted beside the points. Access to the
active ice was not only very dangerous but virtually impos-
sible; hence, prominent features on the ice were chosen as
observation points. These ice features had to be easily
identifiable by shape, yet contain some small character-
istic, such as a boulder or pebble, on which the hair lines
of the instrument could be centered. Several observation-
al points on the active ice were subsequently lost due to
ablation or collapse of the features.

Base Lines

Three base lines were used for observation of the
movements. Base Line AB, 100 ft long, was located on a
moraine ridge immediately adjacent to the camp on the
north wall of the valley. Station B was located to the
west of Station A. The length and location of Base Line
AB were dictated solely by convenience. AB was approx-
imately parallel to the glacier and was near the terminus
of the active ice. The length of this line is accurate to
+0.05 ft.

The second base line, AC, ran from Station A eastward
to Station C, located on the edge of an alluvial fan. AC
is very roughly an extension of BA. It is at an angle of
about 30° to the axis of the dead ice in front of the gla-
cier and extends nearly the length of the dead ice mass.
The horizontal distance between A and C was 1918.88 ft.
A very difficult chaining task was fortunately eliminated
by the presence in the valley of the Mapping and Chart-
ing Establishment, Canadian Forces. Members of this unit
measured Base Line AC by tellurometer; its accuracy is
+0.01 ft.

The third base line, DE, was located higher up the val-
ley wall in such a position that the surface of the moving
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ice could be observed. Base Line DE was 420 % 0.5 ft in
length. The time available did not permit the expendi-
ture of effort that would have been necessary to estab-
lish a longer or more accurately chained base line.

Survey Instrument

The instrument used for the survey work of the expedi-
tion was a standard Winslow transit. The horizontal circle
is calibrated to read angles to 20 seconds of arc. The ver-
tical circle allows the reading of angles to one minute of
arc. With reasonable care, surveying to an accuracy of one
part in 5000 may be achieved (Davis and Foote, 1953).

In rugged topography, the chaining of base lines is a lim-
iting factor in the accuracy of the surveying; therefore, the
transit used was considered adequate for this work.

The points could not, under the field circumstances,
be observed simultaneously from both ends of the base
line. Since the points were observed from one end of the
base line about two hours later than from the other end,
and assuming a rate of movement of 0.4 ft/hr, the point
moved 0.8 ft during times of observations. In the calcula-
tions for the coordinates of the point, simultaneous read-
ings were assumed. There is, therefore, an inherent error
in the measurements of about one part in 2000.

Results of Survey Observations

The survey data consisted of the known base-line
length and the angles from each end of the base line to
the point under consideration. The time of the observa-
tion was taken as the average of the two actual times of
observation. The calculations yielded X, Y, and Z coor-
dinates of the observed point—assuming Station A to have
coordinates 0,0,0—for Base Lines AC and AB. The X axis
was arbitrarily chosen to coincide with the particular base
line. The Y axis is, therefore, perpendicular to the base
line and southerly distances are positive. The Z coordi-
nate is the vertical distance below the zero station. A
schematic diagram to illustrate the preceding is given in
Figure 2. Since the three base lines were not tied to-
gether by surveying, they must be considered as separate
entities.

A computer program was set up to sort the data in
chronological order for each point, to calculate the X, Y,
and Z coordinates, and to calculate the errors in the co-
ordinates based on an error of one minute in the angles
and on the chaining errors in the base-line length. In
general, the errors computed were small and have been
neglected. In those instances where the error is signifi-
cant, however, the data were rejected.

Base Line AC

Figure 3 shows typical terrain and the location of some
of the points observed. Plots of the data for this base line
are presented in Figures 4, 5, 6, and 7. Figure 4 shows the
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Y AXIS
POINT 14 X COORD
HORIZONTAL ANGLES READ
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VERTICAL ANGLES READ
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Fig. 2. Schematic diagram illustrating observations
for a typical point.

relative positions of the 15 points observed. Observations
showed that Points 1 to 8 were located on dead ice. Fig-
ure 5 is a plan view of the movements, all points having
been brought to a common datum by taking the first
reading at each point as zero. The slight movement of
Point 9 suggests that it is located on top of shear planes
which were just beginning to be activated. Point 10, also
located above a set of shear planes, was moving; hence, it
is inferred that the shear planes were active at this loca-
tion. Points 11 and 12 moved farther than Point 10;
hence, there may be another shear plane between these
two points and Point 9. Another alternative is the pres-
ence of a rather wide shear zone with Point 10 on the
lower side. Differential movement exists within this zone,
the upper part moving slightly more rapidly than the
lower part. In a plan view, Points 10, 11, and 12 moved
along a line that is at an angle of 10° to 12° with Base
Line AC.

Fig. 3. Location of some of the points observed from Base Line AC.
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Points 13, 14, and 15 (Fig. 5) moved at an angle of
about 25° to AC. They moved farther than the preceding
points, which indicates that they were in an area that was
being actively incorporated by the moving ice. This ex-
plains their greater total movement and also the greater Y
component; that is, the active ice was moving toward a
free face and going around the old ice which was being
reactivated. The movements depicted on Figure 5 appear
reasonably uniform in that they do not depart very far
from a straight line or smooth curve.

Figure 6 depicts the changes in elevation of Points 10-

15. Most of the points show a general tendency to rise,
which is the anticipated movement. The abrupt changes
in the plots for Points 11 and 15 are considered to be due
to effects of ablation.

Average rates of movement are shown on Figure 7.
These rates were calculated by dividing the movement be-
tween successive pairs of observations by the time be-
tween the observations. The average rate of movement

Fig. 4. Relative position of points for
Base Line AC.

from zero time to 39.2 hours is plotted against 39.2 hours.
Similarly, for the next set of observations (July 18), made
at 89.9 hours from zero time, the average rate of move-
ment over the 50.7-hour interval is shown against 89.9
hours. As is indicated by the abrupt change in slope of
the lines, the glacier slowed down considerably between
July 14 and 16. After July 18 the rate appears to be slow-
ing more gradually and steadily. If the curve for the last
three observations for Point 10 is extrapolated the move-
ment would have stopped in about two weeks. This as-
sumes the decrease in the rates of movement to be con-
stant. It is more likely that the rates decrease with time
and therefore a substantially longer time would be re-
quired for the glacier to come to a stop.

Figure 8 is an overlay from Figure 3 showing the pro-
posed shear planes in an attempt to explain the movement
of Points 10-15. The shear plane denoted I is just start-
ing to be activated; hence, Point 9 indicates start of move-
ment, whereas Point 8 is stationary. Shear Plane II is
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Fig. 5. Movement of Points 9-15 from a
common datum.
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active, as is Shear Plane III. Points 11 and 12 have moved
farther than Point 10 and have also increased in elevation.
Points 13 and 14 have not risen very much but have
moved considerably in a horizontal plane. Point 15 ap-
pears to be subjected to “bulldozing” and crumpling,
hence it is rising in elevation.

In general, it would appear that the active ice creates
in the dead ice shear surfaces that curve upward from the
base of the dead ice. The slopes of these shear planes ap-
pear to be steep as they are first formed some distance in
front of the ice. The slopes seem to decrease in steepness
as the active ice advances. In this particular instance there
is a large knob of old ice, on which Points 11 and 12 are
located, that is being sheared. This may account for the
flat attitude of the shear planes in this location.

Base Line AB

Plots of the data for the Base Line AB are given on
Figures 9 and 10. In order to avoid ambiguity and error
in the computer program, the points observed for this
base line are preceded by a “2.” This base line was im-
mediately adjacent to the camp and only 100 ft long. The
points under observation were near the front of the active
ice and were in the range of 1000-1500 ft away from the
base line; hence, the angle subtended at the point by the
base line is in the order of 5° to 3°. Such a very small
angle of intersection does not lend itself to accuracy.

Figure 9 shows the relative positions of the points with
the vectors indicating direction of motion in a horizontal
plane. The three points are moving in about the same
direction and appear to be deflected toward the north by
the dead ice. The horizontal direction of movement
makes an angle of 27° with Base Line AB and about 37°
with Base Line AC. The motion has a greater Y compo-
nent than points on the dead ice.

BASE LINE A-C

50 100 150 200
HOURS FROM FIRST OBSERVATION
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Fig. 8. Overlay from Figure 3 showing
proposed shear planes.

Figure 10 shows the changes in elevation of Points 20~
23, 24, and 25 from a common datum. Points 23 and 24
are decreasing in elevation, whereas Point 25 is rising.
Figure 9 shows that the former two points are closer to
the terminus than is the latter point. Point 23 is on the
snout of the active ice, Point 24 is a triangularly shaped
block of clear ice on a larger ice block, and Point 25 is the
tip of an ice block within the moving ice mass. The de-
crease in elevation of Point 23 can be explained by visual-
izing the movement of Shear Plane III of Figure 8. As
Points 11 and 12 are rising at one end of this shear plane
the other end must be going down. It is postulated that
the downward movement of Point 23 is due to its being
near the upstream end of the shear plane. Point 24 is go-
ing down simply due to the downward movement of the
individual block. The block on which Point 25 is located
is rising probably as a discrete unit. The movements infer
a somewhat random movement of the jumbled mass of
ice blocks that appear to make up the general terminus
area of the active ice. Statistically the movement is for-
ward or downhill but an individual block may have a
component of movement in virtually any direction. If
one imagines a block with a rather planar face that is

tilted uphill then the weight of a block moving downhill
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Fig. 9. Relative position of points for Base Line AB. Fig. 10. Change in elevation versus time for Base Line AB.
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would create a force having a downward component. If
this force were sufficiently high the block would move
downward, perhaps occupying void space, displacing ma-
terial, or forcing an adjacent block sideways or upward.
A like argument applies to a block having a downstream
tilt. A force on this face would have an upward compo-
nent which could lift the entire block upward. This ran-
dom motion may be considered analogous to turbulent
flow in a river.

" In general, the rates of movement of Points 23, 24, and
25 were the same order as Points 13, 14, and 15 (Fig. 7)
for the period July 14-15. Subsequently, however, the
latter points were moving about 0.15 ft/hr (July 21)
whereas the former points on the active ice were moving
at approximately 0.25 to 0.3 ft/hr; that is, considerably
faster. If one compares only the X components of motion
they are relatively the same; the active ice was moving
considerably faster. A brief check on the Y components
shows both sets of points to be about the same order of
magnitude. Since only surface velocities were measured in
both cases, one isled to conjecture that the upper part of
the active ice was overriding the old ice which was being re-
activated but at that time had a slower rate of movement.

Base Line DE

Many difficulties were encountered in the surveying
associated with Base Line DE which was located on the
valley wall several hundred feet above Base Line AB. The
early priority assigned to other tasks of some importance
to the expedition delayed the establishment of the base
line. Survey observations made were fitted into the gen-
eral work schedule as time became available; hence, fewer
readings were taken.

Observations of seven naturally occurring features are
available for use in this report. Additional points were
lost through ablation. The points associated with this
base line are preceded by a “3.”

Figure 11 gives the relative positions of the points;
fortunately, the 7 points are spread over the surface of the
glacier. The origin used in these calculations was Station
D. The points on the south or far side of the active ice
were moving southward and undoubtedly reflect the de-
flection of the glacier around the old ice mass. The com-
ponents of motion are at a high angle to the general east-
ward motion of the ice. On the north, or near, side the
ice was also being deflected by the old ice mass, but the
vector representing motion does not make as great an
angle with the general ice movement direction.

Figure 11 also depicts the total direction and magni-
tude of the observed points for Base Line CD. Points
315, 316, and 319 had a dominant southward compo-
nent of motion. Point 321, located on the north edge of
the ice, was moving essentially parallel to the general di-
rection of glacier flow. Points 36 and 39, which were near
the snout of the moving ice, appeared to have an initial
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Fig. 11. Relative position of points, Base Line DE.

movement toward the north edge of the glacier then, hav-
ing attained this position, moved along the valley.
Another way of considering the motion of these two
points is that the early northward movement reflects de-
flection by the old ice, a core of which extends upvalley
into the moving mass, and subsequent motion reflects the
ice in the lobes flowing roughly parallel to valley walls
and the edge of the dead ice.

The rates of movement for the points observed from
Base Line DE are listed in Table 1. Comparison of the
data in this table with that in Figure 12 indicates a gen-
eral agreement in the rates of movement of the points
observed except for Point 315, the movement of which is
much greater than any other point. It is believed that the
rates for this point do not present a true picture. The di-
rection of movement of this point was almost directly a-
way from the observer. Due to a short base line and the
great distance involved to Point 315, the lines drawn from
each end of the base, which define the location of the
point, intersected at a small angle. There is, therefore, the
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TABLE 1. Rates of Movement of Points on
Active Ice, Base Line DE

Point Time Interval Rate of Movement
No. From To ft/hr
36 15 July 21 July 0.248
21 23 0.162
39 18 21 0.283
21 23 0.246
311 15 18 0.406
18 21 0.195
21 23 0.214
315 18 21 0.94
21 23 1.48
316 18 21 0.250
21 23 0.494
319 18 21 0.38
21 23 0.312
321 18 21 0.164
21 23 0.166

possibility of a considerable error in the Y coordinate.
There is also a strong suggestion that the rate of move-
ment slowed considerably about July 15, 1967.

Conclusions

It would appear that the dead ice becomes incorporated
into and forms an integral part of the moving ice mass in
stages. The stages are not distinct but merge with one
another. From this brief study, the stages may be postu-
lated as follows. Initially, the shear surface develops in
front of the moving ice at which time movement is quite
slow (see Point 9, Fig. 5). The inertia of the old ice is
still quite high despite the fact that it is moving slowly;
therefore, the active ice overrides the old ice. When suf-
ficient shear displacement has occurred along one of the
shear planes, stationary dead ice is exposed to the force
exerted by the moving ice, whereupon it is set into mo-
tion. This latter stage probably initiates shear planes far-
ther downvalley. It is only when overriding and consid-
erable shear displacement have occurred that the old or
previously dead ice has lost its identity and become an
integral part of the moving mass.

A comparison of the rates of movement for the three
base lines shows that the rates of movement were compat-
ible. Highest rates of movement were recorded for the
active ice and the rates decreased toward the terminus
area. The edge of the old ice, which was incorporated by
the moving ice, had rates of movement of the same order
as the active ice. The rates decreased to zero in the vicin-
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ity of Point 9, which was located about 900 ft eastward
along the old ice from the active ice front.

The changes in elevation were not very great for any
of the observations. The points on the old ice observed
from Base Line AC all showed a general tendency to rise.
Changes in elevation ranged from 2 ft to nearly 12 ft and
were a response to the formation of and movement along
shear planes. Points on the active ice showed a general
tendency to decrease in elevation in amounts ranging up
to about 8 ft. It is suggested that these decreases were a
result of the spreading of the ice front and development
of lobes around the dead ice.

The movements, depicted on Figure 11 for the points
observed from Base Line DE, suggest that the ice mass
tended to flow around the old ice, which in large part was
being reactivated. It is postulated that the moving ice was
piling up against the old ice and expending some energy in
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reactivating it. At the same time, a gradient developed to-
ward the valley walls giving rise to a sideways or spread-
ing-out tendency of the moving ice mass. It appears, also,
that the old ice occupied only the center portion of the
valley bottom in the terminus area; hence, room was
available between this ice and the valley walls for the de-
velopment of two active ice lobes which moved around
the old ice.

The old ice appeared to be activated by the generation
of shear planes, (Fig. 8), and subsequently it became a
part of the active ice mass. It is suggested that a wedge-
shaped mass of old ice protruded upstream under the
center of the active ice; that is, the active ice overrode the
old ice before the latter became fully incorporated. This
mechanism accounts for the nearly horizontal shear
planes near the top of the old ice. The former resulted
from the “bulldozing” effect at the upper levels and the
latter were caused by forces on the wedge-shaped mass
near the base of the ice.

The reactivation of the dead ice by the development
of shear planes appears to be a mechanism whereby debris
becomes incorporated into the ice mass. The nearly hor-
izontal shear planes, that in one instance extended the
entire thickness of the old ice mass, also appear to be a

source of englacial debris by bringing up basal material.
It is possible that continued thrusting along one of these
latter shear planes could cause overriding of superglacial
debris resulting in its becoming englacial material.

Acknowledgments

The author is indebted to Prof. J. B. Nuttall, Depart-
ment of Civil Engineering, for the development of the
computer program. Mr. D. V. Currie, a graduate student
in the Department of Geology, aided in the field work.
Dr. A. J. Broscoe, Department of Geology, provided much
helpful criticism during interpretation of the data.

References

Bayrock, L. A. (1967) Catastrophic advance of the Steele Glacier,
Yukon, Occas. Publ. No. 3, Boreal Inst., Univ. Alberta, Edmon-
ton, 35 pp.

Davis, R. E., and Foote, F. S. (1953) Surveying Theory and Prac-
tice, McGraw-Hill, New York, pp. 32-37 (4th ed.).

*Sharp, R. P. (1943) Geology of the Wolf Creek area, St. Elias
Range, Yukon Territory, Canada, Bull. Geol. Soc. Am. 54,
625-650.

*This report is reprinted in the present volume.






Comparison of Moraines Formed by Surging

and Normal Glaciers *
Nathaniel W. Rutter t

ABSTRACT. A Neoglacial moraine of Bighorn Glacier, St. Elias Mountains, probably formed by a surging
glacier, and a Neoglacial normal moraine of nearby Grizzly Glacier were studied. Surficial deposits and
erosional features were mapped. Fabric analyses were done in till at five sites in each moraine. Samples were
subjected to laboratory lithologic and texture analyses.

The Bighorn (surge) moraine is a thin, discontinuous, irregular mantle, mostly till, but including
ice-contact stratified material. Lateral moraines show subdued ridges marking the upper limit of glaciation.
Ground moraine of the Grizzly (normal) glacier is an irregular, continuous, thick mantle, mostly till and
ice-contact stratified material. Upper ice limits are marked by prominent ridges. Rocks of similar lithologies
within the till are concentrated in bands parallel to glacier flow.

Stones in till of the Grizzly moraine have strong preferred orientation roughly in the direction of glacier
flow. In the Bighorn moraine, rocks in till are weakly oriented. Where orientation is apparent, it is not
necessarily in the flow direction. For the size fraction finer than 2 mm, Bighorn till is coarser than Grizzly till

although the bedrock terrain is similar.

These differences are useful in distinguishing moraines of normal and surging glaciers.

Introduction

Glacier investigations in recent years indicate that surg-
ing glaciers are relatively common in many parts of the
world. Surging glaciers show a marked increase in flow
velocity, commonly with surface displacement of over 2
mi in a year, The increased flow lasts about 1-5 years be-
fore the terminal area stagnates or nearly stagnates.
Surges that are well documented include Black Rapids
Glacier, Alaska (Hance, 1937; Moffit, 1942; Post, 1960);
Bruarjokull Glacier, Iceland (Todtman, 1965); Medvezhii
Glacier, Pamir, U.S.S.R. (Dolgushin, et al., 1963); Muld-
row Glacier, Alaska (Post, 1960; Harrison, 1964); a gla-
cier on Northern Ellesmere Island, Canada (Hattersley-
Smith, 1964); a glacier in Spitsbergen (Glen, 1939); a
glacier in Stak Valley, Pakistan (Desio, 1954); Steele Gla-
cier, Yukon (Bayrock, 1967); Susitna Glacier, Alaska
(Post, 1960); Walsh Glacier, Yukon-Alaska (Paige, 1965;
Post, 1960, 1966, 1967); and the Yakutat Bay glaciers,
Alaska (Tarr, 1909; Tarr and Martin, 1914),

Assuming that surging glaciers were as common a phe-
nomenon in the Pleistocene period as now, a glacial geolo-
gist must be able to identify and interpret deposits and
features associated with this activity. Perhaps the most
important reason for this is to avoid inferring regional
climatic variations from deposits that represent catastro-
phic activity unrelated to climate, or if so, only locally.

The present study was initiated to investigate differ-
ences in recent moraines left by normal and surging alpine
glaciers in order to distinguish between these types.

Moraines of the Bighorn and Grizzly Glaciers, a surg-
ing and normal variety respectively, situated in the Donjek

*This report has previously appeared in the Canadian Journal of
Earth Sciences, Vol. 6, pp. 991-999 (1969), and is reprinted here
with permission.

tGeological Survey of Canada, Calgary, Alberta, Canada
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Range on the northeast flank of the St. Elias Mountains,
Yukon (Bighorn Glacier, 61°02' N, 139°08' W; Grizzly
Glacier, 61°05' N, 139°06’ W), were selected for study
(Figs. 1, 2, 3).

A typical normal alpine glacier in the St. Elias Mountains
has a gently dipping terminus area, distinct medial and
lateral moraines, and relatively few crevasses. Forward
motion takes place during recession or when the glacier
is in equilibrium. The annual displacement may be only
a few feet. The morainal complex left following deglacia-
tion consists of typical arcuate end moraines, ridged lateral
moraines, and usually, a continuous cover of ground
moraine.

Moraines of glaciers in which surging has been observed
have not developed past the ice-cored stage. Hence,
identification of a surge moraine is by necessity circum-
stantial, The Bighorn moraine is judged to be a surge
moraine for the following reasons.

First, the difference in moraine morphology com-
pared to the majority of recent moraines in the area, The
latter have characteristics common to moraines deposited
by normal glaciers, Data available on recently surged gla-
ciersindicate that the morphology of the moraines, al-
though in part ice-cored, is similar to the Bighorn (Walsh)
Glacier (Post, 1966).

Secondly, where observations have been made over a
period of time on glaciers that have surged in the Alaska
Range and St. Elias Mountains, surging is a recurring phe-
nomenon, for example, Muldrow Glacier, Alaska (Harri-
son, 1964, p. 368) and Bighorn (Walsh) Glacier, Yukon (Post,
1966, p. 377). It can be demonstrated that the Bighorn has
surged recently. In 1947, Bighorn Glacier had charagcter-
istics typical of normal glaciers in the St. Elias Mountains
(Government of Canada photograph A11014-68). A
1951 photograph (A13232-234) showed a dramatic
change; a forward displacement of the toe of at least %
mi. By 1956, it had reached another % mi (Government
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of Canada photograph A15434-113). The previously
smooth surface was now highly fractured and crevassed,
and the thickness of the ice near the snout had increased
greatly. Since 1956, there has been no appreciable ad-
vance of the snout. The morphology and stagnated con-
dition of the snout are typical of glaciers that have surged
in the past few years.

It follows then, that if surging is often a recurring phe-
nomenon, and since it has been demonstrated that the
Bighorn has surged recently, the moraine selected for
study was most likely formed by an earlier surge.

Other factors considered in the selection of the two
moraines include proximity to each other, same general
exposure, similar bedrock terrain, relatively small size,
and accessibility. In addition, proximity to Steele Gla-
cier was desirable in order to discuss mutual problems
with personnel from the University of Alberta who were
studying movement and drift deposition at the snout of
the surging Steele Glacier.

Glacier and Morainal Characteristics

Bighorn Glacier. Bighorn Glacier is comprised of
northeastern- and northwestern-trending tributaries 3 and
4 mi long, respectively, that join to form a main ice stream
3 mi long (Fig. 1). Below the confluence there is a prom-
inent medial moraine and several minor ones. The firn
limit on northerly exposed surfaces is at an elevation of
approximately 7500 ft (1961 air photographs), whereas
the toe of the glacier is at an elevation of between 5600
and 5800 ft.

The Bighorn surge moraine extends from the toe of

the glacier downvalley for 2 mi. It is roughly %2 mi wide
uninterrupted by moraines from tributary valleys except
toward the north, where drift deposited from a northeast-
ward-trending normal glacier has been incorporated into

a portion of the surge moraine,

Except for minor patches, drift older than that of the
Bighorn surge moraine has almost completely been eroded
out of the valley. This is because of the low resistance of
the bedrock to weathering (mainly basic metasediments)
and to the high rate of physical weathering and mass
wasting in the area.

A radiocarbon date derived from wood and plant de-
bris found in stratified drift about 20 ft below the morain-
al surface yielded a date of 170 + 140 years old (GSC-895).
This would place the age of the moraine as late Neoglacial
(Porter and Denton, 1967).

Grizzly Glacier. The Grizzly Glacier flows northwest-
ward from the head of Grizzly Creek valley for about 3
mi. The accumulation area consists of two cirques whose
glaciers unite to form the main ice stream divided by a medial
moraine, not far below the firn limit which lies at an ele-
vation of about 6000 ft (1961 air photographs).

Prominent lateral and terminal moraines are present
near the snout area of the glacier, representing at least two
glacier advances or a glacier advance and an equilibrium
phase. Although no absolute dates are available on the
age of these moraines, they are probably Neoglacial because
only incipient vegetation has taken hold, the inner lateral
moraines are partially ice-cored, and moraines with simi-
lar characteristics and setting are dated as Neoglacial
throughout the North American Cordillera (Porter and
Denton, 1967).
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Fig. 2. 1956 air photograph of the Bighorn moraine. T = till, some reworked with minor stratified drift; F = gla-
cio-fluvial deposits, some till; A = modern alluvium or talus; D = glacial drift, undifferentiated, mostly till and
glacio-fluvial deposits; BR = bedrock; = meltwater channels; — defined boundary; — — approximate boundary

(Government of Canada photograph A15434-114),

Study Methods

Glacier surges last at most only a few years, after
which the terminal area becomes stagnant or nearly so.
The short duration of the glacial activity suggests that the
volume of “lodged” or accreted material will be relatively
minor, Therefore, because of the stagnation of the term-
inal area, most till deposited will be ablation.

In a normal glacier, where the regional climatic change
affects the economy of the glacier relatively slowly over
many years, most of the terminal area, although thinning
from the surface, is still active, Much of the material de-
posited could be lodgment till or, if not, deposited by a
lodgment mechanism, a method that can similarly crush,
compact, and orient stones with their long axes parallel
to the direction of glacier flow,

The field methods employed were based on the above

concepts. Five sites in each moraine were selected in un-

modified till, most about 3 ft above the bedrock surface
near the valley bottom. Fifty stones with three unequal
axes, the long axis about one and a half lengths greater
than the intermediate axis, were selected for measurement
at each site. The azimuth of the long axis was recorded.
The purpose of this was to determine the degree of pre-
ferred orientation of pebbles and boulders in till in each
moraine. Also, if preferred orientation was indicated,
what relation did it bear to the direction of glacier flow?

Samples for mechanical analyses were collected at the
site where the orientation studies were made. In the lab-
oratory the percentages of sand, silt, and clay were deter-
mined for the less than 2-mm size fraction. The texture
was analyzed to aid in distinguishing the two varieties of
moraine,

Both moraines were mapped and compared with re-
spect to geomorphology and deposits. This is intended
to aid in differentiating surge from normal moraines when
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Fig. 3. 1956 air photograph of the Grizzly moraine. T = till, some reworked with minor stratified drift;

I = ice-cored moraine; F = glacio-fluvial deposits, some till; A = modern alluvium or talus; D = glacial drift,
undifferentiated, mostly till and glacio-fluvial deposits; BR = bedrock; — defined boundary; — — approx-
imate boundary (Government of Canada photograph A15434-114),

moraines are freshly exposed, not having been eroded
greatly or overridden by later ice. Many Neoglacial
moraines are in this state of preservation.

Results

Geomorphology and sedimentation. The Bighorn and
Grizzly moraines show differences principally in their
geomorphology which show up strikingly on air photo-
graphs (Figs. 2, 3).In the Bighorn, a thin discontinuous
hummocky mantle of coarse drift overlies the area of the
moraine, The thickness of the deposits is less than 10 ft,
although there are restricted deposits of stratified drift
that reach 40 ft. In the Grizzly moraine, the mantle of
glacial drift is continuous, averaging more than 10 ft in
thickness with little variation in local relief except for

ice-cored material. In Grizzly till, pebblesand boulders of
similar lithology are commonly strung out along orderly
bands parallel to the direction of ice movement. In the
Bighorn no such order exists; lithologic varieties form a
heterogeneous composite,

Although till is the dominant deposit in each moraine,
there is relatively more stratified or sub-aerially reworked
material in the Bighorn moraine. The important part
played by water during the formation of the Bighorn
moraine is further supported by a large number of melt-
water channels.

Probably the most striking differences in the two mo-
raines are the upper margins. In the Grizzly, prominent
lateral moraines with ridges of till about 12 ft high mark
a former upper limit of ice (Fig. 4), whereas in the Bighorn,
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Fig. 4. Prominent ridge marking the upper limit of the south-
west lateral moraine left by the Grizzly Glacier. View photo-
graphed near Site G4 (see Fig. 7) toward the southeast.
Figure near moraine-bedrock contact and former ice-mar-
ginal stream.

the upper limit is indicated by freshly scoured bedrock
covered locally by thin till (Fig. 5) with no appreciable
break in slope (Fig. 5).

The depth of erosion in valley bottom caused by the
surging glacier can be observed near the downvalley limit
of the moraine. Here a 7-10 ft scarp in bedrock separates
the pre-surge valley surface from that formed by the surge.

Fabric analyses. The fabric studies show (1) that
stones in Grizzly till, as indicated by rose diagrams and
standard deviations, are more strongly oriented than those

™%
\ ‘
3
N
e BIGHORN

Fig. 5. Freshly scoured bedrock and thin drift marking the
upper limit of ice during the surge that left the Bighorn
moraine. View toward the northeast taken from a site about
1/5 mi downstream from the present-day glacier snout.

of Bighorn till (Figs. 6, 7; Table 1), (2) that with one ex-
ception (site G4), orientation in Grizzly till is in, or nearly
in, the direction'of flow of the former glacier; orienta-
tions in Bighorn till show no consistent patterns.

The random orientation in Bighorn till is consistent
with deposition as ablation till from wasting stagnant ice;
the pattern in Grizzly Glacier (excepting site G4) suggests
deposition as lodgment till, or at least in a manner that
produces strong orientation in the direction of ice move-
ment. Site G4 is on a steep slope near the upper limit of

MORAINE

Fig. 6. Rose diagram (10°divisions) of the orientation of the long axes of 50 till stones measured at five sites on
the Bighorn moraine. Site locations indicated on moraine outline. Measurements at B3 were taken at 5 ft below
the till surface and B4 about 8 ft lower, near the bedrock surface.



44

NATHANIEL W. RUTTER

GRIZZLY

MORAINE

the lateral moraine of Grizzly Glacier, where the till may
have suffered post-depositional slumping. Alternatively,
the till may consist of ablation debris deposited at the ice
margin, )

Texture and petrographic composition. Mechanical
analyses of till collected in the two moraines clearly indi-
cate that till of the Bighorn moraine is coarser than that
of the Grizzly (Table 2; Fig. 8). Pebble counts at each fab-
ric analysis site indicate that in Bighorn till the dominant

TABLE 1. Arithmetic means and standard
deviations (method outlined by Krumbein, 1939)
of groups of 50 stones taken at selected sites on

the Bighorn and Grizzly moraines

Arithmetic Standard

Site mean (Ma) deviation (o)

Bighorn moraine

Bl N.8°E. 32°

B2 N.34°E. 50°

B3 N.81°E. 40°

B4 N.5S°W, 50°

BS N.73°E. 51°
Grizzly moraine

Gl N.28°W. 40°

G2 N.19° W, 42°

G3 N.33°W. 36°

G4 N.40° W. 48°

G5 N.24°W. 33°

Fig. 7. Rose diagrams (10° divisions) of the orien-
tation of the long axes of 50 till stones measured at
five sites on the Grizzly moraine. Site locations in-
dicated on moraine outline.

materials are low-grade metamorphic rocks consisting of
green schist, greenstone, slate, schistose sandstone, and
quartzite.. Granodiorite pebbles are present in four out of
five samples and constitute between 7%and 51% of the total.
Phyllite and quartz are minor constituents. The pebbles
and boulders in Grizzly till have essentially the same lith-
ologic varieties as that of the Bighorn except no granodio-
rite is present. The lower silt-clay content of the Bighorn
till could result from grandiorite among source materials

TABLE 2. Mechanical analyses (hydrometer method,
Bouyoucos, 1951) of the less than 2-mm size fraction of
till of the Bighorn and Grizzly moraines collected at the

fabric analysis sites

Site % Clay %Silt % Silt + Clay % Sand
Bighorn moraine
Bl 4.76 24.75 29. 70.49
B2 4.84 22.29 27.13 72.87
B3 3.71 15.81 19.52 80.48
B4 4.58 16.53 21.11 78.89
B5 4.53 21.78 26.31 73.69
Grizzly moraine
Gl 12.42 32.51 44.93 55.07
G2 12.34 34.17 46.51 53.49
G3 11.32 32.95 44.27 55.73
G4 10.92 24.83 35.75 64.25
G5 13.23 37.12 50.35 49.65
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SAND (.05-2.0 mm)

SILT ((002-.05mm)

+ Bighorn Till

CLAY (<,002 mm)

o Grizzly Till

Fig. 8. Texture of the less than 2-mm size fraction of till samples.

rather than the depositional history, but this is probably
not so. The proportion of granodiorite pebbles in the till
has no consistent relationship to sand content (and conver-
sely to silt-clay content), which suggests that depositional
history isthe governing factor. Supported by fabric analy-
ses and geomorphological comparisons, it is more likely
that the textural differences are due to a high percentage
of ablation till in the Bighorn moraine and a high per-
centage of non-ablation till in the Grizzly moraine,

Summary

Evidence favors the conclusion that the Grizzly moraine
was formed by a normal glacier. The Bighorn moraine
was most likely the result of a surge. The till fabrics,
mechanical analyses, and gross characteristics of each mo-
raine indicate a large proportion of ablation till present
in the Bighorn moraine, whereas the Grizzly moraine, at
least near the till-bedrock interface, contains a large pro-
portion of lodgment till or some other non-ablation vari-
ety. Although there are unsolved problems on the me-
chanics of till deposition, and the present study is limited
in its scope, the fact remains that till in each moraine has
different characteristics and therefore may be useful in
solving the primary problem, namely, to differentiate be-
tween till deposited by a normal alpine glacier or a surg-
ing glacier. More studies will have to be undertaken to
verify the conclusions presented.
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Some Aspects of the Geomorphology of Meltwater Streams,

Steele Glacier Terminus

A.J. Broscoe *

Introduction

This paper is a description of several aspects of the
geomorphology of the headwaters of Steele Creek, which
originates at the terminus of the Steele Glacier (61°18’
N, 139° 58’ W).

Steele Creek emerges from the terminus of the glacier
at an elevation of about 4000 ft (1200 m), and flows
about N 70°E in a deep, narrow, steep-walled valley to-
ward the valley of Donjek River. At the junction, Steele
Creek has built a fan with a radius of about two miles (3
km) and has forced the Donjek River against the east side
of its broad valley. Steele Creek is joined by a number of
tributary streams which rise on the valley walls. Similar
streams rise on the valley walls above the Steele Glacier
and disappear into tunnels in the glacier. Some of these
streams were observed to be intermittent, but others, par-
ticularly on the south valley wall, are fed by meltwater
from small valley glaciers. A small lake is impounded at
the large bend in the glacier and discharges into a tunnel
on the north side of the glacier.

The geology of the Steele Creek area was mapped by
Sharp (1943). The high ridges which form the north val-
ley wall are underlain by nearly flat-lying volcanic rocks
of Tertiary age. The volcanic rocks form well-defined
bench-and-slope topography and weather to a rusty brown
rubble of angular fragments. The south valley wall is un-
derlain by metamorphic rocks, mainly phyllites, of De-
vonian or Mississippian age. The foliation of the phyllite
strikes parallel to the trend of the main valley and dips
steeply toward the valley. The topography of the up-
lands shows little reflection of this structure. The phyl-
lites disintegrate into small, dark-gray fragments. Because
of the differences in lithology on the two sides of the val-
ley, the colors of the streams draining the two valley walls
- are markedly different: rusty brown on the north and
dirty gray on the south. The fan deposits on the two
sides of the valley show this color distinction quite clearly.

Geomorphic observations were made on two channels;
a small channel to the north and the major channel of
Steele Creek to the south and east. The small channel
emerged from the north side of the terminus and flowed

*Department of Geology, University of Alberta, Edmonton, at
time of writing; present address: Texaco Canada Limited,
Calgary

47

around erosional remnants of stagnant ice about 4500 ft
(1400 m) to the junction with the main channel. Obser-
vations were made on this channel adjacent to the ad-
vancing glacier and immediately upstream from the junc-
tion. The main channel emerged from the south side of
the terminus and flowed as a vigorous river to the Donjek
valley. This channel was studied downstream from the
junction with the northern tributary. The following prop-
erties were investigated: stream gradient (stadia survey),
stream width (direct measurement or triangulation), cross-
sectional profile, surface velocity, suspended sediment
concentration, and composition of dissolved solids. Ad-
ditional observations were made on the flow regimen of
the streams. The available data, though limited, permit
estimation of the rate of discharge of the streams and the
rate of transport of suspended sediments. Many funda-
mental problems remain unsolved; some discussion of
these problems is included in the final part of the paper.

Observed Data

Channel properties. Cross sections of the channel of
the north fork of Steele Creek immediately adjacent to
the glacier margin are shown in Figure 1. From the data
presented in Table 1, it is concluded that the discharge
through this section was about 80 ft3/sec (2.3 m>/sec).

It should be emphasized that there is no vertical exag-
geration in these sections, The channels are quite deep

in proportion to their width, at least in comparison to
many nonglacial channels. The Froude number in this
reach is about 0.9. Measurements of sediment concentra-
tion (Table 2) from samples taken at this locality on three
separate days indicate an average suspended load of about
10 Ib/sec (4.5 kg/sec) through the reach. No quantitative
observations were made of bed-load transport, but the
stream was observed to move boulders up to 1 ft (0.3 m)
in diameter. There was a constant rumbling sound indi-
cating the continual movement of large fragments in the
bed load. This channel was flanked by the steep front of
the advancing glacier on the southwest and by an exten-

_ sive gravel flat on the northeast. The surface of the gravel

flat contained fragments of ice, which melted out to pro-
duce shallow depressions on the surface of the flat, Mater-
ials on the gravel flat ranged in size from angular boulders
1 ft (0.3 m) across to silty sand, the matrix in which the
boulders were found.
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Fig. 1. Cross sections of meltwater stream north of stagnant ice.

See Table 1 for related data.

TABLE 1. Data for Figure 1

Upper Section  Lower Section

and along the main channel (Fig. 2) consisted primarily
of stadia surveys of the long profiles of selected reaches,
measurements of surface velocities, and collections of
water samples. The size and vigor of the streams in these
reaches, particularly the main channel, precluded mea-
surements of depths of flow, so the following discharges
are based on field estimates of the depth of flow. Channel
widths were measured by triangulation.

The estimated discharge through the lower part of the
north channel was 172 ft>/sec (4.87 m*/sec) and suspen-
ded sediment about 20 Ib/sec (9 kg/sec). The Froude num-
ber was about 0.58. There was no indication of bed load
movement at the time of the observations. The gradient
ranged from one to three percent along the lower reach.

In the narrows of the main channel, Steele Creek was
a fairly large and very rapid stream. The discharge was
estimated at about 1740 ft3/sec (49.3 m?/ sec) and the
suspended sediments transport at about 140 Ib/sec (63
kg/sec). The Froude number was about 1.2, Supercritical

(July 17) (July 20) flow was strongly indicated by the presence of standing
waves up to 5 ft (1.5 m) high. These figures are based on
Cross-sectional area 12.9 12.5 an assumed average depth of about 2 ft (0.6 m). When
(f£2) the site was revisited on May 23, 1968, the rate of flow
Surface velocity 7.4 7.4 was much less, and parts of the channel floor were ex-
(ft/sec) posed. The observations made at this time indicate that
Mean velocity ~6.3 ~6.3 the depth estimate was reasonably close. The sound of
(ft/sec) the stream during the 1967 observations was a continuous
Discharge (ft>/sec) 81.4 78.8 roar, indicating constant and rapid movement of large par-
Sediment concentra- 0.20 0.18 ticles in the bed load. In this reach of stream, the gradient
tion (%) was steep, commonly more than 4%, and the channel was
Suspended sediment 10.2 8.9 confined between a mass of stagnant ice on the south and
load (Ib/sec) by a mound of boulders up to 8 ft (2.5 m) across on the
(Sample 5) (Sample 5A) north, The presence of the ice on the south side of the
channel made accurate determination of channel width
TABLE 2. Summary of Suspended Sediment Concentration at Sampling Stations
Sediment Concentration’ Froude
Station Date Time (%) % Sand? Number
1 17 July 1145 1.35 21 %
1A 17 July 1350 1.30
2 17 July 1200 1.24
2A 17 July 1345 1.21 18 % 112
3 17 July 1230 0.18
3A 17 July 1330 0.24 Ltk B.5d
4 17 July 1235 0.26
4A 17 July 1325 0.25 36.5%
5 17 July 1715 0.20
5A 20 July 1025 0.18 31.5% 0.86
5C 22 July 1315 0.27
6 20 July 0945 0.12 40.5%

! Sediment concentration is expressed as the ratio of the weight

of suspended solids to the weight of water.

2The percent sand indicates the percentage of all of the sediment
collected at the given localities within the sand size.
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Fig. 2. Planimetric map and long profile, Steele Creek, July 1967.

very difficult; a thermo-erosional niche was present, but
its width could not be measured. Farther downstream,
the channel was unconfined, and a clearly defined braided
pattern was present. The main channel downstream from
the narrows crossed the valley floor obliquely, and a
transverse bar was present on the downvalley side of the
channel. Similar transverse bars are known in other
gravel-bed rivers. The gradient along one minor branch
of the braided channel pattern was 2%. The surface ve-
locity in this reach was unusually high, and standing
waves were present on the water surface,

Chemical composition of stream waters. Samples of
water collected at the localities described in the preceding
section were analyzed for the concentration of sodium,
calcium, magnesium, iron, carbonate, bicarbonate, and
sulphate, in addition to measurements of pH and conduc-
tivity. It was hoped that the compositions would reflect
the source of the water and hence indicate something of
the nature of the tunnel system under the glacier, Con-
centrations of total dissolved solids were estimated by
multiplication of the conductivity by 0.7. The observa-
tions are summarized in Table 3. The horizontal line
through the table separates entries pertaining to the
main channel (above the line) from those for the north
fork (below the line). Within each of the two groups,
the data seem quite consistent, with very little change
from station to station, and from one time of observa-
tion to another, Two definite differences exist between
the data for the two channels. The water from the main
channel is much higher in sulphate content than that
from the north fork, whereas the water from the north
fork is somewhat higher in bicarbonate, Iron and carbo-
nate ions were lacking. Interpretation of the chemical
data is difficult, in-part because of the limited number of
sample localities, The data indicate that the two streams
are derived from different sources, but the sources are
not defined. The calcium, magnesium, and bicarbonate
ions can be readily explained as derived from crushed
carbonate rock in morainal material. Marble crops out

on the west side of the glacier south of the large bend.
The source of the high sulphate content in the main
stream is not known.

The interpretation of tunnel distribution under the
glacier is further complicated by the occurrence on the
evening of July 14, 1967, of a very rapid increase in flow
of the north fork as the result of an abrupt outburst of
water from the north margin of the terminus, In this area,
water flooded the north marginal depression adjacent to
the glacier, an area that was formerly dry. The flood was
first indicated about 20:00 by a marked increase in the
noise level of the meltwater stream and lasted at least
three hours. The water flooded entirely over the gravel
flat normally crossed by the north fork. In the course of
the flood, a deep channel was cut into the floor of the
north marginal depression, in which stagnant ice was ex-
posed, and boulder-bearing material in slopes above the
depression slid into the channel. All of the particles were
swept downstream. The source of the flood was not ap-
parent, but there must have been a marked, though tem-
porary, change in the subglacial channels. There was no
definite indication of a drop in level of the impounded
lake at the bend of the glacier after the flood, but no re-
liable observations were made of the lake levels prior to
the flood.

Inferences from Observed Data

Sediment load. The sediment and discharge measure-
ments permit conclusions to be drawn concerning the
amount of sediment moved in suspension by the melt-
water river, particularly the main channel. If the esti-
mate of 140 Ib/sec (63 kg/sec) is accepted, and if one
assumes a duration of meltwater flow of 100 days per
year, then the total volume of sediment moved in suspen-
sion through the narrows of Steele Creek would be about
400,000 yd® (300,000 m?) per meltwater season. This
would result in deposition of 0.8 ft (0.25 m) of sediment over
a channel width of % mile (0.4 km) within the 2-mile (3
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TABLE 3. Summary of Water Properties
Conduc- Total dis-
Sample Ca Mg Na HCO3; SO, tivity solved solids
No. Date Time Location (ppm) (ppm) (ppm) (ppm) (ppm) pH wmhos/cm (=0.7 x cond.)
1 17 July 1145 “‘Quiet’” water close 26 10 6.38 44 47 8.2 215 150
to shore near Sta. 4
in narrows
1A 17 July 1350 Same 28 9 6.38 39 51 8.0 215 150
2 17 July 1200 Standing wave in 32 6 6.76 39 51 8.0 220 154
margin of stream in
shooting flow in
narrows below Sta. 4
2A 17 July 1345 Same 32 6 6.66 39 47 8.0 220 154
3 17 July 1230 Tranquil flow area in 26 8 5.86 54 16 8.0 180 126
downstream reach of
north fork
3A 17 July 1330 Same 29 6 5.86 51 15 8.3 170 119
4 17 July 1235 Rapids upstream from 22 10 5.70 51 15 83 180 126
sample locality 3
4A 17 July 1325 Same 33 3 5.64 b7 15 8.3 180 126
5 17 July 1715 Below push moraine on 31 4 5.64 51 14 83 165 115
north fork of Steele
Creek
5A  20July 1025 Same 29 5 5.58 49 14 8.3 165 115
5C 22 July 1315 Same 27 7 530 54 16 8.2 170 119
6 20 July 0945 Small rapids on north 27 7 5.64 54 15 8.3 170 119

fork of Steele Creek
near push moraine

km) radius of the fan at the junction with Donjek River.
To this figure must be added the still undetermined
amount of material moved as bed load. Observations of
the gravel flats adjacent to the narrows locality indicate
that the bed load consists of particles ranging in size from
sand to boulders at least a foot in diameter, and probably
larger.

The order of presentation of data in Table 2 is such
that the general changes in sediment concentration from
upstream to downstream are indicated from the bottom
of the table toward the top. There is a general increase
in sediment concentration from Sample 6, the locality
farthest upstream, to Sample 3, in quiet water near the
junction with the main stream. The slightly high values
for Samples 4 and 4A are probably a reflection of turbu-
lent water in rapids at that point. Further, there isa
general downstream decrease in the percentage of sand
found within the samples in a downstream direction. It
is tentatively concluded from this information that the
bulk of sediment in the channel is obtained from the
channel floor and banks rather than the glacier itself.
The complex nature of the channel of the north fork
makes these conclusions somewhat tenuous, There are

several waterfalls along the channel, several braided reaches,
and there is an increase in discharge, partly from a tribu-
tary from the north valley wall, and probably from melting
stagnant ice in front of the active glacier.

There is little obvious difference in the sand grains
within the suspended load along the north fork. All sand
samples are composed dominantly of very sharp, angular
fragments; some (about 5%) calcite, some fragments of
phyllite, but mostly quartz. The carbonate grains are
probably derived originally from outcrops of marble along
the west margin of the glacier south of the large bend.

Possibility of basal melting. The major question that
arises out of all these considerations is: did the melting
take place under the glacier at a rate rapid enough to pro-
vide a significant contribution to stream flow, and did
some of this water exert a hydrostatic pressure on the sole
of the glacier? One can only speculate.

The real problem is the means of determination of the
water budget of the entire glacier-tributary stream system
to the degree of accuracy needed to determine the presence
of water resulting from basal melting. Itis apparent that
the precipitation would have to be measured carefully
through the year in the vicinity of the glacier, and the rate
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of ablation, both by melting and sublimation, determined
with care, These measurements would be virtually im-
possible on such a rough and variegated surface as that of
the Steele Glacier. Difficulties would also be experienced
in obtaining exact measurements of discharge of the many
streams that flow into tunnels under the glacier. Further,
the outflow from the terminus of the glacier would have
to be gauged far more precisely than the measurements
described in this paper. Finally, the contributions to the
valley from groundwater and the losses under the channel
by groundwater flow would have to be evaluated. If all
these measurements could be performed, then we might
have some basis for a statement as to the effectiveness of
basal melting in contributing to the flow of the meltwater
stream and, perhaps, to the exertion of hydrostatic pres-
sure on the sole of the glacier.

Conclusions

Two channels drain from the glacier. The smaller
channel to the north had a discharge in July of about 80
ft>/sec (2.3 m®/sec) adjacent to the glacier, and a sus-
pended sediment load of about 10 Ib/sec (4.5 kg/sec).
The bed load included boulders. At a distance of 4500
feet (1400 m) from the front of the glacier, the channel
had a discharge of 172 ft*/sec (4.87 m>/sec) and a sus-
pended sediment load of about 20 Ib/sec (9 kg/sec). Bed
load discharge was not active during the time of the ob-
servation, The main channel had a discharge of about
1740 ft3/sec (49.3 m®/sec) and a sediment load of
about 140 Ib/sec (63 kg/sec). Bed load transport was
strongly effective in the main channel.

The chemical composition of the water indicates
that the two forks of Steele Creek have separate sources
under the glacier, but does not indicate the exact sources
of the water. The high content of calcium and bicarbo-
nate is easily explained as the result of crushed marble in
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the mor