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Gallatin River. The majority of material comprising the rock glacier is slabby, angular, andesite
porphyry with average maximum diameter of eight inches. A very small percentage of debris consists
of angular silicious siltstone boulders.
In mid-August interstitial ice was present at depths of four feet near the upper limit of the rock glacier,
twelve feet near the middle, and two feet at the downvalley terminus.
As determined by morphology and stability, the rock glacier can be divided into three parts, possibly
representing three episodes of neoglacial activity. The lower part with a relatively smooth slope
(average slope 17 degrees) and a gently convex, downvalley terminus is covered by lichens, some
grass, and a few trees. The middle part consists of several imbricate lobes, whose downvalley termini
are abrupt and steep (40 degrees), displaying no lichen growth.
The upper part with an average slope of seven degrees and a 40 degree frontal scarp has a permanent
snowfield at the upvalley end. Lichen growth near the frontal scarp is minor, and completely lacking
nearer the snowfield. The surface is characterized by longitudinal and transverse ridges, separated at
regular intervals by shallow furrows. The fresh, abrupt, downvalley scarps, diminished lichen growth
toward the upper end, and overturned lichen-covered rocks indicate instability in the middle and upper
areas.
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Abstract
A rock glacier one mile long, 200-500 feet wide, and ranging in
elevation from 8,500 to 9,950 feet, descends from the northeast
facing cirque of Lone Mountain at the head of West Fork of the West
Gallatin River. The majority of material comprising the rock glacier
is slabby, angular, andesite porphyry with average maximum diameter
of eight inches. A very small percentage of debris consists of angular
silicious siltstone boulders.
In mid-August interstitial ice was present at depths of four feet
near the upper limit of the rock glacier, twelve feet near the middle,
and two feet at the downvalley terminus. .
As determined by morphology and stability, the rock glacier can be
divided into three parts, possibly representing three episodes of neo
glacial activity. The lower part with a relatively smooth slope
(average slope 17 degrees) and a gently convex, downvalley terminus is
covered by lichens, some grass, and a few trees. The middle part con
sists of several imbricate lobes, whose downvalley.termini are abrupt
and steep (40 degrees), displaying no lichen growth.
The upper part with an average slope of seven degrees and a 40
degree frontal scarp has a permanent snowfield at the upvalley end.
Lichen growth near the frontal scarp is minor, and completely lacking
nearer the snowfield. The surface is characterized by longitudinal
and transverse ridges, separated at regular intervals by shallow
furrows. The fresh, abrupt, downvalley scarps, diminished lichen
growth toward the upper end, and overturned lichen-covered rocks indi
cate instability in the middle and upper areas.

Figure No. I. Large east facing composite cirque of Lone
Mountain containing the East Lone Mountain Rock Glacier.
Lowest lobe of rock glacier extends into tree area in
foreground.

INTRODUCTION
This thesis concerning Lone Mountain and the East Rock Glacier of
Lone Mountain was written.because of the growing public interest in
the natural phenomena of the area.

Kehew (1971) and Montagne (1971)

helped to create public interest in the rock glaciers of Lone Mountain
by mentioning them in their theses which were completed during the
preceding year.

At that time Montague suggested that the "active rock

glacier" be studied in more detail.
This report is based on field work conducted on Lone Mountain dur
ing parts of July through October, 1971.
National Science Foundation R A N N

Funds were furnished by the

Program Project No. 29908X.

The

grant was jointly administered by the Center for Planning and Develop
ment, the Endowment and Research Foundation and Department of Earth
Sciences of Montana State University.

The grant supports an inter

disciplinary study of the West Fork Basin and Gallatin Canyon which
will establish environmental base lines for comparison as the canyon
is further developed.

The grant project is entitled The Impact of a

Large Recreational Development on a Semiprimitive Environment.
Professor John Montagne, Montana State University, was the principle
geologic investigator for the project and this writer was funded as
his research assistant.
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Scope and Method of Study
Field mapping was completed on U. S. Forest Service aerial photo
graph E 1 0-13-222 magnified to a scale of 11 inches per mile or
approximately 1:5751.

All portions of the East Rock Glacier were tra

versed and observed many times.

Pits were dug into the rock debris to

check depth to running water and ice.

All important aspects of the

rock glacier were noted and photographed, measurements were taken, and
rock orientation studies were attempted.

By noting differences in

lichen growth and surface morphology, relative ages were deduced.

Objectives of the Study
The objective of this research was to make a detailed study of
the high-level erosional processes of Lone Mountain with special empha
sis on the East Rock Glacier.

The question of origin, time of origin,

content, and stability of the rock glacier were important in guiding
the field research during 1971.

The results of this study should be

helpful in developing public-use policy regarding Lone Mountain and its
vicinity.

Location and Geologic Setting
The following references supplied general information in writing
this section of the thesis; and, they should be consulted for more
detail concerning the area geology:

Montague, 1971; T h o m b u r y , 1965;

McMannis and Chadwick, 1964; Hall, 1961; Swanson, 1950.
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. East Lone Mountain rock glacier (Figure No. I), 111° 26' W Long.
45° 17' N Lat., which is the focal point of this thesis is located in
the northeast and the lower east-facing cirques of Lone Mountain,
Madison County, Montana.

Lone Mountain is located on the west boundary

of the West Fork Basin of the Madison Mountain Range which is within
the Northern Rocky Mountain Province.

North of Lone Mountain the east

trending Spanish Peaks Fault (a high angle reverse fault with at least
10,000 feet of displacement) forms the north boundary of the West Fork
Basin.

Pre-Cambrian metamorphic rocks are exposed on the upthrown

north side of the Spanish Peaks Fault; and on the downthrosm south
side, within the West Fork Basin, softer Cretaceous sedimentary rocks
are exposed.

The Lower Basin Syncline, paralleling the Spanish Peaks,

forms most of the West Fork Basin.
Lone Mountain, at an altitude of 11,166 feet, forms part of the
drainage divide between the Gallatin River to the east and the Madison
River to the west.
Lone Mountain is a multiple horizon,laccolithic intrusion or in
simpler terms, a "Christmas tree laccolith."

The dominant rock mate

rial is andesite porphyry which forms thick sills that are crosscut by
some younger basalt porphyry intrusions.

The sedimentary rock material

is silicious siltstone containing thin interbedded black shale units.
These rocks are Cretaceous in age.
throughout the complex.

Some minor faulting has occurred

IN I

I
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I

JJ

I'

5
Fan, Cedar, and Pioneer Mountains to the southwest are similar
to Lone Mountain in composition.

Together with the Lone Mountain com

plex these intrusives, consisting of andesite-dacite porphyry, cover
an area of approximately 50 square miles. All the material is intrud
ed into Upper Cretaceous sedimentary rocks and the ratio of intrusives
to sedimentary rocks is probably about one to one.

The total thick

ness of intrusive rock in a single column is in excess of 2,000 feet.
(Swanson, 1950)
The Upper Cretaceous units and the intruded sills were all folded
during Spanish Peaks faulting, indicating late or post Cretaceous age
of the intrusions and the post intrusive age of the Spanish Peaks
Fault.

Thus, according to Hall, (1961) the Spanish Peaks Fault is

post-Late Cretaceous, possibly as young as Oligocene.

Previous Work and Terminology
Theories concerning the origin of rock glaciers are varied.

For

the most part these theories have been reviewed by Wahrhaftig and Cox
(1959) and Potter (1967), and the following summary is taken primarily
from their treatments of the subject.
Cross and Howe (1905, p. 25) considered the common, streamlike
rock glaciers to be unusual types of moraines. Howe (1909, p. 52)
later wrote that rock glaciers were the debris of violent landslides.
Capps (1910, p. 364) believed that water from melted snow and

-
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rain sank into the debris at the lower edge of glaciers and was frozen,
gradually filling the interstices with ice up to a point where melting
equalled freezing.

Movement was then caused by the melting of the ice

followed by freezing and expansion of the water.

Tyrrell (1910, p.

552-553) agreed in part with Capp's theory but suggested that origi
nally the source of water was from springs, and that the concentric
ridges characteristic of the surface of rock glaciers developed by
downward sliding of the rocks after melting of ice during the spring.
Chaix (1923, p. 32) regarded rock glaciers as terminal moraines
filled with mud and clay.

He believed that the interstitial mud acted

as a lubricant and, aided by freezing and thawing, caused the debris to
move down-slope.

Kesseli (1941, p. 226-227) believed rock streams.to

be of glacial origin, and thought the wave patterns on their surface
were formed as a result of deformation under the weight of overriding
ice.

He suggested that if rock glacier movement occurred it was due

to a tendency to creep after deposition or to a remaining ice core.

He

did not believe that creep could have been responsible for initiating
the rock glaciers.

Richmond (1952) believed rock glaciers to be resid

ual from small glacial advances and that the surface morphology
retained the essential configuration and structure of the ice.
Wahrhaftig and Cox (1959, p. 401, 406, 433, and 514) concluded
that the movement of rock glaciers is the result of the flow of inter
stitial ice.

Thompson (1962, p. 212) concurred.
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Potter (1967, p. 4, 21-22)•found the Internal composition of a
moving rock glacier in the Absaroka Range of Wyoming to be clean ice.
White (1971) and Benedict (1965) found the same situation, clean icecored rock glaciers, in the Colorado Front Range.
Wahrhaftig and Cox (1959) have stated that "theories of thier
(rock glaciers) origin are almost as numerous as the reports of their
occurrence— evidence of the challenge that these interesting forms
have presented to the imaginations of geomorphologists."

The preced

ing statement seems to indicate that there is still much to be
determined concerning rock glacier origin.

Terminology
In this thesis the term rock glacier will be used for any feature
fitting the following description:

a rock glacier is a tongue-like

body of loose rock rubble, resembling an actual ice glacier, origi
nating in high mountain catchment basins, and showing evidence of
either past or present movement.

This definition can be used to

identify rock glaciers from distances in the field or by examination
of aerial, photographs.

Rock glaciers that contain considerable debris

cemented by interstitial ice will be called ice-cemented rock glaciers,
and rock glaciers that are composed of relatively clean glacier ice
mantled by debris will be called ice-cored rock glaciers.
and their definitions were proposed by Potter (1967, p. 4)

These terms

Relation of Stratigraphy to Rock Sliding
As has already been mentioned, Lone Mountain is a multiple horizon
laccolithic intrusion.

Approximately 50 percent of the mountain is

composed of andesite porphyry (the major intruding material)' and the
other 50 percent is comprised of Upper Cretaceous beds of alternating
sandstone, silicious siltstone, and black shale.

Since fern leaves

have been found within the stratigraphic sequence, it is possible that
the sedimentary rocks of Lone Mountain are part of the Albino Forma
tion, described in this area by Kehew (1971) and Hall (1961).
The andesite porphyry seems to weather (mechanically) at a rela
tively rapid rate on Lone Mountain mostly because frost heaving has
increased the natural fracturing tendency of this rock type.

Most of

the slopes formed on the andesite are at the maximum angle of repose
for loose rock of that size and shape (40 degrees). Where the andesite
is the capping rock material along a ridge, it forms a knife edge with
a 40 degree slope on either.side.

The andesite breaks up into rela

tively small flat pieces and is carried downhill by steady creep
processes.
The sedimentary rocks composed mostly of resistant silicious
siltstone stand out as cliff faces or benches wherever they outcrop.
The siltstone weathers very slowly and where it is found overlying
either a thin shale unit or one of the more rapidly weathering igneous
rocks of Lone Mountain it may form an overhang.

Of course this

situation is conclusive to rock slides.
The overhanging of silicious siltstone near the east terminus
of the south-facing north wall has been the cause of a major rockslide
(Figure No. 2).

A block of overhanging siltstone is presently perched

at the head of the previous rock slide.

Snow Avalanche
Snow avalanches are believed to be a common occurrence in the
east cirque of Lone Mountain.

Large snow cornices were observed along

the north-facing ridge and peak of Lone Mountain during the late
spring of 1971.
Snow breccia, which is an indicator of snow slab avalanches, was
abundant within the east cirque on July 10, 1971 (Figure No. 3).

The

trees within the cirque show evidence of having been in the path of
snow avalanches.

A large percentage of the trees have been broken off

at similar heights.

Snow avalanches, breaking off parts of the trees

that were not buried by snow at the time of the avalanche or avalanches
are responsible for this phenomena.

Erratic debris such as trees is

widely scattered in some areas indicating an avalanche path (Figure
No. 4).
Occurrence of snow avalanche in mountainous terrain is very
common.

In some areas avalanches can be controlled by dynamiting or

shelling likely points of origin.

Snow avalanches within the east

Figure No. 2. Aerial view of the East Rock Glacier
of Lone Mountain.
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Figure No. 3. Snow breccia indicating that a slab
avalanche reached to this point in the lower cirque
Photograph taken July 10, 1971.
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Figure No. 4. Erratic debris such as this tree are
scattered all along the north edge of the rock gla
cier below the terminus of the north wall of the
East Cirque. This is an indication that large snow
avalanches have been active here.

/
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cirque of Lone Mountain may possibly be controlled by these methods.
Snow avalanches contribute to the overall ice content of the rock
glacier by incorporation of snow into the debris where it remains
frozen, or by the addition to surface snow which melts and refreezes
within the interstices of the insulating rock debris.

Conditions Necessary for Rock Glacier Formation
Certain material and conditions must prevail before a rock glacier
can form.

First there must be a large volume of rock material that is

susceptible to fracturing.

Rock glaciers, according to Wahrhaftig and

Cox (1959), are usually composed of granitic type rocks that break up
into blocky chunks; and those made up of platy fracturing rock types
such as slate, shale, etc., are very rare.
Frost action, which is controlled by climate and the character of
the rock material at the surface, is of primary importance in the
forming of a rock glacier.

Frost wedging seems to be one of the most

important frost action processes contributing to the growth of rock
glaciers on Lone Mountain.

Frost wedging (also referred to as frost

shattering or frost spliting) is defined by Flint (1971, p. 271) as
"the prying apart of rock by ice as it forms during the freezing of
water, usually along joints, stratification planes, and interfaces
between grains."
In all cases known to this writer, rock glaciers originate at the

U
base of cliffs.
and accumulates.

Here, rock debris slides down into a catchment basin
Since either interstitial or clear ice is needed to

form an active rock glacier, most rock glaciers originate on the north
sides of cliffs where there is some protection from solar radiation.
Cliffs, of course, are formed by many different mechanisms; but in
high alpine areas, probably a very high percentage have been formed
from oversteepening by glacial ice.

Climatic Factors
No meteorological records are available at this time for Lone
Mountain; however, some meteorological information pertinent to this
project has been collected in the Gravelly Range, directly west of
Lone Mountain, across the Madison Valley. The study consisted, in
part, of taking soil temperatures on a northeast facing slope at an
elevation of 8*200 feet, during the month of July.

The results are

recorded on page 15 (personal communication, W. F. Mueggler* Rh. D.,
Botany, Forest Service Experimental Laboratory in Bozeman, Montana).
Since the Madison Range, in which Lone Mountain is located, and
the Gravelly Range are not far apart geographically, we can probably
accept a general correlation for conditions prevalent on the Gravelly
and Madison Ranges under similar aspects and elevations. Therefore,
on the northeast side of Lone Mountain which is in the Madison Range,
at an elevation of 8,200 feet, we can expect an average maximum

15

Depth below surface
at which temperature
was taken

Maximum Mean
Temperature for July
(Elevation 8,200 ft.)

Year
Taken

20 cm

47° F

1964

20 cm

45° F

1965

20 cm

45° F

1966

20 cm

47° F

1967

20 cm

41° F

1968

100 cm

39° F

1964

100.cm

39° F

1965

100 cm

38° F

1966

100 cm

41° F

1967

100 cm

36° F

1968

temperature during the month of July at a soil depth of 100 cm to be
about 38.5 degrees Fahrenheit.

According to Professor Joseph Caprio,

Plant and Soil Sciences, Montana State University, (personal communica
tion, 1972) average temperatures decrease, in this area, at about five
degrees Fahrenheit for each 1,000 feet increase in elevation.

With

this information, by interpolation, the temperatures expectable at
any elevation on the northeast side of Lone Mountain at a depth of
100 cm during the month of July can be predicted.

In the chart on

page 16 are a few interpolated average maximum temperatures for Lone
Mountain.
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Depth 100 cm
Elevation

Maximum Mean July
Temperature (F)

8.500 feet

37°

8.700 feet

36°

8.900 feet

35°

9,100 feet

34°

9,300 feet

33°

9.500 feet

32°

9.700 feet

31°

9.900 feet

30°

Theoretically possibly average maximum July temperatures
at a depth of 100 cm below surface on northeast side of
Lone Mountain.

From the above chart it is clear that on Lone Mountain at a depth
of as little as one meter, freezing temperatures may be found during
July at elevations of 9,500 feet and greater.

At greater depths (with

more insulation) freezing temperatures at even lower elevations can be
expected.

Therefore, at and below these depths any water that may be

present will likely be in the form of ice.

Since the upper 2,100 feet

of the rock glacier lies above 9,500 feet elevation, (Figure No. 5 and
map) theoretically ice could form within one meter of the surface even
during July.

Recent excavations by this writer have, in fact, proven

this statement to be true.

10,000

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

Figure No. 5, Longitudinal Profile of the East Rock Glacier
of Lone Mountain.

5,500
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Late Quaternary Glacial History
of the Rocky Mountains
1[Multiple glaciation during the Quaternary is a well accepted con
cept; however, in the Rocky Mountains it is very difficult to find
evidence for glaciation earlier than Wisconsin.

One reason for the

lack of pre-Wisconsin glacial evidence is that Wisconsin glacial ad
vances have obliterated much of the evidence for earlier glaciation.|
Blackwelder (1915) and Richmond (1965) among others, working in the
Wind River Mountains of Wyoming, have set up some guidelines for
correlation of glacial features in the Rocky Mountains. Age approxi
mations change as new evidence is introduced and as better dating
techniques are developed.

Figure Number 6 is a correlation chart com

piled by this author from Richmond (1970) for the Yellowstone Lake
area of northwestern Wyoming.
IEvidence for pre-Wisconsin glaciation in the Rocky Mountains in
dicates that these earlier glacial advances may have been more
extensive than later Wisconsin glaciations.

Possibly many of the

Rocky Mountain Ranges were covered or partially covered by ice caps
during pre-Wisconsin episodes.

During the Wisconsin, piedmont gla

ciers filled many of the intermontane valleys but most glacial activity
with many exceptions was confined to cirques and small valleys.|
I Since the retreat of the last Pleistocene glaciers approximately

10,000 to 11,000 years ago, there have been several other short
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Neoglacial

4,000

Altithermal Interval

11,000

Late Stade
Pinedale

Interstade
Middle Stade

Glaciation

Interstate
Early Stade

25,000

Interglaciation
Bull

2nd Episode
Late
Stade

Lake

Neoglacial
Interval
1st Episode

Glaciation
112,000

Nonglacial Interval

112,000

Early Stade
■

180,000

Interglaciation
Pre-Bull Lake (pre-Wisconsin)

Figure No. 6 . Glaciation of Yellowstone Lake area.
( After Richmond 1965 and 1970 )
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glacial advances popularly known as the "little ice ages."

This neo

glacial activity has only recently been intensely studied. Presently
two theories concerning the number of major short glacial episodes
during recent times are predominant.

Until the middle 1960rs it was

generally believed that there were two neoglacial advances.

One, the

Temple Lake (Hack, 1943; Moss, 1951 a, b) took place approximately
3,000-4,000 years before present and the Gannett Peak (Richmond, 1957,
1960) began from about 600 to 300 years before present and continued
into the 19th century.

However, evidence for a third episode of neo

glacial activity has been accumulated by Benedict (1965) and Curry
(1969)I

This information will be discussed further in a succeeding

section.

Pleistocene Glacial History
of Lone Mountain
The glacial and surficial geology on the north and east sides of
Lone Mountain were first studied and mapped by Clifford Montagne
(1971).

The following account of Pleistocene glacial history is taken

primarily from Montagnefs work with only minor additions.
The northeast-facing cirque of Lone Mountain descends from 10,000
feet to about 8,600 feet elevation where the steep bounding walls give
way to low gentle slopes.

At an elevation of a little less than 7,500

feet, below the junction of several small streams which join to form
the Middle Fork of the West Fork, glacial till of basically andesitic
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composition Is Intermingled with crystalline till from Beehive Basin
to the north.
dued form.

The andesite-bearing Lone Mountain till exhibits sub

On the basis of position and form, it has been classified

as Bull Lake in age.

The glacier of Bull Lake age that accumulated in

the northeast cirque of Lone Mountain was, at its maximum, about three
and one-half miles in length.
Above Bull Lake till at an elevation of 7,600 feet is a 100 foot
scarp believed to mark the frontal lobe of a two mile long rock
glacier of Pinedale age.

Evidence supporting the Pinedale rock

glacier concept in preference to an ice glacier concept includes the
absence of a backslope on the upvalley side of the scarp, the.sharp
angularity of the rock material, and the similarity of the surface
morphology to that of the rock glacier in the cirque.
of the East Lone Mountain rock glacier)

(See discussion

Situated as it is above the

Bull Lake terminus and below the rock glacier in the cirque this mate
rial is probably Pinedale in age regardless of the process by which it
was transported.
Glacial till has been mapped by Montagne (1971), heading in the
small cirque now occupied by rock glacier Number 7 (Figure No. 7).
Bull Lake till trends due north and terminates two miles from its
source at the convergence of Lone Creek with two unnamed creeks form
ing Jack Creek.

The Pinedale till is believed to terminate about

three-fourths of a mile north of the cirque wall.

Lone Mountain Peak

SCALE
4 0 0 0 FEET

Distribution of Rock Glaciers around
Lone Mountain Peak

. The Pleistocene glacial geology on the other flanks of Lone
Mountain have not presently been studied in any detail.

However, a

reconaissance of the west side by the writer yields some valuable
insights.

The west cirque has contained glaciers at some time during

the Pleistocene and in some cases during early Holocene time.

The

large cirque directly west of Lone Mountain Peak containing rock
glacier Number 4, has at one time contained ice, probably comparable in
volume to that contained in the north cirque as indicated by the pro
tected location and area of the cirque.

A small paternoster lake is

located at the foot of the small rock glacier.

Exactly how far the

ice extended down valley from this point has not been determined.
Lateral moraines of glacial origin are located around the periphery of
rock glacier Number 5.

On the north side of this rock glacier two

distinct glacial moraines are evident, the outer somewhat larger than
the inner (Figure No. 8).

The fresh appearance of these moraines

(they have only lichen and grass cover) and their close proximity to
the rock glacier suggests formation during neoglacial activity, possi
bly Temple Lake I and II.
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Figure No. 8 , Rock glacier Number 5. Note the gla
cial moraines around the periphery of the rock glacier
proper.

EAST ROCK GLACIER OF LONE MOUNTAIN .

Introduction
The East Rock Glacier of Lone Mountain is the most significant of
the eight rock glaciers on Lone Mountain because of its size and com
plexity.

It is of immediate interest to many local people because of

its potential as an attraction to groups of visitors interested in
natural alpine erosional and transportations! phenomena.

Classification
The East Rock Glacier is classified in part using terminology of
Wahrhaftig and Cox (1959), and Potter (1967); however, because of its
complexity it cannot be completely classified using this terminology.
The term "complex" will be used where no other term seems, applicable.
The East Rock Glacier of Lone Mountain as a single unit is then
classified as a complex, tongue-shaped rock glacier.

The reasons for

use of the term complex instead of active or inactive, ice-cored or
ice-cemented rock glacier are as follows:

the rock glacier has active,

inactive, and possibly reactivated segments.

Also this writer believes

that a part of the rock glacier is ice-cored and the remaining part
contains interstitial ice.
nesses of loose rock debris.

Both parts are overlain by varying thick
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Composition

Rock Material:
Slabby, angular andesite porphyry comprises more than 90 percent
of the total rock material exposed on the rock glacier surface.

A

minor component consists of shale or angular, silicious siltstone
boulders.

Because of its fissility, the shale usually breaks up into

small fragments which filter down through the interstices of the
larger rock fragments; therefore, shale is generally found on the
surface only near its bedrock source.

The silicious siltstone boulders

found on the surface of the rock glacier have been deposited there as a
result of rock slides.

These rock slides were caused in most instances

by undermining of the resistant siltstone by underlying shales or
sills which tend to weather more rapidly than the siltstone.

(Figure

NoV 9)
Ice Content:
Pits have been dug into the rock glacier at various locations from
its top to its terminus. A pit dug into the rock glacier just below
the snow field at approximately 9,950 feet elevation revealed inter
stitial ice at a depth of about four feet below the surface.

Ice

(covered only by six inches of water) was observed during September in
the north bounding longitudinal trench of Segment A of the rock
glacier (9,700 feet elevation).

(See map)

From this observation.
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Figure No. 9. Cliffs and overhangs formed by resist
ant silicious siltstone. This situation causes rock
sliding. Notice siltstone boulders in the foreground
(average diameter: I yard) that have rolled onto and
across the rock glacier surface during a previous
rocksIide.
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lacking accurate climatological r e c o r d s o n e may deduce that ice can
and does exist the year around in the east Lone Mountain cirque.
section on climatic factors)

(See

At 8,500 feet elevation, at the rock

glacier terminus, ice was discovered in what appeared to be a small
collapse depression one and one-half feet below the surface (Figure
No. 10).
Based primarily on surface morphology this writer believes that
the upper fourth of the rock glacier can be classified as an icecored rock glacier and the lower three fourths as an ice-cemented rock
glacier.

The morphology on which this hypothesis is based will be

discussed in succeeding pages in detail.
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Figure No. 10. Ice filling the interstices of rock
glacier debris.

; -Vy

SURFACE MORPHOLOGY

When discussing the East Rock Glacier of Lone Mountain, it seems ,
logical and advantageous to categorize it into three distinct segments:
A, B, and C.

This sectioning is based on differences in surface mor

phology , vegetation and relative stability.

Also as will be discussed

later, these segments may possibly have originated during three sepa
rate episodes of neoglaciation.

Segment A of the East Lone Mountain Rock Glacier

Introduction:
Looking down onto the surface of Segment A of the East Lone
Mountain rock glacier the predominant surface feature is the concentric
pattern of troughs and trenches (Figure No. 11).

Between these ridges

and within the troughs of the concentric wave pattern a less dominant
but distinctive pattern of longitudinal ridges and depressions is
evident.

Trenches on both the north and south sides of the rock gla

cier separate it from the confining cirque walls except at its apex
in the discharge zone of a couloir directly below the mountain peak.
The surface color of this part of the rock glacier is lighter than the
surface of the downvalley parts because it lacks the lichen growth
which is more abundant on the lower segments.
A 50 foot, 40 degree scarp forms the downvalley terminus of Seg
ment A at about 1,100 feet from its point of origin at the base of the
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Figure No. 11. Segment A of the East Lone Mountain
Rock Glacier as viewed from the summit of Lone
Mountain. Notice the concentric wave pattern and
the longitudinal septa within the concentric trenches.
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cirque headwall.

The terminus closely coincides with an abrupt de

crease in elevation of the confining wall directly to the south *
Potter (personal communication, 1971) has"suggested, and I agree, that
at the point where the south wall decreases in elevation, sunlight is
allowed to strike the surface of the rock glacier a greater proportion
of the time than the area above that point.

The greater amount of

sunlight causes more rapid melting of the underlying ice.

Under the

climatic conditions of the past few hundred years, this relationship
has probably kept this segment of the rock glacier from advancing fur
ther -downs lope.
As previously stated, interstitial ice was found within four feet
of the surface of the upper rock glacier in mid-August, 1971.

During

September, ice was discovered adjacent to the upper rock glacier in
the base of the north trench.

Rock debris was cleared off the inter

stitial ice along a line perpendicular to the trench and into the
steeply rising north side of the rock glacier.

From this excavation

is was found that the ice surface continued up slope toward the sur
face of the rock glacier at an angle only slightly less than the slope
angle of the loose rock debris.

This suggests that the entire upper

rock glacier is supported by and is largely composed of ice..
I believe that Segment A is a relatively youthful ice-cored rock
glacier.

Evidence supporting an ice-core is as follows:
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1.

A relatively smooth low profile with no ice collapse
features abundant in Segments B and C

2.

The evenly spaced concentric ridges and secondary
longitudinal septa are analogous to the surface of
some ice glaciers

(These features are discussed on

succeeding pages.)
3.

The pronounced convex transverse profile

4«

A surface similar to that of a known ice-cored '
rock glacier in the Absaroka Range of Wyoming
(Potter, 1967)

The ice-core, no doubt was originally a small ice-glacier, pro
bably of neoglacial origin.

With a warming climate the glacier

became partially stagnant and was eventually covered with ablation
drift (debris melted out of stagnant glacial ice, Flint, 1971, p. 173).
A point of equilibrium was reached when the ice, covered by the loose
debris acting as an insulator, ceased to melt appreciably.
Movement occurs to accommodate the accumulation of snow and rock
debris at the base of the cirque headwall (Figure No. 12 and Figure
No. 13).

Concentric Wave Pattern:
The concentric wave pattern in Segment A of the East Lone Mountain
rock glacier apexes in the neve field located against the cirque
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Figure No. 12. A portion of the cirque headwall and
the permanent or semipermanent snowfield at the head
of the rock glacier. This is the source area for
most of the rock debris and ice comprising the rock
glacier.

POSTULATED VERTICAL CROSS SECTION
OF SEGMENT A, EAST LONE MOUNTAIN
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headwall (Figure No. 2).

The ridges and depressions are believed to

be formed from compressive forces originating at the snowfield.

Com

pression is caused by the accumulation of snow, ice, and rock debris
at the base of the highest part of the headwall, which forces some
movement in a downhill direction.

Resistance to this movement becomes

greater with increasing distance from the headwall due to friction and
narrowing of the confining walls downvalley from the cirque headwall.
The compression results in the formation of ridges on the surface of
the rock glacier.

The ridges are not necessarily believed to repre

sent seasonal or yearly pulsation of movement.

Longitudinal Septa:
Between the concentric ridge and within the intervening depress
ions of the upper rock glacier are secondary ridges and depressions
which are perpendicular to the primary concentric wave pattern.
(Figure No. 14)

Developing an explanation for these structures has

been very perplexing.
Presently this writer feels that the best hypothesis is that pro
posed by Potter after observing the pattern on aerial photograph
EIO-13-222.

Potter postulated (personal communication, 1971) that the

longitudinal pattern may be cuased by lateral spreading of ice under
lying the loose surface debris.

The spreading causes somewhat

regularly spaced tensional cracks into which loose surface debris

Figure No. 14. View along concentric trench showing
longitudinal septa separated by small snow patches.
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falls,
Expanding Potter’s theory, the depressed areas actually contain a
higher rock to ice ratio than the intervening areas because of the
filling of the tensional cracks.

If a warmer climate develops, ice

will begin to melt; and if enough melting occurs, the cracks which
have filled with debris and which previously appeared as surface
depressions will become ridges.
A second theory also presupposes an underlying ice mass.

As the

ice moves downslope, the center moves more rapidly, due to. its greater
mass.

This differential movement causes a downglacier bowing effect

which may be compared to a parabolic ice flow in normal glaciers.
According to William St. Lawrence (personal communication, 1972) this
bowing sometimes causes cracking of ice perpendicular to flow (i.e.
longitudinal crevasses).

After the ice cracks, the formation of

ridges and depressions would follow the same origin as described above.

Trenches Along the Lateral Periphery of Segment As
Two paralleling trenches separate Segment A from the north and
south confining walls.

The trench on the north side of the rock gla

cier is notably wider and deeper than the trench on the south side.
This is believed to be caused by at least three relationships.

First,

.the north side is exposed to sunlight during most of the year causing
melting of ice whereas the south side is shaded by the high cirque
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, walls.

Secondly, the wall on the south side Is much higher than the

bounding wall on the north side therefore is a much larger source
area for rock debris,.

Thirdly, due to the prevailing wind direction

more snow appears to accumulate on the south side.

Thus the south

trench is filled at a greater rate than the north trench.
The factor believed to be responsible for the trenches on either
side of the rock glacier is the great accumulation of snow directly
below the highest part of the cirque headwall (the mountain peak)
which is and/or has been the major source of all the debris found on
Segment A of the rock glacier.

From this point the material moves out

in all directions but mostly in a downhill direction.

All of Segment

A may be thought of as a half cone with the apex resting on the base of
the cirque headwall representing the highest point.
incorporated in the "cone" i.e.:

The material

Segment A is moved downslope at some

sporadic rate (see section on movement). The material that falls from
the cirque walls into the depressions between the walls and the rock
glacier may be almost stagnant.

In time these depressions will be

filled with debris just as the area at the base of the south facing
wall in Segment B of the rock glacier.

The parallel depressions of

Segment A are then evidence for its very recent origin.

u.

ILL
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Segment B of the East Lone Mountain Rock Glacier

Introduction:
The surface morphology of Segment B differs greatly from that of
Segment A of the rock glacier (Figure No. 15).

Downvalley from the

terminus of Segment A several kettle depressions are evident.

However,

the most striking features of Segment B of the rock glacier are the
frontal lobes which appear to be spilling around the lower edge of the
retaining bedrock buttress.(Figure N o . 16).

Lobes:
Lobes are defined by Wahrhaftig and Cox (1959) as "rounded
tongue-like mounds that rise sharply on their downvalley and lateral
margins and merge gradually upvalley with the upper surface of the
rock glacier.

They are five to 50 feet high on their downvalley sides

and 100 to 400 feet across. They resemble small rock glaciers perched
on the back of larger ones.”

Lobes are believed to be caused by

differences in movement rates of separate units. A lobe overrides a
downvalley lobe along a basal, shear plane, in effect, a thrust fault
CFigure No. 17).
The lobe fronts form fresh scarp faces at the maximum angle of
repose (40 degrees).

They have sharp angles at their top and lichen

growth may be found buried within the rubble on the scarp face.
indicates recent or present activity of the lobes.

This
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Figure No. 15. Segments B and C of the East Lone
Mountain Rock Glacier. Lobes with fresh scarp faces
having sharp angles at their tops are overriding one
another and the older, lower part (Segment C) of the
rock glacier.
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Figure No. 16. Upper cirque of Lone Mountain: the
trees are growing on a stable bedrock buttress.
Just to the right of the buttress is Segment A of
the rock glacier.

Loose Rubble

Figure No. 17.

Overriding lobes in Segment B.
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Concentric Wave Pattern:
Pronounced concentric wave patterns dominate the area downvalley
from the active lobes.

The ridges and troughs here are a great deal

more irregular than the ridges and troughs on Segment A of the rock
glacier, and they display more relief.

The pattern seems relatively

easy to explain when looking at the whole rock glacier in profile
(Figure No. 5).

The concentric wave pattern is located directly below

a relatively steep part of the rock glacier which may be caused by the
debris passing over a bedrock lip.

Compression caused by the slowing

of the material near the base of the steep area is responsible for the
concentric wave pattern.

This situation is somewhat analogous to an

ice-fall on an ice glacier.

Stable Bedrock Knob:
A stable bedrock knob is located near the change in slope at the
top of the steep portion of the rock glacier right in the center of
the loose rock glacier debris (Figure No. 18).

The rock glacier debris

approaches the knob forming a 50-foot scarp face directly upvalley from
it, where it appears to split and move around the knob.

The split

rock glacier does not reconverge at any point downslope, leaving a
stable corridor from the knob to the terminating edge of the rock
glacier.

(See map)

The stable corridor which is approximately 200

yards long has served as a path for rock slide debris.

The resistance
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Figure No. 18. Stable bedrock knob (center of photo)
surrounded by rock glacier debris.
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to movement created by the knob is clearly indicated in the arc of the
concentric wave pattern downslope.

Longitudinal Trenches:
Longitudinal trenches are more abundant in Segment B of the rock
glacier than on Segment A.

In Segment B they do not lie between the

rock glacier and the cirque wall but tend to form near the center of
the rock glacier.

Within these trenches, which are V-shaped in pro

file, water can be heard running beneath the surface presumably on top
of ice.

The trenches in Segment B of the rock glacier, as in Segment

A, are caused by running water melting the ice and rock debris collaps
ing into the newly formed void spaces.

A very pronounced longitudinal

trench is evident directly south of the stable bedrock knob (Figure
No. 2 and Figure No. 19).

It is accentuated by dense lichen growth

on the ridges imparting a dark color.

Sparse lichen growth within the

trenches causes a lighter color to predominate.

Segment C of the East Lone Mountain Rock Glacier
Segment C of the East Lone Mountain Rock Glacier is located
directly south of Segment B.

Where Segment C is exposed, it is being

or has been overriden by the lobes of Segment B (Figure No. 15 and
Figure N o . 20).
The surface morphology of this lower part of the rock glacier is
similar to that of Segment B with one very important exception; there
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Figure No. 19. Longitudinal trench in Segment B of
the rock glacier. The rolled aerial photograph in
the foreground is approximately 40 inches long.
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Figure No. 20. Portions of the lobe scarp faces over
riding the lower part of the rock glacier. West Fork
Basin in background.
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are no scarp faces.

Located below the active lobes of Segment B of

the rock glacier within Segment C are several nested or stabilized
lobes which seem to have formed after spilling around the stable bedrock buttress.
some grass.

They are completely covered with lichen growth and

They have a smooth, low profile and the rock material on

the surface seems to be settled, imparting a packed appearance.
packing is evident throughout Segment C of the rock glacier.

This

The

general orientation of the rocks is horizontal whereas in less stable
locations on Segment A and B of the rock glacier the general orienta
tion of the platy rocks is often nearly vertical (Figure No. 21).
The rock fragments in Segment C seem to be smaller; this is
especially evident where a stabilized lobe has been found overriding
material consisting of smaller rock fragments with heavier lichen
growth.

Several trees (White Bark Pine) have taken root in this area;

however, as compared to the cirque floor. Segment C of the rock gla
cier is still sparsely vegetated.

Movement
According to Wahrhaftig and Cox (1959), movement of a rock glacier
is indicated by three features:
1.

Bare fronts which slope at the angle of repose

2.

Sharp angles at the tops of these bare fronts
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Figure No. 21. A portion of the surface of Segment B.
Notice the configuration of the rock debris. A large
percentage of the rocks are vertical with the long
axes pointing away and downhill from the camera.
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3.

Exposures of the fine grained lower layers of the rock
glaciers on the front

Segment A of the East Lone Mountain rock glacier exhibits all
three of the features mentioned by Wahrhaftig and Cox.

The lobes in

Segment B, which have been discussed previously, also exhibit these
features plus freshly overturned lichen covered rocks.

Therefore,

Segment A of the rock glacier and the lobes in Segment B are believed
to be presently active.
To further substantiate the probable movement in the upper part,
measurements were undertaken from August through October of 1971.
Using a plane table and alidade, which admittedly could result in some
inaccuracy, four inches of movement in two months were noted along the
leading edge of Segment A.

Just below the leading edge on grass-

covered knolls, no movement was detected.

Both lines were measured

from the same point without moving the equipment; therefore, the
measured movement is believed valid.

However more measurements are

planned for the 1972 field season with the use of a transit.
Whether or not any movement takes place, or can presently be
detected over a period of one or two years, is purely academic since
the evidence for very recent or present movement is in the opinion of
this writer, indisputable.
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Climatic Implications
For reasons already mentioned, the East Lone Mountain rock gla
cier has been categorized into three major segments.

It is possible

that these segments represent activity during three episodes of neo
glaciation.
Benedict (1966, 1967, 1968) has documented growing evidence for
three stades of neoglaciation in the Front Range of Colorado.

The

earliest advance, the Temple Lake stade (following Rocky Mountain
terminology by Richmond, 1965) Benedict dated at 2,500-700 BC. A
later advance AD 100 to AD 1,000 was termed the "Arikaree" stade [a
pre-empted term that is presently being changed to "Audubon" (W. C .
Mahoney, in press, Arctic and Alpine Research)] and the latest stade,
Gannett Peak, he dated at AD 1,650-1,850.

These are radiocarbon dates

obtained by age dating organic matter collected from dirt bands within
the buried ice of rock glaciers and other morainal features.
Curry (1969) on the basis of lichenometric dating of ,,several
types of periglacial deposits, plus historical and tree ring data;
recognizes "three periods of Sierra neoglacial activity in the last
5,000 to 6,000 years" (Curry, 1969, p, 22).

Curry's dates of past

neoglacial activity in the Sierra Nevadas are roughly analogous to
Benedict’s Colorado Front Range dates.

Curry dates the first neo

glacial episode from 700 BC to 0 BC/AD, the intermediate episode from
AD 850 to AD 1,050 and the latest from AD 1,250 to AD 1,898.
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(Curry, 1969, p. 22-23).
This author believes that Segments A, B, and C of the East Lone
Mountain rock glacier may be analogous to the three neoglacial
episodes of Benedict and Curry.

Segment A is Gannett Peak in age.

Segment B represents the intermediate neoglacial stade and Segment C
probably originated during Temple Lake neoglaciation.

This assumption

is based on the positions of the different segments of the rock gla
cier, the surface morphology of the different segments, and the
relative amount of vegetation on each segment.

Segment B may repre

sent -the intermediate episode of neoglaciation which has been partially
-reactivated during the Gannett Peak episode.

Lobes, according to

Wahrhaftig and Cox (1959), indicate a reactivated rock glacier.
The smaller rock glaciers around Lone Mountain are believed to
have formed during the intermediate episode of neoglaciation.

They

do not appear to be as fresh as Segment A of the East Rock Glacier
since they are lichen covered and display no scarp faces.

However,

they do not appear to have a packed or settled surface as does Segment
C of the East Rock Glacier.

Also, around the periphery of rock glacier

Number 5, lateral and terminal glacial moraines are evident. The
surface packing and vegetation on these features resembles that of
Segment C of the East Rock Glacier; therefore, the glacial moraines
are believed to represent Temple Lake neoglaciation (Figure No. 8).
Gannett Peak neoglaciation is believed to have had very little effect
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on the smaller rock glaciers, whereas, Segment A of the East Rock
Glacier was formed during that time.
Position or aspect of the cirque containing the East Lone Moun
tain Rock Glacier was probably the critical factor in the formation of
a rock glacier in that cirque while none were formed on the other
cirques on Lone Mountain.

The northeast facing cirque headwall is on

the leeward side of the peak thus forming a natural snow trap at its
base.

The northeast-facing headwall is much higher than those at the

heads of the smaller rock glaciers, which better protects the area
below it from the sun.

A greater surface area is also available to

erosion on the northeast cirque wall thus supplying a greater amount
of rock debris than the lower headwalls in other areas of the mountain.

General Conclusions
From previous studies of rock glaciers such as those of Wahrhaftig
and Cox, rock glaciers are presently abundant in some areas.

However,

very seldom has a rock glacier origin been assigned to moraine-like
alpine features that are stabilized and covered or partially covered
with vegetation.

If a great number of rock glaciers exist today isn't

it likely that they have existed in great numbers during past geologic
time; possibly at somewhat lower elevations or latitude than alpine
glaciers?
An example of a moraine-like feature that may represent a

stabilized rock glacier rather than either mudflow or glacial moraine
is found in the north cirque of the Bridget Bowl Ski area which is
approximately 16 miles north and east of Bozeman, Montana, within the
Bridget Mountain Range.

At the base of what appears to be an active

talus slope are a number of almost regularly spaced arcuate ridges
and furrows.

Amplitude of the wave-like structures is approximately

eight feet and average wave length is 30 feet.

The whole area except

for the talus slope is densely covered by vegetation including trees
(Figure Nb. 22 and Figure No. 23).

The rock material forming the wave

pattern appears to be composed almost entirely of limestone from the
Mission Canyon Formation which forms the crest of the range.
Directly below this area are other arcuate forms that are some
what more subdued and appear to be older than the before mentioned.
The arcuate forms here are not repetitive, they are found singularly,
and they seem to have at least a partial backslope; therefore, I
believe they are very likely glacial moraines.
Because of the repetition of the arcuate ridges and their position
below the talus slope and above what seems to be glacial moraines of
earlier activity, I believe the ridge and trough pattern is the surface
of a stabilized rock glacier..
Rock glaciers are useful in determining climatic fluctuations in
an area for the past four to six thousand years.

This has been proven

by studies carried out by Benedict (1968), White (1971), and
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Figure No. 22. Concentric wave pattern directly below
a talus slope in the Bridget Range, Gallatin County,
Montana,
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Figure No. 23. Cirque headwall and talus slope above
the concentric wave pattern in Figure No. 22. (Bridget
Range)
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Miller (1972, p. 395-396).
-

Conclusions Specifically Regarding
The East Rock Glacier of Lone Mountain
In summary I will first restate some of the important facts con
cerning the rock glacier.

First I am certain that parts of the rock

glacier are presently unstable because of the scarp faces and the
sharp angles at their tops and buried lichen growth along the scarp
faces.

The upper fourth of the rock glacier which has been described

as "Segment A of the East Lone Mountain rock glacier" is the most
active.

The lobes on Segment B seem to be active also.

This activity

may be due to some rejuvenation during the Gannett Peak Stade of neo
glaciation.

Segment C appears to be completely inactive because the

rock debris is covered with lichen growth, and grass and trees cover
8<mie areas of the surface.

Possibly of greater importance is the

absence of scarp faces in Segment C.

The surface of Segment C also

has a packed appearance. Because of this instability permanent
structures should certainly be avoided on Segments A and B of the
rock glacier,
A second area where construction should be avoided is the rock
slide which originates near the terminus of the south-facing wall of
the rock glacier (Figure No. 9).
Ice has been found very near the surface of Segment A of the rock
glacier and at a depth of about twelve feet in Segment B.

It has not
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yet been established whether ice is present in Segment C of the rock
glacier; but, before any construction is attempted here, it would be
advisable to determine this fact.
Any future development attempted within the Lone Mountain east
cirque should protect against contamination of water-producing
springs and creeks to the east of Lone Mountain.

These could origi

nate as infiltrated water from snowmelt (or any other source) which
readily enters the rock glacier.

Since the material in the rock gla

cier is very permeable water passes rapidly and easily through it
without effective purification.
The way in which the upper two-thirds of the rock glacier, which
is located on Forest Service land, will or will not be managed is
presently under consideration by the United States Forest Seirvice.

A

special-use permit has been requested by Big Sky of Montana to include
the rock glacier as a part of skiable terrain within a larger skiing
complex.

Big Sky has also expressed an interest in establishing an

observation station at the head of one of the lifts from which to view
the entire rock glacier.

A brief geologic history of the mountain and

the rock glacier would be presented at this point.

From the main

observation station some type of path would be constructed down the
surface of the rock glacier where people could walk and observe points
of interest that would be explained by small signs along the pathway.
This approach would be compatible with future scientific studies and
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aesthetic values of the rock glacier if small study plots could remain
untrampled.

Some type of policing control would undoubtedly be

necessary.
Possibilities exist to classify Section 26 T6S, R2E, within
which the rock glacier is located as wilderness, scientific area,
geologic area, or multiple-use area.

The wilderness classification

is supported by the local chapter of the Sierra Club.

Whatever class

ification is finally adopted, hopefully, the rock glacier will be
protected for future study and educational uses, if not aesthetic
appreciation.

Figure No. 24. Fresh rock debris overlying past
vinter snow, near the cirque headwall. (Snow and
rock debris accumulation are near apex of Segment A ) .
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Figure No. 25. Checking for ice with a backhoe on part
of the rock glacier which lies on Big Sky property.
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Figure No. 26. Unsorted debris (andesite porphyry)
near base of snowfield. Fine material such as seen
here is not found farther downvalley on the surface
of the rock glacier because it is filtered down through
the interstices of the larger material until it comes
to rest on top of the underlying ice.
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Figure No. 27. Lateral trench on the north side of
Segment A of the rock glacier. Notice the loose debris
moving into the trench from the north wall. This is
caused by downhill creep after fracturing apart of
the bedrock by frost wedging.
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Figure No. 28. Frost polygons on old glacier surface,
elevation approximately 9,000 feet.
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Figure No. 29. North wall of the East Cirque, Notice
the difference in the type of erosion that takes place
on the andesite porphyry (upper rock units with the
sharp ridges) and the more resistant silicious siltstone.
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Figure No. 30. Frequently heard but seldom seen, the
Pika or Cony makes his home within the debris of the
rock glacier.
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Figure No. 31. The downvalley terminus of the rock
glacier. The terminus is gently rounded indicating a
long period of relative stability, however, note the
Curf roll along the edge which may indicate some
extremely slow creeping motion.

APPENDIX

APPENDIX

Future Investigations
A detailed study of a rock glacier should be carried out over a
period of several years in order to make a significantly accurate
statement concerning its movement and discharge.

With this in mind I

plan to set up a grid pattern of points with the use of a transit
during the field season of 1972.

Two grid patterns are planned, one

on the surface of Segment A of the East Lone Mountain rock glacier and
one directly north of the scarp face of the upper lobe located in
Segment B of the rock glacier.

These points will then be checked for

several years to detect movement in any direction.
Plans also include painting a few rocks on the scarp face of
Segment A of the rock glacier and photographing the group of painted
rocks from a given point.

.

Each year the same group of rocks or at

least the area where they were when originally painted will be photo
graphed .

The photographic history should show evidence of any movement

along the scarp faces.

Volume of material being discharged through

the rock glacier can be calculated with this type of observation
(White, 1971 b ) .
These types of study require that the study sites not be disturbed
by unnatural causes.
An attempt will be made to date the different segments of the rock
glacier lichenometrically.
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Lichenometric dating methods used by Curry (1969) will be used.
Weathering rinds and angularity of the rock material will also be
utilized in the dating of the rock glacier (Birkeland, 1972, p. 367).
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