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Introduction

THE movement of glaciers is a phenomenon that has been known for
more than four centuries, and the fact that ice in the world once
covered areas vastly greater than it does at present has been widely
accepted for over 100 years. Gradually, it has come to be recognised
that moving ice is one of the major sculptors of the earth’s surface;
indeed, evidence is accumulating to suggest that, quantitatively, it
may be the most potent agent of terrestrial erosion. The papers and
extracts in this anthology have been selected to span the period
beginning with some of the earliest pioneer investigations into glacier
movement and glacier erosion processes, and leading up to the re-
search of the last two decades in which great advances in our know-
ledge of those processes have been achieved.

The balance of papers is roughly equal between old and new. It is
important that students of any science are as aware of the older
‘founding’ contributions to the literature as of the modern develop-
ments and that they should be familiar with the ‘historical weapons
and arguments’. ‘Every generation enjoys the use of the vast hoard
bequeathed to it by antiquity, and transmits that hoard, augmented
by fresh acquisitions, to the future ages. In these pursuits, therefore,
the first speculators lie under great disadvantages, and when they fail,
are entitled to praise’ (Macaulay, quoted by J. K. Charlesworth,
1957). The choice of papers from the vast body of literature on glacial
geomorphology is not an easy one. I have attempted to include papers
of widely differing approaches, including examples of the deductive
approach on the one hand and the quantitative approach on the
other. Some of the papers are now difficult to obtain or are to be
found in periodicals not well known to most students. The choice of
‘modern’ papers was perhaps the most difficult; whereas one can
survey the older literature from the standpoint of present knowledge
and discern what have turned out to be the most significant contri-
butions, it is not easy to predict with any certainty which of the papers
published over the last decade will be judged significant in another
fifty years. The papers that I have selected from those published in the
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1960s are not necessarily the most ‘up to date’; many views expressed
in them would doubtless be modified if the authors were writing those
papers today, and, indeed, more recent papers by the same authors on
related topics have appeared. But each of the ones selected in this
anthology stands as a milestone marking progress in its particular
field, and they are all, without question, ‘required reading’ for
students of glacial geomorphology. It is most important to note that,
owing to limitations of space, some papers have had to be drastically
shortened and all photographs have been omitted. No indication is
made of the places where sentences, paragraphs or whole sections
have been omitted. This book should, therefore, not be used as a
source of reference to original material, or for purposes of quoting an
author’s original text. However, most of the changes have consisted
solely of the omission of complete paragraphs or sections, and the
fewest possible changes have been made to the phraseology, so that
the flavour of the original style has been maintained.

As the Glacial Theory had its beginnings in the Alps, it is appro-
priate to begin with some extracts from that fascinating pioneer work
by James D. Forbes, Travels Through the Alps of Savoy, published in
1843. Forbes’s measurements of the rate of motion of the Mer de
Glace represented one of the first comprehensive studies of glacier
motion, and a model for future workers. Two years previously, L.
Agassiz had shown that the centre of the Unteraar glacier flowed
faster than its sides. Forbes in 1842 carried out a much more complete
analysis of glacier surface motion. The results that Agassizand Forbes
obtained with the primitive instruments at their disposal are remark-
able, and their deductions as to the nature of glacier motion were far
ahead of their time. Forbes distinguished correctly between internal
deformation of the ice and basal sliding; he concluded, also correctly
in the case of temperate glaciers, that movement varied with the state
of the weather and between summer and winter; and his deduction
that movement diminished steadily from the ice surface to the glacier
bed was shown to be substantially correct by borehole experiments
carried out a century later by M. Perutz and subsequent workers.
Forbes also suggested, with great perspicacity, that whereas some
glaciers might slide over their beds, others in colder conditions might
not if they were frozen to bedrock. The extract from his book re-
produced here describes his measurements on the Mer de Glace, and
his deductions on the motion of glaciers. Also included is a short
account from another part of the book under the general heading of
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“The Wear of Rocks by Glaciers’, in which he sets out some first-hand
observations on abrasion and the origin of rock flour.

Around the turn of the century, the literature contains many
important additions to the body of knowledge on glacial geomor-
phology, whereas, with the exception of the work by J. Tyndall and
A. Heim, progress in glaciology during the latter half of the nine-
teenth century had been slow. In the field of landform studies, W. M.
Davis’s contributions are particularly significant. Like Forbes, he
was a convinced supporter of the hypothesis of glacial erosion.
Although his observations were frequently generalised (e.g. the
‘glance from a passing train’, p. 42) and unsupported by actual
measurements, his arguments gained much support and his cate-
gorisation and illustration of glacial landforms proved to be the
foundation for writings on this subject for the next fifty years. His
paper published in the Proceedings of the Boston Society of Natural
History for July 1900 was the first to set out in detail his arguments
for the origin by glacial erosion of such forms as glacial troughs,
hanging valleys and cirques, and it is an excellent example of his
deductive method. One portion considers the problem of determining
how much erosion must be attributed to ice in the production of
existing forms, and another expounds on a proposed ‘cycle of glacial
denudation’, speculating (pp. 61-62) on the probable end-product of
such a cycle, a point taken up by Linton in 1963 (p. 166).

The other two papers chosen of similar date, one by Willard D.
Johnson of 1904 and the other by G. K. Gilbert of 1906, are quite
different in their approach — both base theories and deductions on
careful field observation and measurement. Johnson’s observations
on cirques in the Sierra Nevada of California showed the importance
of the freeze-thaw process in cirque headwall recession. Such reces-
sion had been postulated by Davis and other workers, but the pro-
cesses responsible remained obscure. Johnson’s investigations of
processes actively at work in a bergschrund, while they placed too
much emphasis on the bergschrund itself, nevertheless were to pave
the way for further related investigations by W. V. Lewis in the 1930s
and 1940s, W. R. B. Battle in the 1950s, and J. E. Fisher in the 1960s.

Gilbert’s paper on ‘Crescentic Gouges on Glaciated Surfaces’ was
concerned with another aspect of glacial erosion, that of the model-
ling and plucking of hard rock surfaces by moving ice. Considerable
attention had been paid to the striation and polishing of such sur-
faces by T. C. Chamberlin in his great monograph of 1888; Gilbert’s
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was the first analysis of other small-scale forms of bedrock erosion,
and has stimulated many other workers to investigate the origins of
these interesting forms. Undoubtedly much remains to be learnt
about their origins, but most subsequent workers have agreed that
Gilbert’s theories are still broadly acceptable, a testimony to his care-
ful and objective analysis. In considering the mode of basal ice flow
over and around bedrock obstacles, Gilbert’s thinking was far in
advance of any of his contemporaries and can be linked with much
more modern ideas such as are discussed in the papers by Kamb and
LaChapelle and Weertman. It is also worth pointing out that Gilbert
was perfectly aware (though he could not prove it) that temperatures
at the base of a temperate glacier are at pressure melting point.
Indeed, on p. 91, he is almost hinting at the theory of regelation slip,
to be developed over fifty years later.

From the inter-war years, two articles only have been selected,
though once again the reason is not lack of choice. But no anthology
on this theme would be complete without reference to the work of
Frangois E. Matthes, member of the United States Geological Survey,
nor without reference to the area with which this paper deals, Yose-
mite Valley in California. Indeed, this and the preceding papers by
Johnson and Gilbert are all concerned with different aspects of the
glacial geomorphology of parts of the Sierra Nevada, but whereas the
first two are dominantly concerned with processes and detailed
features, Matthes’s monograph is the grand study on a regional
scale, concerned with the evolution of the whole area from pre-
glacial to postglacial times. The original runs to 160 pages in length
and is profusely illustrated; here, it was only possible to pick out a
portion, less than one-tenth of the whole, dealing with the extent of
modification to Yosemite by glacial erosion. Unlike W. M. Davis,
whose writings also include regional studies, Matthes considered in
some detail the processes responsible for sculpturing the landscape —
note especially his analysis of the ‘plucking’ or ‘quarrying’ mechan-
ism of glacial erosion — and attempted, to a far greater extent than
Davis, to quantify the amount of erosion achieved by ice. A selection
of his careful reconstructions of the most probable preglacial surface
(Figs. 5.2-5.8) is included, though it was not possible to include the
actual evidence (which occupies several tens of pages in the original
monograph) on which these reconstructions are based. One further
point in connection with his estimates of the depths to which ice
excavated the troughs is that Matthes was not aware (indeed, he
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could not have been, for seismic exploration techniques were not
then available) of the great depths of infilling below the trough floors
in places. In Fig. 5.5, Matthes estimates a total depth of vertical
glacial excavation of 900 ft. On the line of this section, B. Guten-
berg et al. (1956) showed that there is 1800 ft of sedimentary infill
whereas Matthes only allowed for about 200 ft. His estimate of
900 ft of erosion must therefore now be increased to 2500 ft at
this locality, and his estimate of the volume of rock removed from a
section of valley 1 yd long from 700,000 to about 1,100,000 yd3.

The remaining pre-war contribution also deals with the problem
of measuring amounts of glacial erosion, but in terms of present-day
glaciers over known periods of time. If obtainable, such data might
permit useful comparisons to be drawn between rates of erosion
attributable to glaciers on the one hand and agents such as rivers on
the other. One of the most promising methods of establishing rates
of contemporary glacial erosion is by measuring the silt discharge by
glacier meltwater streams, for it now seems probable that this silt not
only represents largely the product of glacial erosion but also that it
represents the bulk of material being produced by erosion in any
given glacier basin. The application of the method to Hoffellsjokull,
an outlet glacier of Vatnajokull, is described by Sigurdur Thor-
arinsson, and the practical difficulties involved in the method are well
illustrated. Nevertheless, the evidence-is sufficiently reliable to sug-
gest that glacial erosion beneath Hoffellsjokull is working at a rate
about five times faster than fluvial erosion in an adjacent non-
glacierised valley. The paper represents a small part and only one
aspect of the valuable results obtained by the Swedish-Icelandic
investigations of 1936-8 (H. W:son Ahlmann and S. Thorarinsson),
the forerunner of many subsequent important glaciological studies in
Iceland.

Of the seven papers selected from the years 1957-65, the first two
are from David L. Linton’s extensive published work on glacial
landforms. The first is in a journal not easily accessible to most
students, while the second attempts a broad coverage of the forms of
glacial erosion, drawing together the threads of much earlier work.
The first of the two papers is reprinted here virtually in its original
form. It is concerned to show that, as glacierisation of a landscape
progresses from the incipient stage of cirque (corrie) glaciation,
through a stage in which valley glaciers are dominant, to a stage in
which complete submergence of the relief by ice is attained, so ice
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movement becomes progressively less constrained by the underlying
relief. In the intermediate stages, the outflow from major centres of
ice dispersion may succeed in imparting a radiating pattern to the
valley system, adapting portions of existing valleys and creating new
ones by glacial erosion. Linton shows how this stage may have been
reached in the English Lake District, thus offering a hypothesis for
the origin of its present-day radial drainage quite different from the
classic hypothesis of drainage superimposition from a domed cover.

Linton’s paper of 1963 represents his Presidential Address to the
Institute of British Geographers. Its length has necessitated some
shortening, mainly by omission of sections giving further examples of
particular forms. His review concentrates in turn on ice-moulded
forms (roches moutonnées, rock drumlins, etc.); glacial troughs and
their classification (which provides a link with his 1957 paper on
radiating valleys); corries and their progressive enlargement, result-
ing in gradual destruction of divides; and finally, the ultimate ex-
pected results of prolonged glacial erosion where lateral valley
divides are overwhelmed by streaming ice and eventually reduced or
even eliminated. In this final stage of the reduction of a landscape by
glacial erosion, the last remnants of the preglacial relief may survive
as pyramidal peaks. Such a stage may well be recognisable in parts of
the Antarctic. As already noted, it is instructive to compare Linton’s
deductions on the results of prolonged glacial erosion with those of
W. M. Davis written in 1900 (p. 62 of this volume). Another impor-
tant theme touched on by Linton is that of the role of dilatation
jointing in the evolution of glacial landforms. Produced by unloading
of bedrock as erosion progresses, it is argued that these sheet-like
joint systems, parallel to the surface of unloading, powerfully affect
in turn the direction and rate of erosion. There is evidence that they
develop, for instance, parallel with the walls and floors of glacial
troughs, so that these are enlarged and deepened by the stripping-off
of successive layers of rock and, at the same time, preserve their
U-shaped section with little change. Similarly, the outlines of cirques
are related to dilatation jointing, and whereas the central portions of
arétes separating adjacent cirques are susceptible to destruction by
virtue of the intersection here of different dilatation joint systems, the
pyramidal peaks at the junctions of arétes may be relatively immune
owing to their greater distances from the centres of cirque excavation.

A particular instance of an area subjected to intense and prolonged
ice erosion in the Pleistocene is the subject of Keith M. Clayton’s
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paper. In the area of the Finger Lakes, New York State, Clayton
suggests that the work of ice has been carried to the point where
virtually the whole of the present relief is the work of ice and inde-
pendent of the preglacial form. An important general point is the
attempt to recognise zones of different intensity of glacial erosion on
the basis of the salient landform characteristics, a concept that has
been usefully applied elsewhere. In the Finger Lakes area, three
basic zones, A, B and C in increasing order of intensity of erosion,
from south to north, are described ; zone A is one in which occasional
‘through-valleys’ (breached preglacial divides) are encountered,
while at the other extreme zone C represents an area of intense
trenching and destruction of the preglacial relief, where the deep rock
basins of the Finger Lakes themselves are to be found. Clayton also
argues that, in zones A and B, although the Allegheny Plateau was
covered by ice (as shown by the Olean drift), ice erosion was negli-
gible on the plateau in comparison with the valleys trenched in the
plateau. This situation represents the phenomenon of ‘ice streaming’,
resulting in strongly selective erosion by the moving ice.

The final group of papers has a more glaciological emphasis, and
represents, in my judgement, some of the most significant work of the
last decade in its implications for glacial geomorphology. Six authors
are involved. J. W. Glen has made major contributions to know-
ledge in the field of the physics of ice and its deformation under
different conditions of stress and temperature. His co-author in the
paper describing and analysing the side-slip studies made at Auster-
dalsbreen in Norway, in 1959, was W. Vaughan Lewis. Lewis worked
extensively on glaciers and glacial geomorphology for some twenty-
five years, and no anthology concerned with ice and glaciation would
be complete without an example from his writings. His death in 1961
was a great loss to both geomorphology and glaciology. Equally
tragic was the death of one of Lewis’s most able research students,
John G. McCall. An engineer by training, he chose for his doctorate
research topic a study of the structure and movement of a Nor-
wegian cirque glacier. He approached the problem in the most direct
fashion - by organising the excavation of tunnels through the glacier
from its surface to its headwall. The editor was one of a band of
undergraduates whom John McCall fired with sufficient enthusiasm
to hack the main 120 m-long tunnel through the glacier! Barclay
Kamb and E. LaChapelle in their paper are also concerned with data
derived from a tunnel (through Blue Glacier, Washington), and in
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particular with observations of the basal sliding process which neatly
complement and add to the side-slip observations of Glen and Lewis.
The final paper by J. Weertman is included to show the extent to
which theoretical concepts in glaciology are keeping up with field
observation and experiment, and in turn are capable of throwing use-
ful light on glacial erosion processes.

The papers by Glen and Lewis, McCall, and Kamb and LaChapelle
all demonstrate the sorts of problems encountered by field measure-
ments on glaciers. Glen and Lewis describe different ways of measur-
ing side-slip and the differing reliability (and significance) of the
results. McCall’s paper conveys some impression of the immense
amount of work and data collection needed to sustain a thorough
investigation of the movement of even a small glacier covering only
about 0-1 km?. The basic problem that all three papers are studying is
how a glacier moves over and past an irregular rocky bed; it is
reasonable to expect that studies of the mechanisms involved will in
turn help to elucidate the processes by which moving ice can erode its
bed and channel sides. All three glaciers chosen forstudy are actively
slipping over their beds; basal sliding accounts for 90 per cent of total
movement in the cases of Vesl-Skautbreen (studied by McCall) and
Blue Glacier, while side-slip at Austerdalsbreen ranges from 10-65
per cent of maximum centre-line ice velocities (compare Forbes’s
findings, pp. 31-2, which gave a maximum of 70 per cent, though he
had no marker closer to the ice edge than 100 yd). Glen and Lewis’s
findings support Forbes also in that a correlation seemed to exist
between rates of side-slip and weather conditions, suggesting that
meltwater finding its way down the side wall and to the bed of the
glacier had a most important role as a lubricant. The final section of
Weertman’s theoretical discussion takes up this point, and it seems
likely that quite small increases in the thickness of a basal meltwater
film might cause disproportionately greater increases in rates of
glacier sliding. This, of course, only applies to temperate glaciers, and
it is important to stress that, because of the paucity of data on cold
glaciers, no paper could be included in this anthology to exemplify
the very different conditions relating to cold glaciers.

The form of the bedrock surface over which a glacier is sliding has
a profound influence on the rate of ice movement, as Weertman’s
discussion of the ‘controlling obstacles’ (p. 250) shows. But it is also
possible, in certain cases at least, for the type of ice movement to
play a part in determining the shape of the eroded bedrock surface.
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McCall’s studies showed conclusively that the ice of Vesl-Skautbreen
was moving, as a whole, in a rotational slip, as Lewis and others had
suspected many years previously. McCall, and J. M. Clark and Lewis
(1951), considered that such rotational movements might well be
instrumental in scouring out basins in the rock floor beneath and
would certainly contribute to the transport of debris up and over the
cirque lip. However, McCall found no evidence of the existence of
shear planes of differential rotational movement within the ice, as
had been earlier postulated.

The micro-forms of the ice-rock contact merit attention for the
information they may provide on possible erosion processes. It is
well recognised that glacial erosion consists of two distinct sets of
processes, one termed abrasion, the other plucking, quarrying or
joint-block removal. It seems likely, though there is little actual
evidence, that the second group is quantitatively the more important,
especially in rocks which are neither too coarsely nor too finely
jointed, as Matthes observed (p. 107). McCall considered that theform
of the bedrock surface exposed at the inner end of the lower tunnel
through Vesl-Skautbreen was more suggestive of abrasion than
plucking at present, and the instrument of abrasion was clearly the
30 cm-thick debris-laden ‘sole’ of the glacier (cf. Forbes’s obser-
vations, p. 36). Kamb and LaChapelle describe how the structure and
texture of the lowest layer of ice (up to about 3 cm thick) next to the
bedrock beneath Blue Glacier gave evidence of repeated freezing and
thawing or ‘regelation’, and considered that regelation slip was a
major mechanism by which ice succeeded in moving over irregular
bedrock. On the upstream side of obstacles, the greater pressure
induced melting, whereas on the lee side refreezing might occur,
especially in the commonly found subglacial cavities on the lee side.
Meltwater would flow as a thin film around the obstacle in the direc-
tion of glacier motion, while heat would move through the obstacle
in the reverse direction. Thus, as Weertman shows in his computa-
tions, the larger the obstacle the less efficient the mechanism of
regelation slip becomes. On the other hand, for smaller obstacles in
jointed rock, the freeze-thaw involved in the regelation mechanism
may also play a part in loosening particles of bedrock for transport
by the ice.

Glen, Lewis and McCall also consider the stress situation set up
when a boulder carried in the basal layers of a glacier encounters a
bedrock obstacle. The larger the boulder, the greater the force that
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the ice can exert on it. Because of the physical nature of ice, there is a
limit to the amount of pressure that it can exert on a given area —
beyond that limit, the ice ‘yields’ at an increasingly rapid rate. Glen,
Lewis and McCall suggest that a thickness of about 22 m of ice will
generate very nearly the maximum possible pressure on any boulder
or obstacle — greater thicknesses will have little greater effect. But the
force transmitted from a moving boulder to a bedrock obstacle, so
long as the ice is at least 22 m thick, will depend primarily on the
size of the boulder - i.e. the bearing surface that it presents to the ice.
If the boulder is large enough, the yield strength of the obstacle may
be exceeded and the obstacle will be sheared off. Alternatively, the
boulder may be arrested by the obstacle, when the ice will flow
around both. In time, more boulders may be brought along and
wedged around the obstacle. Then either the accumulation will grow
in size and be streamlined to form, for example, a drumlin by the
flow of ice around it, or the combined bearing surfaces of all the
newly added boulders will generate sufficient stress for the obstacle to
be at last planed off. McCall’s calculations of the possible stresses
involved are interesting and probably realistic. In the process, of
course, rock jointing will be highly significant, as Glen and Lewis
emphasise; in particular, the dilatation joints discussed by Linton
(p. 162) and Lewis (1954) will greatly help to weaken the bedrock for
this form of joint-block removal.

Another section of McCall’s paper deals with cirque headwall
sapping. Space precludes a complete discussion here, but the student
should carefully compare McCall’s conclusions with those of W. D.
Johnson over fifty years previously (p. 75), and note that McCall
considered headwall sapping by freeze-thaw action, in the case of
Vesl-Skautbreen, to be quantitatively much more effective at the
present day than basal corrasion by grinding or ‘plucking’.

Kamb and LaChapelle distinguish, both in laboratory experiments
and in the field, between two fundamental mechanisms of basal
sliding. The first of these, regelation slip, has already been mentioned;
the second derives from the ability of ice to deform under stress, to
exhibit behaviour known as ‘creep’. Creep, which depends on the
physical properties of ice, was first investigated in detail by Glen
(1955) who derived a power flow law to express its deformation, in
which the strain rate is proportional to the nth power of the applied
stress. The values of » for glacier ice are usually between 2 and 4.
This means that, with any increase in the stress applied, the rate of
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creep will rise comparatively rapidly. Hence, at the base of a glacier,
the creep mechanism allows ice to move over and around large
obstacles whose size is too great for regelation slip to be efficient.
Furthermore, beneath cold glaciers, creep is the only mechanism of
basal sliding available.

The theory of this double mechanism for the basal sliding of
temperate glaciers is investigated in the final paper by Weertman.
Where bedrock obstacles are of various sizes, the speed of sliding
will be determined, in effect, by those obstacles whose size permits
the rate of flow by regelation slip to equal the rate of flow by creep.
These are termed the ‘controlling obstacle’ sizes. For smaller ob-
stacles, the ice will move over them mainly by regelation slip; for
larger ones creep will dominate. The total speed of sliding, although
mainly determined by the controlling obstacles, will, however, also be
affected by larger obstacles to some extent. Allowing for this, Weert-
man derives the relationship (8b), p. 253. Figs. 13.1 and 13.2 demon-
strate the relationships graphically. It is of great interest that, using
data on bed roughness and basal shear stress obtained by Kamb and
LaChapelle in the tunnel beneath Blue Glacier, the speed of sliding
predicted by Fig. 13.2 is 2m a year and the predicted size of the
controlling obstacles is 4 cm. Kamb and LaChapelle, in comparison,
measured a speed of sliding of 5-8 m a year, and a regelation layer up
to 3 cm thick. The predicted and observed values are at least of the
same order of magnitude.

As I pointed out earlier, even the most recent papers selected in
this volume do not necessarily represent current opinion, which at a
time of great advance in any science is perforce changing rapidly.
Since Weertman wrote in 1964, the Journal of Glaciology has carried
further discussions and argument on the part of Weertman, Lliboutry
and others concerning the mechanics and theory of glacier sliding,
which it would be impossible to include in this anthology. But to
understand these controversies, study of Weertman’s 1964 paper is
an essential prerequisite. It is also evident that a better under-
standing of how glaciers slide over irregular rocky beds is most likely
to lead to improvements in our theories of glacial erosion, and that
theoretical studies (such as those of Weertman), laboratory studies
(such as those outlined by Kamb and LaChapelle), and field studies
(such as Glen and Lewis’s experiments) must go hand in hand. In the
field of landform studies, further advances seem likely to come from
more quantitative analyses of the forms themselves; whereas
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morphometric studies in fluvial geomorphology have been develop-
ing steadily over the last twenty-five years, the morphometry of glacial
landforms has been relatively neglected. In this field, as in the field of
process studies, the major advances of the next decade are likely to
lie.



1 Account of a Survey of the Mer de
Glace and its Environs

JAMES D. FORBES

I'T was the especial object of my journey in 1842 to observe accurately
the rate of motion of some extensive glacier at different points of its
length and breadth.

We have seen that the motion of glaciers has been for much more
than half a century universally admitted as a physical fact. It is,
therefore, most unaccountable that the quantity of this motion has in
hardly any case been even approximately determined. I rather think
that the whole of De Saussure’s writings contain no one estimate of
the annual progress of a glacier, and if we refer to other authors we
obtain numbers which, from their variety and inaccuracy, throw little
light on the question. G. J. Hugi (1842) perceived the errors arising
from a confusion between the rate of apparent advance of an increas-
ing glacier into a warm valley, whilst it is continually being shortened
by melting, and the rate of motion of the ice itself. He points out the
correct method of observation; and although his work contains no
accurate measures, he was perhaps the first who, by observing the
position of a remarkable block upon the glacier of the Aar, indicated
how such observations might be usefully made, instead of trusting
(as appears to have been the former practice) to the vague reports of
the peasantry. Hugi’s observations on the glacier of the Aar give a
motion of 2200 ft in nine years, or about 240 ft/annum. Now, in
contradiction to this, it would appear from M. Agassiz’s observations
(1840), that from 1836-9, it moved as far as in the preceding nine
years — that is, three times as fast. There is reason, however, to think,
that M. Hugi’s estimate is the more correct.

I had myself been witness to the position, in 1841, of the stone
whose place had been noted by Hugi fourteen years before, and it was
manifest that it had moved several thousand feet. In conformity with
the prevalent view of the motion of the ice being perceptible chiefly in
summer, I made the hypothesis that the annual motion may be
imagined to take place wholly during four months of the year with its
maximum intensity, and to stand still for the remainder. With this
rude guide, and supposing the annual motion of some glaciers to
approach 400 ft a year (as a moderate estimate from the previous
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data), we might expect a motion of at least 3 ft a day for a short time
in the height of summer. There appeared no reason why a quantity
ten times less should not be accurately measured, and I, therefore,
felt confident that the laws of motion of the ice of any glacier in its
various parts, and at different seasons, might be determined from a
moderate number of daily observations.

I went to Switzerland, therefore, fully prepared, and not a little
anxious to make an experiment which seemed so fruitful in results,
and though so obvious, still unattempted.

The unusually warm spring of 1842, gave me hopes of commencing
my operations earlier than the glaciers are usually frequented; and it
was evident, that, to detect the effect of the seasons on the motion of
the ice, they could not be too soon begun. I left Paris on the 9th of
June, by the malle poste for Besangon. After spending a day at Neuf-
chitel, I proceeded to Berne to visit M. Studer, and from thence I
went to Bex, to make the acquaintance of M. de Charpentier, with
whose geological and other writings I had so long been familiar. I
only allowed myself a hasty visit to my friends at Geneva, and left
that town with lowering weather, on the 23rd June, for Chamouni,
determined to await its clearing, and then proceed at once to the Mer
de Glace. No patience was, however, required. The weather cleared
that very day, and reaching Chamouni early on the following one, I
made the requisite arrangements at the village, and leaving my bag-
gage to follow, I proceeded straight to the Montanvert.

I resolved to commence my experiments with the very simple and
obvious one of selecting some point on the surface of the ice, and
determining its position with respect to three fixed co-ordinates, having
reference to the fixed objects around; and, by the variation of these,
to judge of the feasibility of the plans which I had laid out for the
summer campaign. One day (the 25th) was devoted to a general
reconnaissance of the glacier, throughout a good part of its length,
with a view to fixing permanent stations; and the next I proceeded, at
an early hour, to the glacier opposite to the rocky promontory on the
west side of the Mer de Glace, called L’Angle, thirty minutes’ walk
from the Montanvert, which presented a solid wall of rock in contact
with the ice, so that upon the former, as upon a fixed wall or dial,
might be marked the progress of the glacier as it slid by. The instru-
ment destined for the observations was the small astronomical circle,
or 4} in. theodolite, supported on a portable tripod. A point of the ice
whose motion was to be observed, was fixed by a hole pierced by



Survey of the Mer de Glace 23

means of a common blasting iron or jumper, to the depth of about
2 ft. At first, I was much afraid of the loss of the hole by the melting
of the ice, and the percolation of water from day to day; but I soon
found that very little precaution was necessary on this account, and
that such a hole is really a far more permanent mark than a block of
stone several tons in weight resting on the ice, which is very liable to
change of position, by being raised on a pedestal, and finally slid into
some crevasse.

An accurate vertical hole being made, the theodolite was nicely
centred upon it by means of a plumb line, and levelled. A level run
directly to the vertical face of rock, gave at once the co-ordinate for
the vertical direction, or the height of the surface of the glacier. The
next element was the position or co-ordinate parallel to the length or
direction of motion of the glacier. This was obtained by directing the
telescope upon a distant fixed object, nearly in the direction of
the declivity of the glacier, and which object was nothing else than the
south-east angle of the house at the Montanvert, distant 5000 ft. The
telescope was then moved in azimuth exactly 100° to the left, and
thus pointed against the rocky wall of the glacier, which was here very
smooth and nearly perpendicular, owing to the friction of the ice and
stones. My assistant was stationed there with a piece of white paper,
with its edge vertical, which I directed him by signs to move along the
surface of the rock until it coincided with the vertical wire of the
telescope. Its position was then marked on the stone with a pencil,
and the positions of successive pencil marks were carefully measured
by a tape or ruler from day to day. Marks were then indented in the
rock with a chisel, and the mark painted red with oil paint, and the
date affixed. These marks, it is believed, will remain for several years.
The station on the ice was distant 250 ft from the rock, and, by
repeating the observation frequently, Ifound that it could be depended
on to about one-fourth or one-third of an inch.

The third co-ordinate, or that which should measure the distance of
the station from the rock was not so accurately ascertained. No ready
means offered itself for ascertaining with quickness and accuracy any
variation of distance in respect to the breadth of the glacier. Whilst I
admit that this would have been an advantage, I may observe that in
most cases there is no reason to doubt that the motion of the ice is
sensibly parallel to its length, and that any small error in the direction
would scarcely affect the result. The direction of motion of the ice is
unequivocally proved by the direction of the moraines, which are an
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external indication of that motion. In general, therefore, I have
measured the movement of the ice parallel to the moraines where they
were well marked. I am of opinion, however, that a check of some
kind, such as the measurement of a third co-ordinate, would be
advantageous where applicable.

THE MOTION OF THE MER DE GLACE

It was with no small curiosity that I returned to the station of the
‘Angle’ on the day following the first observation. The instrument
being pointed, and adjusted as already described, and stationed above
the hole pierced in the ice the day before, when the telescope was
turned upon the rock the red mark was left far above, the new position
of the glacier was 16-5 in. lower (that is, more in advance) than it had
been 26 hr previously. Though the result could not be called un-
expected, it filled me with the most lively pleasure. The diurnal
motion of a glacier was determined (as I believe) for the first time,
from observation, and the methods employed left no doubt of its
being most accurately determined. But a question of still greater
interest remained behind. Was this motion a mean and continuous
one, or the result of some sudden jerk of the whole glacier, or even the
partial dislocation of the mass of ice on which I stood? This could
only be tested by successive days’ trial, and I awaited the result with
doubt and curiosity. Of this I was persuaded, that if the motion
should appear to be continuous, and nearly uniform, it could not be
due to the mere sliding of the entire glacier on its bed, as De Saussure
supposed; for, admitting the possibility of gravity to overcome such
intense friction as the bed of a glacier presents, it seemed to me quite
inconsistent with all mechanical experience that such a motion, unless
so rapid as to be an accelerated one, and that the glacier should slide
before our eyes out of its hollow bed (which would be an avalanche),
could take place, except discontinuously, and by fits and starts. To
this most elementary question no answer founded on direct experience
is to be found, so far as I know, in any work; and although the whole
theory might turn upon so simple a point, as whether the glacier flows
down evenly, or moves by jerks, opinions seem hitherto to have been
divided. On the 28th June 1842 I therefore hastened with not less
interest to my post, and found that in 25} hr the advance had been
17-4 in., nearly the same, though somewhat more rapid, than on the
previous day. I no longer doubted that the motion was continuous,
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but I hastened to put it to a still more severe test. I proposed to com-
pare the diurnal and nocturnal march. I fixed its position at 6 p.m. on
the 28th, and next morning by 6 o’clock I was again stationed on the
glacier. It had moved 8 in., or exactly half the mean daily motion
already observed. The night had been cold; the ice was still frozen,
though the temperature of the air had already risen to 40°F; a
thermometer laid on the ice stood at 36°F. If congelation had resulted,
during the night, so as to freeze the water in the capillary fissures,
nearly the whole motion of the 24 hr ought to have taken place
whilst the glacier froze: but not at all: from 6 a.m. to 6 p.m. of the
28th, the glacier advanced 9-5 in., giving a total motion of 17-5 in. in
24 hr, somewhat greater than either of the preceding days, the
motion appearing to increase as the warm weather continued and
increased in intensity: at least so I interpreted it. The same afternoon
I had no difficulty in detecting the advance of the glacier, during an
interval of an hour and a half. The continuify of motion was thus
placed beyond a doubt. The marks on the rock indicated a regular
descent in which time was marked out as by a shadow on a dial.

The following morning (30th June) at 6 o’clock, the glacier was
8-5in. in advance, and during the succeeding 12 hr of day, 8:9in.,
making together 17-4 in. for the 24 hr, a result not differing sensibly
from that of the day before.

I observed distinctly the progress of the glacier on the 30th from
5-6 p.m., and on this occasion, as on the day before, it appeared to
me that the motion at that time of day was more rapid than the mean
motion. The motion in 24 hr for these 4 days had been:

152, 16:3, 17-5, 17-4in.,

a variation which I believed to be by no means accidental, but due to
the increasing heat of the weather.

These results were the more interesting (and with respect to their
regularity the more unexpected) because the spot where they were
made was a part of the ice deeply crevassed. It had been selected on
account of the proximity of the naked rock; but though the most solid
accessible part of the ice was chosen for the station A, it was sur-
rounded by chasms in every direction, and the glacier in nearly all its
breadth between the Angle and the Echellets is (in ordinary language)
impassable on account of its dislocated and shattered condition. Yet
amidst all this turmoil and confusion there were no fits of advance, no
halts, but an orderly continuous progression.
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But during the last week of June, in which, stimulated by the extra-
ordinary fineness of the weather, and the fresh interest of every day’s
experiments, I spent from 12-14 hr daily on the glacier — I was able
to make other observations of interest to the theory, and not less
consistent with one another. I fixed two points in the ice by bored
holes a little way below the Montanvert, one near the side, the other
near the centre of the glacier. Most authors, I believe, have asserted,
that the sides of the glacier move faster than the centre. (See, for
example, L. Agassiz (1840) p. 167.) But this seemed worthy of proof.
Stationing my theodolite, not upon the ice, but upon the lofty
western bank at the station D, on a great boulder 60 yd in a direction
north, 40° east (magnetic) from the south-east corner of the house of
the Montanvert, I levelled it carefully, and then turning the telescope
so as to point across the glacier to the rocks on the opposite side, by
unclamping the telescope I caused it to describe a vertical great circle.
Icaused a tall cross (D 1) to be painted in red bordered with white on
a face of rock opposite, making an angle of 118° with the corner of
the Montanvert already mentioned, and distant from D 2898 ft.

By pointing the telescope upon the cross, and then causing it to
describe a vertical circle (like a transit instrument adjusted upon a
meridian mark) the velocity of the different parts of the glacier could
be determined as they flowed past. Two stations, as has been said,
were first fixed upon and marked by vertical holes in the ice renewed
from time to time; the first D 2 was about 300 ft from the west bank
of the glacier, therefore, nearly corresponding in position to station
A, which was 5200 ft higher up; the other, marked D 3, was 795 ft
farther east, or rather beyond the centre of the glacier, being within
150 ft of the first moraine. It is, however, very near the centre.

Side (D 2) Centre (D 3)
From 29th June to 1st July the motion
in 24 hr, was . . . . 17-Sin. 27-1in.

Here, then, was a difference not to be mistaken, and the near
coincidence of the side station with the result at station A, I con-
sidered at the time confirmatory of its accuracy. Henceforth, I
entertained no doubt that the generally received opinion is incorrect,
and that the glacier stream, like a river, moves fastest towards its
centre.

In the same line across the glacier with D 2 and D 3, several other
stations were afterwards fixed with a view to test the modification of



Survey of the Mer de Glace

27

velocity depending on the distance from the bank or edge of the
glacier. These measures proved that the velocity of the central parts is
nearly alike, and that the greatest differences in velocity are close to
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the side, where friction may be expected to act exactly as in a current

of water.

At later periods, there were added further points of observation

(shown on Fig. 1.1).

A careful examination of Table 1.2 will confirm the following
deductions, more full and explicit than those which my first
week’s observations afforded, and which lay down, I believe for the
first time, the General Laws of the Motion of a Glacier deduced from

observation.
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Table 1.2 Mean daily glacier motion

D2 D3 B1
in. in. in.
June 29- 1July 175 June 29- 1 July 27-1 June 30- 2 Aug 10-8
July 1-28 173 July 1-28 July 257 Aug 2-6 10-0
28— 1 Aug 162 28- 1 Aug 210 6-17 Sept  9-7
Aug 1-9 166 Aug 1-16 Sept 24-0
9-16 Sept 180  Sept 16-17 237
Sept 16-17 169 17-20 20-3 B2
17-18 13-8 20-26 20-4  June 30- 2 Aug 138
18-19 131 26-28 225 Aug 2-4 140
19-20 163 46 1425
20-26 142 6-17 Sept 104
26-28 19:5 A
June 26-27 June 15-2 B3
D4 27-28 163  Aug 4- 6Aug 180
July 28- 1 Aug 21-0 28-29 175 6-17 Sept 126
Aug 1-9 247 29-30 174
30-28 July 14-0
D5 July 28- 1 Aug 136
Sept 17-19 Sept 186 Aug 1-9 154 E1l
19-20 203 9-16 Sept 130 July 29- 2 Aug 113
20-26 192 Sept 16-26 11115 Aug 2-8 143
26-28 252 8-25 Sept 11-3
D6 C E2
Sept 17-20 Sept 197  June 27-30 June 102 July 29- 2 Aug 135
20-26 20-1 30- 2Aug 99 Aug 2-8 163
26-28 237  Aug 2-17 Sept 87

THE LAWS OF GLACIER MOTION

L. The motion of the higher parts of the Mer de Glace is, on the whole,
slower than that of its lower portion; but the motion of the middle
region is slower than either.

I'had not failed to point out, when I proposed the determination of
the velocity of different points of a glacier, as a test of the cause of its
motion, that this must depend materially upon the form of its section
at different parts. The velocity of a river is greatest where it narrows,
and is small in the large pools. Just so in the Mer de Glace. It is truly
a vast magazine of ice, with a comparatively narrow outlet, as the
map distinctly shows; the two glaciers of the Géant and Léchaud,
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uniting just above the strait formed by the promontories of Trélaporte
and the Couvercle. Hence results, as we have seen, the great ice basin,
where we have reason to conclude (as before observed), that the
glacier attains a greater thickness than at any other part, and thus,
though the breadth of the two confluent glaciers taken separately is
greater than after their union, being, undoubtedly, much shallower
there, their area of section is smaller, and therefore the velocity of the
ice will be greater. There will, indeed, be always a condensation of the
ice within the triangle BHG, owing to the resistance opposed to its
egress; and here, accordingly, the surface of the ice is most level. It is
not indeed strictly true, that the quantity of ice passing through any
section of the glacier in a given time, is exactly equal; because there
is fusion and evaporation, amounting to an actual loss of substance,
between any two sections, and this becomes especially obvious near
the lower extremity of the glacier. There is, therefore, no ground for
surprise at the fact, that the middle part of the glacier moves forward
slower than the higher parts. Had the glacier continued to expand in
breadth, as very many glaciers do, no check would have occurred,
and the anomaly would have disappeared.

IL. The Glacier du Géant moves faster than the Glacier de Léchaud,
in the proportion of about seven to six. The vast mass of the former
glacier tends to overpower the other, in some measure, and it takes
the lion’s share of the exit through the strait between Trélaporte and
the Couvercle, squeezing the ice of Léchaud and Taléfre united, into
little more than one-third of the breadth of the whole. It is to this
circumstance that I impute the excessively crevassed state of the
eastern side of all the Mer de Glace, which renders it almost impos-
sible to be traversed; the ice is tumultuously borne along, and, at the
same time, squeezed laterally by the greater velocity and mass of the
western branch.

II1. The centre of the glacier moves faster (as we have seen) than the
sides. When two glaciers unite, they act as a single one in this respect,
just as two united rivers would do. Now this variation is most rapid
near the sides, and a great part of the central portion of the glacier
moves with no great variation of velocity. Thus we find that four
stations taken in order, from the side to the centre of the glacier (or a
little beyond it), have the following rates of motion:

Station D 2 D 4/5 D6 D3
1-000 1-375 1:356 1-398
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Or if we compare observations made all at the same season of the
year (September), we shall find the increase of velocity in every case,
Station D 2 D 4/5 D6 D3

1-000 1-332 1-356 1-367

The first point was 100 yd from the edge of the glacier; the next 130yd
farther. In this short space the velocity had increased above a third part.

The explanation which we offer of this, as due to the friction of the
walls of the glacier, would lead us to expect such a law of motion.
The retardation of a river is chiefly confined to its sides; the motion
in the centre is comparatively uniform.

Similar reasoning would lead us to expect that (supposing the
glacier to slide along its base) the portions of ice in contact with the
bed of the valley will be retarded, and the superficial parts ought to
advance more rapidly. The change of velocity in this case also, will be
greatest near the bottom.

IV. The difference of motion of the centre and sides of the glacier
varies (1) with the season of the year, and (2) at different parts of the
length of the glacier.

(1) The following numbers show the velocity ratios of the centre
and side of the glacier, near the Montanvert, at the marks D 3 and
D 2, during different parts of the season 1842:

Relative velocity,

D3:D2
June 29-July 1 1-548
July 1-July 28 1-489
July 28-September 16 1-349

September 16-September 28 1-367

In general, therefore, the variation of velocity diminished as the
season advanced; we shall presently show that it was very nearly pro-
portional to the absolute velocity of the glacier at the same time.

(2) The variation of velocity with the breadth of the glacier is least
considerable in the higher parts of the glacier or near its origin. Thus,
if we compare the velocities of station C, and the mark B 1 on the
Glacier de Léchaud near the Tacul, the former being near the side,
the latter near the centre of the glacier, we find

Relative velocity,
B1:C
June 30-August 2 1-09
August 2-September 17 112
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Again, higher up the same glacier, opposite E, we have the velocity
ratios at the centre and side of the glacier:

E2:E1
July 29-August 2 1-19
August 2-August 8 1-14

This ratio is indeed a little greater than the preceding, which corre-
sponds with the fact which we have already found, that the absolute
velocity of the glacier is greater at E than at C. Hence, it is highly
probable in every case that the variation of velocity in the breadth of
a glacier is proportional to the absolute velocity, at the time, of the ice
under experiment. This is further confirmed by the velocities of the
Glacier du Géant at the marks B 2 and B 3, of which the former is
near the side and the latter near the centre:

Velocity ratio,

B3:B2
August 4-August 6 1-30
August 6-September 17 1-21

Now the absolute velocity of this glacier is greater than that of
Léchaud, but less than that at the Montanvert.

V. The motion of the glacier generally, varies with the season of the
year and the state of the thermometer. Perhaps the most critical con-
sideration of any for the various theories of glacier motion is the
influence of external temperature upon the velocity. In this respect my
observations, though confined only to the summer and autumn, are
capable of giving pretty definite information. Indeed, one circum-
stance which on other accounts I had much reason to regret, I mean
the rigorous weather of the month of September, which hindered many
of my undertakings, gave me an opportunity of observing the effect of
the first frosts, and thus establishing some important facts as to the
influence of cold and wet upon the glacier. This I apprehend to be
clearly made out from my experiments, that thawing weather and a wet
state of the ice conduces to its advancement, and that cold, whether
sudden or prolonged, checks its progress. The rapid movement in the
end of June which is perceptible at D 2, D 3, A and C, is due to the
very hot weather which then occurred, and the very marked reduc-
tion at the end of July, to a cold week which occurred at that period.
The striking variations in September, especially at the lower stations,
which were frequently observed, prove the connection of temperature
with velocity to demonstration.

2
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During the continuance of the cold weather, accompanied by snow,
from the 18th to the 27th September, it will be observed that the
glacier motion was visibly retarded at all the lower stations which
were then observed. During this period the thermometer fell at the
Montanvert to 20°F; but when mild weather set in again, the glacier
became clear of snow (which took place in the lower part on the 27th)
and being thoroughly saturated with moisture, it resumed a march as
rapid as that of the height of summer.

A THEORY OF GLACIER MOTION

After the detailed though scattered deductions which have been made
in the course of this work, from observations on the Movement and
Structure of Glaciers, as to the cause of these phenomena, little
remains to be done but to gather together the fragments of a theory
for which I have endeavoured gradually to prepare the reader, and by
stating it in a somewhat more connected and precise form, whilst I
shall no doubt make its incompleteness more apparent, I may also
hope that the candid reader will find a general consistency in the
whole, which, if it does not command his unhesitating assent to the
theory proposed, may induce him to consider it as not unworthy of
being further entertained.

My theory of Glacier Motion then is this: A Glacier is an imperfect
Sfluid, or a viscous body, which is urged down slopes of a certain
inclination by the mutual pressure of its parts.

The sort of consistency to which we refer may be illustrated by that
of moderately thick mortar, or of the contents of a tar-barrel, poured
into a sloping channel. Either of these substances, without actually
assuming a level surface, will tend to do so. They will descend with
different degrees of velocity, depending on the pressure to which they
are respectively subjected — the friction occasioned by the nature of
the channel or surface over which they move —and the viscosity, or
mutual adhesiveness, of the particles of the semifluid, which prevents
each from taking its own course, but subjects all to a mutual con-
straint. To determine completely the motion of such a semifluid is a
most arduous, or rather, in our present state of knowledge, an im-
practicable investigation. Instead, therefore, of aiming at a cumbrous
mathematical precision, where the first data required for calculation
are themselves unknown with any kind of numerical exactness, I shall
endeavour to keep generally in view such plain mechanical principles
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as are, for the most part, sufficient to enable us to judge of the com-
parability of the facts of Glacier Motion with the conditions of viscous
or semifluid substances.

Now, in all these respects, we have an exact analogy with the facts
of motion of a glacier, as observed on the Mer de Glace.

First, we have seen that the centre of the glacier moves faster than
the sides (p. 32). We have not indeed extended the proof to the top
and bottom of the ice-stream, for it seems difficult to make this
experiment in a satisfactory manner. In the case of a glacier 600 ft
deep, the upper 100 ft will move nearly uniformly, on the principles
already mentioned; hence, crevasses, formed from year to year, will
not incline sensibly forwards on this account, especially as the action
of trickling water is to maintain the verticality of the sides. I have no
doubt that glaciers slide over their beds, as well as that the particles
of ice rub over one another, and change their mutual positions.

Secondly, the chief variation of velocity is, we have seen, near the
sides.

Thirdly, the amount of lateral retardation depends upon the actual
velocity of the stream under experiment ; whether we consider different
points of the glacier, or the same point at different times.

Fourthly, the glacier, we have seen, like a stream, has its still pools
and its rapids. Where it is embayed by rocks, it accumulates - its
declivity diminishes, and its velocity at the same time; when it passes
down a steep, or issues by a narrow outlet, its velocity increases.

The central velocities of the lower, middle, and higher regions of
the Mer de Glace are:

1-398 0-574 0-925

And if we divide the length of the glacier into three parts, we shall
find something like these numbers for its declivity:

15° 43° 8°

Lastly, when the semifluid ice inclines to solidity during a frost, its
motion is checked; if its fluidity is increased by a thaw, the motion is
instantly accelerated. Its motion is greater in summer than in winter,
because the fluidity is more complete at the former than at the latter
time. The motion does not cease in winter, because the winter’s cold
penetrates the ice as it does the ground, only to a limited extent. It is
greater in hot weather than in cold, because the sun’s heat affords
water to saturate the crevices: but the proportion of velocity does not
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follow the proportion of heat, because any cause, such as the melting
of a coating of snow by a sudden thaw, as in the end of September
1842, produces the same effect as great heat would do. Also, whatever
cause accelerates the movement of the centre of the ice increases the
difference of central and lateral motion.

THE WEAR OF ROCKS BY GLACIERS

There can be no doubt from observation, that a glacier carries along
with its inferior surface a mass of pulverised gravel and slime, which,
pressed by an enormous superincumbent weight of ice, must grind and
smooth the surface of its rocky bed. The peculiar character of glacier
water is itself a testimony to this fact. Its turbid appearance, con-
stantly the same from year to year, and from age to age, is due to the
impalpably fine flour of rocks ground in this ponderous mill betwixt
rock and ice. It is so fine as to be scarcely depositable. No one who
drives from Avignon to Vaucluse can fail to be struck with the con-
trast of the streams, artificially conveyed on one and on the other side
of the road, in order to irrigate the parched plain of Provence. The
one is the incomparably limpid water of Petrarch’s fountain; the
other an offset from the river Durance, which has carried into the
heart of this sun-burnt region the unequivocal mark of its birth
amidst the perpetual snows of Monte Viso. This is the pulverizing
action of ice.

Most erroneously have those argued who object to this theory that
ice cannot scratch quartz — ice is only the setting of the harder frag-
ments, which first round, then furrow, afterwards polish, and finally
scratch the surface over which it moves. It is not the wheel of a
lapidary which slits a pebble, but the emery with which it is primed.
The gravel, sand and impalpable mud are the emery of the glacier.

When the ice of the Brenva glacier abuts against the foot of Mont
Chétif, it is violently forced forward, as if it would make its way up
the face of the hill. Here the contact of the ice and soil is very well
seen; and we were able to discover a point of contact between the
limestone and a protuberant mass of ice which admitted of easy
removal, thus showing the immediate action of the ice and rock. The
soil near the ice appeared to have been but recently exposed by the
summer’s melting of the ice. It was chiefly composed of clayey
debris from the blue limestone. A piece of fixed rock opposed the ice,
and was still partly covered by a protuberance of the glacier, which
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we speedily but gently cut away with the hatchet. The ice removed, a
layer of fine mud covered the rock, not composed, however, alone of
the clayey limestone mud, but of sharp sand, derived from the granitic
moraines of the glacier, and brought down with it from the opposite
side of the valley. Upon examining the face of the ice removed from
contact with the rock, we found it set all over with sharp angular
fragments, from the size of grains of sand to that of a cherry, or
larger, of the same species of rock, and which were so firmly fixed in
the ice as to demonstrate the impossibility of such a surface being
forcibly urged forward without sawing and tearing any comparatively
soft body which might be below it. Accordingly, it was not difficult
to discover in the limestone the very grooves and scratches which
were in the act of being made at the time by the pressure of the ice and
its contained fragments of stone. By washing the surface of the lime-
stone we found it delicately smoothed, and at the same time fur-
rowed in the direction in which the glacier was moving, that is,
against the slope of the hill.



2 Glacial Erosion in France,
Switzerland and Norway

WILLIAM MORRIS DAVIS

EIGHTEEN years ago I presented to this Society an essay on Glacial
Erosion, in which my own observations were supplemented by a
review of all that I could find written on the subject in the hope of
reaching some safe conclusion regarding what was then (as it is still)
a mooted question. Although recognizing effective erosion to depths
of ‘a moderate number of feet’ where ice pressure was great and
motion was rapid, in contrast to deposition where pressure and motion
were reduced and where the amount of subglacial drift was excessive,
I could not at that time find evidence to warrant the acceptance of
great glacial erosion, such as was advocated by those who ascribed
Alpine lakes and Norwegian fiords to this agency. In a retrospect
from the present time, it seems as if one of the causes that led to my
conservative position was the extreme exaggeration of some glacialists,
who found in glacial erosion a destructive agency competent to
accomplish any desired amount of denudation —an opinion from
which I recoiled too far. Since the publication of my previous essay I
had gradually come to accept a greater and greater amount of glacial
erosion in the regions of active ice motion; but in spite of this slow
change of opinion, the maximum measure of destructive work that,
up to last year, seemed to me attributable to glaciers was moderate;
and it was therefore with great surprise that I then came upon certain
facts in the Alps and in Norway which demanded wholesale glacial
erosion for their explanation. The desire of some years past to revise
and extend my former essay then came to be a duty, which it is the
object of this paper to fulfil.

My former revision of the problem divided the arguments for
glacial erosion under four headings: observations on existing
glaciers and inferences from these observations; the amount and
arrangement of glacial drift; the topography of glaciated regions;
and the so-called argument from necessity — that is, the belief that
glaciers must have done this and that because nothing else competent
to the task could be found. It is not possible for me at present to
review all the new material pertinent to the whole problem; attention
can be given here chiefly to a few examples under the third heading.
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A GLACIATED VALLEY IN CENTRAL FRANCE

It is evident that, if it were possible to obtain a definite idea of the
preglacial topography of a glaciated district, the amount of glacial
work might be readily determined as the difference between the pre-
glacial and the present form; independent evidence sufficing to prove
that general denudation of the rocky crust in the brief postglacial
epoch had been inconsiderable. In the glaciated area of the Central
Plateau of France, I had opportunity in January, 1899, of seeing a
valley that had been locally modified to a determinate amount by a
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glacier that once descended northwest from the Cantal along the
valley of the Rhue to the junction of the latter with the Dordogne.
Outside of the glaciated area, the valleys of the plateau - an uplifted
and sub-maturely dissected peneplain, mostly of crystalline rocks —
frequently follow incised meandering courses, in which the steep
concave slopes are regularly opposed to the gentler convex slopes;
the latter being spur-like projections of the uplands, advancing
alternatively from one and the other side of the valley. Valleys of this
kind are singularly systematic in form, as the result of the combined
downward and outward cutting by their streams which, already
winding or meandering when the erosion of the valleys began, have
increased the width of their meander belt while they deepened their
valleys. On entering the glaciated valley of the Rhue, it is found that
the regularly descending spurs of the non-glaciated valleys are repre-
sented by irregular knobs and mounds, scoured on their up-stream
and plucked on the down-stream side; and that the cliffs formed
where the spurs are cut off, as in Fig. 2.1, are sometimes fully as strong
as those which naturally stand on the opposite side of the valley. The
spurs generally remain in sufficient strength to require the river to

th 2.1 The glaciated valley of the Rhue
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follow its preglacial serpentine course around them, but they are
sometimes so far destroyed as to allow the river to take a shorter
course through what was once the neck of a spur. The short course is
not for a moment to be confounded with the normal cut-offs through
the narrowed necks of spurs, such as are so finely exhibited in the
meandering valleys of the Meuse and the Moselle. The short courses
are distinctly abnormal features, like the rugged knobs to which the
once smooth-sloping spurs are now reduced; they are sometimes
narrow gorges incised in the half-consumed spurs, and in such cases,
the displacement of the Rhue from its former roundabout course is
probably to be explained by constraint or obstruction by ice.

It was thus possible in the valley of the Rhue to make a definite
restoration of preglacial form, and to measure the change produced
by glaciation. The change was of moderate amount, but it was highly
significant of glacial action, for it showed that while a slender, fast-
flowing stream of water might contentedly follow a serpentine course
at the bottom of a meandering valley, the clumsy, slow-moving
stream of ice could not easily adapt itself to so tortuous a path. The
more or less complete obliteration of the spurs was the result of the
effort of the ice stream to prepare for itself a smooth-sided trough of
slight curvature; and if the rocks had been weaker, or if the ice had
been heavier, or if the glacial period of the Cantal had lasted longer,
this effort might have been so successful as to have destroyed all
traces of the spurs. Fortunately the change actually produced, only
modified the spurs, but did not entirely destroy them; and their
rugged remnants are highly significant of what a glacier can do.

ROCKY KNOBS IN GLACIATED AREAS

On thus generalizing the lesson of the Rhue, it is seen that, just before
the complete obliteration of the spurs, some of their remnant knobs
may be isolated from the uplands whence these preglacial spurs
descended. It is out of the question to regard the ruggedness of such
knobs as an indication of small change from their preglacial form, as
has been done by some observers. The ruggedness is really an indica-
tion of the manner in which a glacier reduces a larger mass to smaller
dimensions, by plucking on the down-stream side as well as by scour-
ing on the up-stream side. It is possible that knobs in other glaciated
valleys than that of the Rhue may be of this origin; they should then
be regarded not as standing almost unchanged and testifying to the
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incapacity of glacial erosion, but as surviving remnants of much
larger masses, standing, like monadnocks above a peneplain, as
monuments to the departed greater forms. The two knobs at Sion
(Sitten) and the Maladeires, all detached from Mont d’Orge in the
upper valley of the Rhone, the hills of Bellinzona in the valley of the
Ticino, the rocks of Salzburg where the Salzach emerges from the Alps,
and even the Borromeo islands in Lake Maggiore, may perhaps be
thus interpreted. Rugged as these knobs may be on the down-stream
side, it would be an unreasonable contradiction of the conclusions

Fig. 2.2 Glaciated knobs on the Central Plateau of France

based on observations of many kinds to maintain that their rugged-
ness was of preglacial origin.

The ice stream from the Cantal at one time expanded sufficiently
to flood the uplands bordering the valley of the Rhue, where it
produced changes of a most significant kind. The neighboring un-
glaciated uplands are of systematic form; broad, smoothly arched
masses rise, round-shouldered, between the narrow valleys that are
incised beneath them; the uplands are as a rule deeply soil-covered,
and bare ledges prevail only on the stronger slopes of the young
valleys that have been eroded since the peneplain was raised to its
present upland estate. But within the glaciated area near the Rhue,
the broadly rounded forms of the uplands are replaced by a succes-
sion of most irregular rocky knobs, from which the preglacial soils
have been well scoured away, as in Fig. 2.2. This seems to be a form
most appropriate to glacial action on a surface that had been
weathered to variable depths in preglacial time. The ice action
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sufficed to rasp away the greater part of the weathered material, and
to grind down somewhat the underlying rock, often giving the knobs
a rounded profile; but it did not nearly suffice to reduce the rocky
surface to an even grade. The ice action seems here to have resembled
that of a torrent which might sweep away the waste on a flood plain
and lay bare and erode the rock ledges beneath; but whose duration
was not sufficient to develop a graded floor appropriate to its current.

Another example of this kind seems to occur where the huge glacier
of the Inn, escaping from its well-enclosed channel within the moun-
tains, once spread forward in a great fan of ice over the foot-hills at
the northern border of the Alps and crept out upon the piedmont
plain. The glance that I had at this foot-hill district from a passing
train gave me the impression that its ruggedness was much greater
than usually obtains along the mountain flanks; as if the rolling hills
of preglacial time had been scoured to an increasing roughness by an
overwhelming ice-flood that would, if a longer time of action had
been permitted to it, have worn down all the inequalities to a smooth,
maturely graded floor.

THE VALLEY OF THE TICINO

My first entrance into the Alps last year was from the south by the
valley of the Ticino. Thirty-one years before I had followed the
same valley and admired its bold sides and its numerous waterfalls;
but at that time nothing was noticed that seemed inappropriate to the
general idea of the erosion of valleys by their rivers. Thirty years is a
long enough time for one to learn something new even about valleys,
and on my second visit it was fairly startling to find that the lateral
valleys opened on the walls of the main valley of the Ticino 500 ft
or more above its floor, and that the side streams cascaded
down the steep main-valley walls in which they have worn
nothing more than narrow clefts of small depth. This set me wonder-
ing, not only as to the meaning of so peculiar an arrangement of
valleys and streams, but also as to the reason why so peculiar an
arrangement should not have sooner attracted attention as an excep-
tional characteristic of Alpine topography. Playfair long ago, when
describing the relation of side valleys to their trunk, showed clearly
that they had ‘such a nice adjustment of their declivities that none of
them join the principal valley either on too high or too low a level: a
circumstance which would be infinitely improbable if each of these
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vallies were not the work of the stream that flows in it’ (1802, 102);
yet the whole course of the passing century has hardly sufficed to
make full application of this law. So much latitude is usually allowed
in the relation of branch and trunk valleys that hundreds of observers,
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Fig. 2.3 Val d’Osogna, a hanging lateral valley of the Ticino

many of whom must have been cognizant of Playfair’s law, have
made no note of the extraordinary exceptions to it that prevail in the
glaciated valleys of the Alps. Even the most pronounced advocates
of glacial erosion, with a few exceptions to be noted below, have been
silent regarding the remarkable failure of adjustment between the
declivities of lateral and main glaciated valleys. Indeed, in reviewing
the writings of those who have accepted a large measure of glacial
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erosion, one must be struck with the undue attention that they have
given to lake basins and the relative inattention to valleys. This dis-
proportion is probably to be explained as a result of the greater
contrast that prevails between a river and a lake than between a
river and its branch;; it is perhaps for this reason that the attention of
geologists and geographers has generally been directed to the origin
of lakes rather than to the relation of branch and trunk streams, even
when the former cascade from their lateral valleys into the main
valley. That glacial erosionists made so little claim for the general
deepening of glaciated valleys while they demanded a great deepening
of those parts of valleys which have been scoured down to form lake
basins, has always seemed to me a difficulty in the way of accepting
the demanded measure of lake-basin erosion; and this difficulty was
supported by the well-attested observation that the side slopes of
glaciated valleys manifest no marked or persistent increase of declivity
in passing from above to below the limit of glaciation. If glaciers had
scoured out deep lake basins, like those of Maggiore and Geneva,
they ought to have significantly deepened the valleys up-stream from
the lakes; and if the valleys were thus significantly deepened, it
seemed as if their slopes should be steeper below than above the limit
of glacial action. The denial of the latter requisite seemed to me to
carry with it the denial of the two preceding suppositions.

-

William Morris Davis

FEATURES OF STRONGLY GLACIATED VALLEYS

It is true that the uppermost limit of glaciation, QR, Fig. 2.4, in
Alpine valleys is not attended by a persistent change in the steepness
of the valley sides, 4E, CJ; but on descending well within the glaciated
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Fig. 2.4 Section of a glaciated valley
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valley, a very strong change may usually be found in the slope of the
valley walls. The larger valleys, once occupied by heavy glaciers from
the lofty central snow fields, are characterized by ‘basal cliffs’, EF,
JH, that rise several hundred or even a thousand feet above their
broad floors, and thus enclose what may be called a ‘bottom trough’,
EFHJ, half a mile or a mile wide. The basal cliffs are comparatively
straight-walled; they have no sharp spurs advancing into the valley
floor. The rock floor, G, Fig. 2.4, is buried by gravels, FH, to an
unknown depth. It is only from the benches above the basal cliffs
that the valley sides flare open with maturely inclined slopes; and it
is at a moderate depth beneath the level of the benches at the top of
these basal cliffs that the lateral valleys, DK, open on the walls of the
main valley.

The bottom trough within the basal cliffs and beneath the lateral
valleys seems to be of glacial origin. It is in the first place a char-
acteristic feature of all the larger glaciated Alpine valleys, as I am
assured by Professors Penck, Briickner and Richter, with whom the
matter was discussed in the summer of 1899. The non-glaciated valleys
manifest no such peculiar form. It is not simply that the terminal
portion, JBK, of a lateral valley has been cut off by the glacial
widening of the main valley floor; the main valley has been strongly
deepened, as is assured by the relation of its floor, FH, to the pro-
longation of the floor of the lateral valley, KB. The first may be
several hundred feet - indeed in some valleys, a good thousand feet —
below the second. The lateral valleys must have once entered the main
valley at grade, for the flaring sides of the main valley indicate
maturity; the side slopes, AE, CJ, must have once met at B. Even the
lateral valleys have an open V-section, proving that their streams had
cut down to a graded slope, DB, that must have led them to an
accordant junction with the main river. Nothing seems so competent
as glacial erosion to explain the strong discordance of the existing
valleys.

The lateral as well as the main valleys have been glaciated, but the
former do not exhibit changes of form so distinctly as the latter: in
the Ticino system the lateral valleys did not, as far as I saw them,
seem to have been much affected by glaciation, a fact that may be
attributed to the small size of their branch glaciers in contrast with
the great volume of the trunk glacier. There is no sufficient evidence
that the valley floor between the basal cliffs has been faulted down,
after the fashion of a graben; nor is it satisfactory to explain the
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bottom trough as having been worn out by normal trunk-river
erosion, leaving the side streams as it were hanging or suspended
above them, for to admit such an origin would be to go counter to
all that has been learned regarding the systematic development of
valleys. Here it is with regret that I must differ from the opinion of
two eminent Swiss geologists who explain the deepening of the main
valleys by a revival in the erosive power of the rivers as a result of a
regional uplift, while they regard the hanging lateral valleys as not yet
accordantly deepened by their smaller streams. It is true that narrow
trenches are cut in the floors of the hanging valleys, showing that
their streams have made some response to the erosion of the bottom
trough in the main valley, and if the bottom trough were a narrow
canyon, this relation of trunk and branch streams might be con-
sidered normal; but if the breadth as well as the depth of the bottom
trough had been acquired by normal river erosion, the side valleys
should now, it seems to me, have been trenched much deeper than
they are, to some such slope as ST, Fig. 2.4.

The opinions of L. Riitimeyer and A. Heim on this question are as
follows: Riitimeyer gave an excellent account of hanging lateral
valleys thirty years ago in his description of the valley of the Reuss
(1869, 13-24). He recognized benches or Thalstufen on each side of
the valley above the basal cliffs of the existing bottom trough, and
regarded them as the remnants of a former, wide open valley floor.
Side valleys of moderate fall enter the main valley about at the level
of the Thalstufen, and their waters then cascade down over the basal
cliffs to the Reuss. Glacial erosion is dismissed as incompetent to
erode the bottom trough; indeed, the time of glacial occupation of
the valley is considered a period of rest in its development. The dis-
cordance of main and lateral valleys is ascribed entirely to the differ-
ential erosion of their streams. Heim’s views on this matter are to be
found in his Mechanismus der Gebirgsbildung (1878, 1, 282-301) and
in an article ‘Uber die Erosion im Gebiete der Reuss’ (1879). He
recognizes that the bottom troughs have been excavated in the floors
of pre-existing valleys, whose stream lines had been reduced to an
even grade (profile of equilibrium, Gleichgewichtslinie) and whose
lateral slopes had been maturely opened. The side streams must at
that time have eroded their valleys deep enough to enter the main
valley at accordant grade as stated above. Since then, it is concluded
that an elevation of the region has caused a revival (Neubelebung) of
the main river; and the present greater depth of the main valley is,
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according to Heim, merely the natural result of this revival, while the
smaller side streams have not yet been able to deepen their valleys.
The height of the Thalstufen or remnants of the former valley floor,
seen in the benches above the basal cliffs of the bottom trough, is taken
as a measure of the elevation that the mountain mass has suffered.

Apart from the improbability that the deepening of a bottom
trough by a revived main river could truncate so many lateral valleys
with so great nicety as is repeatedly the case, leaving their streams to
cascade down in clefts but slightly incised in the main valley walls,
the following considerations lead me to reject the possibility of
explaining the discordance between side and main streams by a
normal revival of river action.

RELATION OF TRUNK AND BRANCH VALLEYS

The general accordance of maturely developed main and lateral
valleys in non-glaciated regions, as recognized by Playfair, is today
fully established by innumerable observations in many parts of the
world. Truly, during the attainment of mature development, it is
possible that a large river may outstrip a small branch stream in the
work of deepening its valley, but the discordance thus produced can
prevail only during early youth; for as soon as the main river ap-
proaches grade the further deepening of its valley is retarded, while
at the same time the steepened descent of the lateral streams at their
entrance into the main valley accelerates their erosive work. Hence,
even if a large trunk river has for a time eroded its valley to a
significant depth beneath the tributary valleys, this discordance can-
not endure long in the history of the river. It should be noted that
discordance of side and main valleys may also be found where a large
river has lately been turned to a new path, as in the normal progress
of the capture of the upper course of one river by the headward
gnawing of a branch of another river (see reference to Russell below),
or in the new arrangements of drainage lines in a region from which
a glacial sheet has lately withdrawn. Furthermore, the valleys of very
small wet-weather streams are frequently discordant with the valley
of a serpentine river, if they enter it from the upland that is under-cut
by the concave bank of the river. But these cases cannot find appli-
cation in the hanging valleys of the Alps. The hanging valleys that
open on sea cliffs, such as those of Normandy, are of course quite
another matter.
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OVERDEEPENED MAIN VALLEYS AND
HANGING LATERAL VALLEYS

Now it is characteristic of the bottom troughs of the glaciated
Alpine valleys that they are broad-floored; they cannot be described
as canyons in any proper sense of that word: the walls are steep
enough, but they are too far apart. If the existing breadth of the
troughs had been acquired in the ordinary manner by the lateral
swinging of the main stream and by the lateral weathering of the
walls, the long time required for such a change would have amply
sufficed for the lateral streams to cut down their valleys to grade
with the main valley; and their persistent failure to do so indicates
the action of something else than normal river work in the
widening of the main valley. This is the very kernel of the
problem.

If a main valley were excavated along a belt of weak rocks, the side
valley might stand for some time at a considerable height above the
main valley floor. Certain hanging valleys in the Alps seem at first
sight to belong to this class, but such is not really the case. For
example, where the Linth flows into the Wallen See, the well-
defined bottom troughs of the river and of the lake both pass
obliquely through a syncline of strong lower Cretaceous limestone,
which forms cliffs on their walls. Side streams drain the high synclinal
areas; one such stream cascades from the west into the Linth trough
back of the village of Niifels; another cascades from the north into
the Wallen See near its western end. The first explanation for such
falls is that they are normally held up on the resistant limestone; but
it should be noted that the bottom troughs of the Linth and the
Wallen See have been cut down and broadly opened in the same
limestones. If the troughs were of normal river origin, the side
streams also should have by this time trenched the limestones deeply,
instead of falling over the limestone cliffs at the very side of the larger
troughs. In the Ticino valley where the side streams are most dis-
cordant, massive gneisses prevail; the structure is so nearly uniform
over large areas that it affords no explanation of the strong discord-
ance between side and main valleys.

It thus seems obligatory to conclude that the bottom troughs of the
larger Alpine valleys were deepened and widened by ice action. This
belief is permitted by the abundant signs of glacial erosion on the
spurless basal cliffs, and required by the persistent association of
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over-deepened bottom troughs and discordant hanging lateral
valleys with regions of strong glaciation.

SUBAERIAL EROSION DURING THE GLACIAL PERIOD

It should not be imagined that the glacial erosion of troughs in valley
floors was necessarily so rapid that no significant subaerial erosion
was accomplished during its progress. Ordinary weathering and
down-hill transport of rock waste must have been in active operation
on the valley sides above the border of the ice-filled channels; and the
very fact that on the upper slopes of the mountains, preglacial,
glacial and postglacial erosion was similarly conditioned, makes it
difficult to distinguish the work done there in each of these three
chapters of time. In the diagrams accompanying this article no
indication of change from preglacial to postglacial outline on the
upper mountain slopes is indicated, because no satisfactory measure
can be given to it.

LAKE LUGANO

In the presence of a variety of evidence collected for some years
previous to my recent European trip, it had been my feeling that the
best explanation offered for the large lakes that occupy certain
valleys on the Italian slope of the Alps was that they had resulted
from what has been called valley-warping, as set forth by Lyell, Heim
and others. It was my desire to look especially at Lakes Maggiore,
Lugano and Como with this hypothesis in mind, and to subject it to
a careful test by means of certain associated changes that should
expectedly occur on the slopes of the neighboring mountains, as may
be explained as follows.

On the supposition of moderate or small glacial erosion, a well-
matured stage of dissection must have been attained in the district of
the Italian lakes in preglacial time; for the main valleys are widely
opened, and even the lateral valleys have flaring slopes. In a mature
stage of dissection mountains should exhibit a well-advanced grading
of their slopes; that is, their sides should be worn back to a com-
paratively even declivity with little regard to diversity of structure;
the descending streams of waste being thus seen to correspond to the
flood plains of graded rivers. The agencies of weathering and
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transport are delicately balanced wherever graded slopes prevail; and
a slight tilting of the mountain mass might suffice to disturb the
adjustment between the supply and the removal of waste; then all the
steepened slopes would soon be more or less completely stripped of
their waste cover; their rock ledges would be laid bare, although still
preserving the comparatively even declivity that had been gained
under the slowly moving waste.

If the lakes had been formed by warping, it is possible to deduce
with considerable accuracy the localities where the mountain slopes
would be steepened and stripped ; namely, the northern slopes about
the southern end of the lakes, and the southern slopes about the
northern end; but as far as I was able to examine the district about
Lake Lugano, no effects of such a warping and tilting were to be
detected. The submergence of lateral valleys about the middle of the
lakes is also a necessary consequence of the theory of warping; but
although the main valley floor is now deep under water, the side
valleys are not submerged. Failing to find evidence of warping, and
being much impressed with the evidence of deep glacial erosion as
indicated by the hanging lateral valleys of the overdeepened Ticino, I
examined the irregular troughs of Lake Lugano for similar features,
and found them in abundance.

One of the reasons why Lake Lugano had been selected for special
study was that it did not lie on the line of any master valley leading
from the central Alps to the piedmont plains; hence, if influenced by
ice action at all, its basin must have been less eroded than those of
Como and Maggiore on the east and west. But in spite of this
peculiarity of position, Lugano received strong ice streams from the
great glaciers of the Como and Maggiore troughs (see ‘Glacial
Distributaries’, below), and its enclosing slopes possess every sign of
having been strongly scoured by ice action. The sides of the lake
trough are often steep and cliff-like for hundreds of feet above present
water level, thus simulating the basal cliffs of the Ticino valley; while
at greater heights the valley sides lean back in relatively well-graded
slopes. The angle at the change of slope is often well defined, but it is
independent of rock structure. Narrow ravines are frequently incised
in the basal cliffs, and alluvial fans of greater or less size are built into
the lake waters from the base of the ravines.

The northeastern arm of the lake, extending from the town of
Lugano to Porlezza, receives several cascading streams from hanging
valleys on its southern side. The side slopes of the hanging valleys are



Glacial Erosion in France, Switzerland and Norway sl

for the most part flaring open and well graded, from which it must be
concluded that their streams had, under some condition no longer
existing, ceased to deepen their valleys for a time long enough to
allow the valley sides to assume a mature expression; and that since
then the bottom trough of the main arm of the lake has been eroded
deep and wide, with a very small accompanying change in the lateral
valleys. In other words, the side valleys were, in preglacial time,
eroded to a depth accordant with the floor of the master valley that
they joined, and since then the bottom trough has been eroded in the
floor of the master valley by a branch of the Como glacier. In post-
glacial time the side streams have begun to trench their valley floors,
eroding little canyons; but much of this sort of work must be done
before the side valleys are graded down even to the level of the lake
waters, much less to the level of the bottom of the lake.

The two southern arms of the lake lead to troughs whose floors
ascend southward to the moraines of the foot-hills, beyond which
stretch forward the abundant overwashed gravels of the great plain
of the Po.

I do not mean to imply that every detail of form about Lake
Lugano can find ready explanation by the mature glacial modifi-
cation of a mature preglacial valley system; but a great number of
forms may be thus explained, and a belief in strong glacial erosion
was forced upon me here as well as in the valley of the Ticino. A
detailed study of the Italian lakes with the intention of carefully
sorting out all the glacial modifications of preglacial forms would be
most profitable.

VARIOUS EXAMPLES OF GLACIATED VALLEYS

My excursions of last summer showed me a number of over-deepened
main valleys and hanging lateral valleys in the Alps; for example,
those of the Inn and of the Aar. Lakes Thun and Brienz receive
numerous cascades from hanging valleys that stand high above the
water surface. The valley of Lauterbrunnen also affords a con-
spicuous illustration of a deep bottom trough enclosed by high basal
cliffs that rise to the edge of more open upper slopes; the celebrated
Staubbach fall is the descent of a small lateral stream from its lofty
hanging valley, and the picturesque village of Miirren, M, Fig. 2.5,
stands on the flaring slope or Thalstufe of the preglacial valley, just
above the great basal cliff of glacial origin. A mile or so south of the
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village of Lauterbrunnen, the Trummelbach, T, Fig. 2.5, descends the
precipitous eastern wall from a hanging valley whose floor is hundreds
of feet above that of the Liitschine; it is roughly sketched in Fig. 2.6.
Although the lateral Trummelbach brings a large volume of water to
the main valley, it descends by a very narrow cleft in the rock face, a
trifling incision in the valley wall; while the main valley, whose trunk
stream did not seem to be more than five times the volume of its
branch, is half a mile or more broad, wide open and flat-floored. The

M
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Fig. 2.5 True-scale cross-section of the Lauterbrunnen valley

cross-section of the main valley is over a thousand times as large as
that of the lateral cleft. Such a disproportion of main valley and
lateral cleft is entirely beyond explanation by the inequality of their
streams; and for those who feel that they must reject glacial erosion
as the cause of the disproportion, there seems to be no refuge but in
ascribing the main valley to recent down-faulting: a process that can
hardly be called on to follow systematically along the floors of the
larger glaciated valleys of the Alps, and to avoid the non-glaciated
valleys and the mountain ridges.

Certain well-known Alpine glaciers may be instanced as reaching
just beyond the end of a hanging lateral valley and thence cascading
into the deeper main valley. One is the Mer de Glace by Chamounix;
its cascading end is known as the Glacier des Bois. Another is the
neighboring Glacier des Bossons, from whose upper amphitheatre a
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steep tongue descends far below; like the waterfalls of Norway, the
tongue may be seen lying on the side slope from a considerable
distance up or down the main valley. A third example is the Glacier
of the Rhéne, whose splendid terminal cascade is so conspicuous
from the road to the Furka pass. Possibly the Vernagt glacier is
another of the same kind; its catastrophic overflows into the lower
Rofen valley have often been described. Doubtless many other
examples of this class might be named.
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Fig. 2.6 Diagram of the gorge of the Trummelbach, Lauterbrunnen valley

While engaged upon these observations in the Alps in the spring of
1899, I sent a brief note about them to my esteemed friend, Mr G. K.
Gilbert of Washington, telling him that all the lateral valleys seemed
to be ‘hung up’ above the floors of the trunk valleys. His reply was
long in coming to Europe, and, on arriving at last, it was dated Sitka,
Alaska, where Mr Gilbert had gone as a member of the Harriman
Alaskan Expedition, and where my note had been forwarded. He
wrote that, for the fortnight previous to hearing from me, he and his
companions had been much impressed with the discordant relations
of lateral valleys over the waters of the Alaskan fiords, and he sug-
gested that such laterals should be called ‘hanging valleys’ — a term
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which I have since then adopted. He fully agreed that hanging valleys
presented unanswerable testimony for strong glacial erosion, as will
be stated in his forthcoming report on the geology of the Expedition.
After leaving Switzerland, I had a brief view of the lake district in
northwest England, before crossing to Norway. The amount of
glacial erosion in the radiating valleys of the English lakes has been
much discussed, and, as usual, directly opposite views have been
expressed. Rugged rocky knobs were seen in abundance about
Ambleside and along the ridge separating the valley of Thirlmere
from St John’s Vale; and the latter receives a hanging valley from the
east near Dalehead post-office. The famous falls of Lodore seemed to
descend from the mouth of a hanging valley into Derwentwater.

FIORDS AND HANGING VALLEYS IN NORWAY

In Norway I had the pleasure of making a ten days’ cross-country
excursion in company with Dr Reusch, Director of the Norwegian
Geological Survey. We entered from Bergen through Hardanger
fiord, and crossed the highlands by the Haukelisaetr road to Skien on
the southeastern lowlands, thus making a general cross-section on
which many characteristic features were seen. Norway has long been
known as a land of waterfalls, but it is not generally stated with
sufficient clearness or emphasis that many or most of the falls are
formed by the descent of streams from maturely opened trough-like
hanging valleys which are abruptly cut off by the walls of the fiords.
The discordance between main and side streams is simply amazing.
The fiord valleys are frequently one or two miles wide; the waters of
the fiords are of great depths, reaching 3000 ft in some cases. Even
when a side valley stands but little above sea-level, its floor may be
half a mile above the floor of the fiord. On passing inland beyond the
head of the fiord water, where the whole depth of the fiord valley is
visible, the side valleys may open more than a thousand feet above the
main valley floor. In many cases where the fiords are enclosed by
smooth walls, the cascading side streams have not yet incised a cleft
in the bare rock surface, so that their foaming waters are visible for
many miles up and down the fiord. Streams of considerable size
sometimes plunge down from the rolling uplands in whose edge they
seem to have just begun to cut a cleft. Abnormal discordance of
trunk and branch stream is, therefore, a strongly marked character-
istic of the Norwegian drainage. The necessity for appealing to



Glacial Erosion in France, Switzerland and Norway 55

strong glacial erosion in explanation of this prevailing discordance,
may be set forth as follows.

MEASURE OF GLACIAL EROSION IN NORWEGIAN FIORDS

The deep valleys of Norway, partly occupied by sea water, are incised
beneath an uneven highland which bears so many hills and mountains
that it makes little approach to a peneplain, yet which here and there
shows so many broadly opened uplands between the hills and
mountains that it may be taken to represent the well-advanced work
of a former cycle of denudation when the region stood much lower
than it stands now. As a whole, a mature or late mature stage seems
to have been reached before a movement of uplift introduced the
present cycle. Let us now make two suppositions regarding the work
of normal river erosion in the preglacial part of the present cycle, in
order to determine, if possible, how much additional erosion must be
attributed to ice in the production of existing forms.

First, let it be supposed that the revived main rivers had incised
their valleys to the depth of the present fiords in preglacial time, and
that the discordance of main and side valleys now visible is the
appropriate result of the youth of the present cycle. If we recall only
the steepness of the fiord walls, this supposition might be justified,
and thus the amount of glacial erosion needed to develop existing
forms would be small. But it must not be forgotten that the fiords,
although often steep-walled, are always broad, much broader than a
young preglacial valley could have been at that stage of early youth
when its side streams had not cut down to its own depth. Hence
glacial erosion must, under this supposition, be appealed to for the
widening of preglacial canyons, steep-walled and narrow, into the
existing fiord troughs, steep-walled and broad. At the middle of
the fiord troughs, the lateral erosion thus demanded would often
measure thousands of feet, and that in the most massive and resistant
crystalline rocks.

A second supposition leads to no greater economy of glacial
action. Let it be supposed that the revived streams of preglacial time
had reached maturity before the advent of the glacial period. In that
case, the side streams must have entered the main streams at accor-
dant grade, and hence the main valleys could not then have been cut
much deeper than the side valleys are now cut; not so deep, indeed,
for the side valleys have been somewhat deepened by glacial action,
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if one may judge by their trough-like form as well as by the evidence
of intense glacial action all over the uplands, even over most of the
surmounting hills and mountains. Hence, to develop the existing
discordant valley system from a mature preglacial valley system of
normal river erosion, requires a great deepening of the fiords by ice
action, again to be measured in thousands of feet. Thus there seems
to be no escape from the conclusion that glacial erosion has pro-
foundly modified Norwegian topography. As far as I could judge
from my brief excursion over the highlands, either one of the two
suppositions above considered is permissible, provided only that
strong glacial erosion comes after the river work of the current cycle.

If the Hardanger fiord may be taken as the type of its many fellows,
one may say that hanging lateral valleys are the rule, not the excep-
tion, in Norway. Furthermore, the smoothed, spurless walls of the
larger fiords, composed of firm bare rock from the upland to water
edge, do not resemble the ravined and buttressed sides of normal
valleys. The marks of downward water erosion are replaced by what
seem to be marks of nearly horizontal plucking and scouring. Blunt-
headed valleys and corries (botner) both seem beyond production by
normal weathering and washing. Yet, striking as these features are,
they do not seem to me so compulsory of a belief in strong glacial
erosion as the hanging valleys that have so little relation to the fiords
beneath them, and the flaunting waterfalls that descend so visibly
from the hanging valleys, instead of retiring, as is the habit of falls
all over the unglaciated parts of the world, into ravines where they
are hid to sight from most points of view.

The rocky islands that rise from the shallower parts of the fiords
should not be taken as signs of feeble glacial erosion, but rather as
remnants surviving from the destruction of larger masses in virtue of
some slight excess of resistance. A well-known example of this kind
is near Odde at the head of the large southern arm (Sorfjord) of the
upper Hardanger fiord; in the same neighborhood are several fine
hanging valleys, one of which with its cascading stream, the Strandfos,
descends into Sandven Lake, just south of the side valley occupied by
the well-known Buer glacier.

THE CYCLE OF GLACIAL DENUDATION

The points of resemblance between rivers and glaciers, streams of
water and streams of ice, are so numerous that they may be reason-
ably extended all through a cycle of denudation. Let us then inquire if
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glaciers may not, during their ideal life history, develop as orderly a
succession of features as that which so well characterizes the normal
development of rivers. Let us here consider the life history of a
glacier under a constant glacial climate, from the beginning to the
end of a cycle of denudation, just as I. C. Russell has considered the
‘life history of a river’ under a constant pluvial climate, in his Rivers
of North America. Thus young glaciers will be those which have been
just established in courses that are consequent upon the slopes of a
newly uplifted land surface; mature glaciers will be those which
have eroded their valleys to grade and thus dissected the uplifted
surface; and old glaciers will be those which cloak the whole low-
land to which the upland has been reduced, or which are slowly
fading in the milder climate of the low levels appropriate to the close
of the cycle of denudation.

Imagine an initial land surface raised to a height of several thou-
sand feet, with a moderate variety of relief due to deformation. Let
the snow line stand at a height of 200 ft. As elevation progresses,
snow accumulates on all the upland and highland surfaces.
Glaciers are developed in every basin and trough; they creep
slowly forward to lower ground, where they enter a milder climate
(or the sea) and gradually melt away. At some point between its
upper heads and its lower end, each glacier will have a maximum
volume. Down stream from this point, the glacier will diminish in
size, partly by evaporation but more by melting; and the ice water
thus provided will flow away from the end of the glacier in the form
of an ordinary stream, carving its valley in normal fashion. Some
erosion may be accomplished under the upper fields of snow and
névé, but it is believed that more destructive work is done beneath
the ice. The erosion is accomplished by weathering, scouring, pluck-
ing and corrading. Weathering occurs where variations of external
temperature penetrate to the bed-rock, as is particularly the case
between the séracs of glacial cascades, and again along the line of
deep crevasses or bergschrunds that are usually formed around the
base of reservoir walls, which are thus transformed into corries
(cirques, karen, botner) as has been suggested by several observers;
scouring is the work of rock waste dragged along beneath the glacier,
by which the bed-rock is ground down, striated and smoothed;
plucking results from friction under long-lasting heavy pressure, by
which blocks of rock are removed bodily from the glacier bed and
banks; corrading is the work of subglacial streams, which must be
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well charged with tools, large and small, and which must often flow
under heavy pressure and with great energy. All these processes are
here taken together as ‘glacial erosion’.

Let it be assumed that at first the slope of a glacier’s path was steep
enough to cause it to erode for the greater part or for the whole of
its length. Each young glacier will then proceed to cut down its
valley at a rate dependent on various factors, such as depth and
velocity of ice stream, character of rock bed, quantity of ice-dragged
waste, and so on; and the eroded channel in the bottom of the valley
will in time be given a depth and width that will better suit the needs
of ice discharge than did the initial basin or trough of the uplifted
surface. The upper slopes of the glacial stream will thus be steepened,
while its lower course will be given a gentler descent. Owing to the
diminution of the glacier toward its lower end, the channel occupied
by it will diminish in depth and breadth downwards from the point of
maximum volume; this being analogous to the decrease in the size of
the channel of a withering river below the point of its maximum
volume. A time will come when all the energy of the glacier on its
gentler slope will be fully taxed in moving forward the waste that has
been brought down from the steeper slopes; then the glacier becomes
only a transporting agent, not an eroding agent, in its lower course.
This condition will be first reached near the lower end, and slowly
propagated headwards. Every part of the glacier in which the balance
between ability to do work and work to be done is thus struck may
be said to be ‘graded’; and in all such parts, the surface of the glacier
will have a smoothly descending slope. Maturity will be reached
when, as in the analogous case of a river, the nice adjustment between
ability and work is extended to all parts of a glacial system. In the
process of developing this adjustment, a large trunk glacier might
entrench the main valley more rapidly than one of the smaller
branches could entrench its side valley; then for a time the branch
would join the trunk in an ice-rapid of many séracs. But when the
trunk glacier had deepened its valley so far that further deepening
became slow, the branch glacier would have opportunity to erode its
side valley to an appropriate depth, and thus to develop an accordant
junction of trunk and branch ice surfaces, although the channels of
the larger and the smaller streams might still be of very unequal
depth, and the channel beds might stand at discordant levels. If the
glaciers should disappear at this stage of the cycle, their channels
would be called valleys, and the discordance of the channel beds
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might naturally excite surprise. The few observers who, previous to
1898, commented upon a discordance of this kind, explained it as a
result of excessive erosion of the main valley by the trunk glacier;
while the hanging lateral valleys were implicitly, if not explicitly,
regarded as hardly changed from their preglacial form.

When the trunk and branch glaciers have developed well-defined,
maturely graded valleys, the continuous snow mantle that covered
the initial uplands of early youth is exchanged for a discontinuous
cover, rent on the steep valley sides where weathering comes to have
a greatly increased value, and thickened where the ice streams have
established their courses. This change corresponds to that between
the ill-defined initial drainage in the early youth, and the well-defined
drainage in the maturity, of the river cycle.

It is probable that variations in rock structure will have permitted
a more rapid development of the graded condition in one part of the
glacial valley than in another, as is the case with rivers of water.
Steady-flowing reaches and broken rapids will thus be produced in
the ice stream during its youth; and the glacial channel may then be
described as ‘broken-bedded’. But all the rapids must be worn down
and all the reaches must become confluent in maturity. It is eminently
possible that the reaches on the weaker or more jointed rocks may be
eroded during youth to a somewhat greater depth than the sill of
more resistant or less jointed rock next down stream; and if the
glacier should vanish by climatic change while in this condition, a
lake would occupy the deepened reach, while the lake outlet would
flow forward over rocky ledges to the next lower reach or lake. Many
Norwegian valleys today seem to be in this condition. Indeed some
observers have described broken-bedded valleys as the normal
product of glacial erosion, without reference to the early stage in the
glacial cycle of which broken-bedded glacial channels seem to be
characteristic. Truly, it is not always explicitly stated that the resist-
ance of the rock bed varies appropriately to the change of form in a
broken-bedded channel; but the variations of structural resistance or
firmness that the searching pressure and friction of a heavy glacier
could detect might be hardly recognizable to our superficial obser-
vations; and on the other hand the analogy of young ungraded
glaciers with young ungraded rivers seems so natural and reasonable
that broken-bedded glacial channels ought to be regarded only as
features of young glacial action, not as persistent features always to
be associated with glacial erosion. If the glaciers had endured longer
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in channels of this kind, the ‘rapids’ and other inequalities by which
the bed may be interrupted must have been worn back and lowered,
and in time destroyed.

If a young glacier erodes its valley across rocks of distinctly differ-
ent resistances, a strong inequality of channel bed may be developed.
Basins of a considerable depth may be excavated in the weaker
strata, while the harder rocks are less eroded and cross the valleys in
rugged sills. Forms of this kind are known in Alpine valleys; for
example, in the valley of the Aar above Meiringen and in the lower
Gasternthal near its junction with the Kanderthal; in both these
cases the basins have been aggraded and the sills have been trenched
by the postglacial streams. In the lower Gasternthal the height and
steepness of the rocky sill, when approached from up-stream, is
astonishing; its contrast to the basin that it encloses is difficult enough
to explain even for those who are willing to accept strong glacial
erosion. It should, however, be noted that river channels also are
deeper in the weaker rocks up-stream from a hard rock sill; if the
river volume should greatly decrease, a small lake would remain
above the sill, drained by a slender stream cutting a gorge through
the sill.

If an initial depression occurred on the path of the glacier, so deep
that the motion of the ice through it was much retarded, an ice-lake
would gather in it. Then the waste dragged into the basin from up-
stream might accumulate upon its floor until the depth of the basin
was sufficiently decreased and the velocity of the ice through it
sufficiently increased to bring about a balance between ability to do
work and work to be done. Here the maturely graded condition of
the ice stream would have been attained by aggrading its bed, instead
of degrading it; this being again closely analogous to the case of a
river, which aggrades initial depressions and degrades initial eleva-
tions in producing its maturely graded course.

Water streams subdivide toward the headwaters into a great
number of very fine rills, each of which may retrogressively cut its
own ravine in a steep surface, not cloaked by waste. But the branches
of a glacial drainage system are much more clumsy, and the channels
that they cut back into the upland or mountain mass are round-
headed or amphitheatre-like; but the beds of the branching glaciers
cannot be cut as deep as the bed of the large glacial channel into which
they flow: thus corries, perched on the side-walls of large valleys, may
be produced in increasing number and strength as glacial maturity
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approaches, and in decreasing strength and number as maturity
passes into old age. As maturity approaches, the glacial system will
include not only those branches that are consequent upon the initial
form, but certain others which have come into existence by the head-
ward erosion of their névé reservoirs following the guidance of weak
structures; thus a maturely developed glacial drainage system may
have its subsequent as well as its consequent branches. It is entirely
conceivable that one ice stream may capture the upper part of
another. The conditions most favorable for such a process resemble
those under which river diversions and adjustments take place;
namely, a considerable initial altitude of the region, allowing a deep
dissection; a significant difference of drainage areas or of slopes,
whereby certain glaciers incise deeper valleys than others; a consider-
able diversity of mountain structure, permitting such growth and
arrangement of subsequent glaciers as shall bring the head reservoir
of a subsequent ice stream alongside of and somewhat beneath the
banks of a consequent ice stream. Thus glacial systems may come to
adjust their streams to the structures upon which they work, just as
happens in river systems.

As the general denudation of the region progresses, the snow fall
must be decreased and the glacial system must shrink somewhat,
leaving a greater area of lowland surface to ordinary river drainage.
When the upland surface is so far destroyed that even the hill tops
stand below the 200-ft contour, the snow fields will be represented
only by the winter snow sheet, and the glaciers will have disappeared,
leaving normal agencies to complete the work of denudation that
they have so well begun.

If a snow line at sea-level be assumed, glaciation would persist
even after the land had been worn to a submarine plain of
denudation at an undetermined depth beneath sea-level. The South
Polar regions offer a suitable field for the occurrence of such a
surface.

Whether glaciers of the Norwegian or of the Alpine type shall
occur, is dependent partly on initial conditions, partly on the stage of
advance through the cycle of denudation. If the initial form offer
broad uplands, separated by deep valleys, snow fields of the Nor-
wegian type may have possession of the uplands during the youth of
the glacial cycle; but when maturity is reached, the uplands will be
dissected, and the original confluent snow field will be resolved into a
number of head reservoirs, separated by ridges. On the other hand,
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as the later stages of the cycle are approached, the barriers between
adjacent reservoirs will be worn away, and they will tend to become
confluent, here and there broken only by nunataks. If the snow line
lay low enough, a completely confluent ice and snow shield would
cover the lowland of glacial denudation when old age had been
reached. If the glacial conditions of Greenland preceded as long as
they have followed the glacial period over the rest of the North
Atlantic region, who can say how far the ice of the Greenland shield
has modified the forms on which its work began!

GLACIAL DISTRIBUTARIES

If a maturely dissected mountain range were occupied by snow-fields
and glaciers of large size, certain peculiar results might be expected
near the mountain base. Under normal preglacial conditions, a small
low ridge suffices for the complete separation of two river systems,
because the channels of rivers are so small in comparison to their
valleys. But glacial channels are a large part of their valleys, and
when great glaciers from the lofty mountain centres descend by the
master valleys to the mountain flanks or even to the piedmont plains,
distributary ice streams or outflowing branches may naturally enough
be given off wherever the ice surface rises high enough to overtop the
ridges by which the master valleys are separated from adjacent minor
valleys. If a distributary branch has sufficient strength and endurance,
it may wear down the ridge that it crosses and thus increase and
perpetuate its lateral discharge; but it cannot usually be expected to
erode a channel as deep as that of the main glacier from which it
departs. On the disappearance of the ice, a hanging valley will be left
above the floor of the master valley; but in this case, the drainage of
the hanging valley will be away from, not toward, the master. Here
we probably have the explanation of those broad hanging valleys
which lead from the valley of Lake Maggiore on the west and, less
distinctly, from that of Lake Como on the east to the compound
basin of the intermediate Lake Lugano. On going southward by rail
from Bellinzona to Lugano, along a stretch of the St Gotthard route
between the great tunnel and Milan, the railway obliquely ascends
the southeastern wall of the trough-like valley of the Ticino just above
the head of Lake Maggiore; and at a height of several hundred feet
over the delta flood-plain the line turns off to a well-marked hanging
valley in which the stream runs away from the Ticino to Lake
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Lugano. The notch made by this supposed glacial distributary is a
conspicuous feature in the view from Bellinzona and thereabouts.

The anomalous forking of Lake Como and the open branch from
the main valley of the Rhine at Sargans through the trough of
Wallen See to Lake Zurich appear to be the paths of large glacial
distributaries which eroded their channels deeply across divides that
presumably existed in preglacial time. The west wall of the main
valley of the Isére in the Alps of Dauphiny, southeastern France, is
deeply breached by passes that lead northwest to the troughs of Lakes
Annecy and Bourget, through which the distributaries of the Isére
glacial system must have flowed.

It may be further supposed that if the preglacial valleys were so
arranged that a glacial distributary found a shorter and steeper
course to the piedmont plain or to the sea than that followed by the
master glacier, the distributary might under a long enduring glacia-
tion become the main line of glacial discharge; and if so, it could be
eroded to a greater depth than the former master valley at the point
of divergence. In such a case, the postglacial river drainage would
differ significantly from the preglacial.

THE DEPTH OF MATURE GLACIAL CHANNELS

The depth with respect to sea-level to which the channels of a glacial
system may be eroded when the graded condition is reached, is a sub-
ject of special interest. For many miles along the lower course of a
branchless trunk glacier, its volume is lessened by melting and evapor-
ation, and at its end the ice volume is reduced to zero; slow ice motion
being progressively replaced by rapid water motion. In such a case
the law of continuity does not demand that the ice velocity shall be
inversely proportional to the area of the cross section, as is the case
in the normal river (where it is assumed that there is no loss by
evaporation). Indeed, in the lower trunk of a mature glacier, it may
well be that the velocity of ice movement is in a rough way directly
proportional to cross-section area. This appears to be verified by
measurements of the Rhone glacier, where the mean annual move-
ment is 110 m in the heavy trunk above the cascade, 27 m just below
the cascade, and only 5 m close to the melting front. Evidently then,
the erosion of the glacial bed, in so far as it is determined by the
pressure and motion of the ice stream, will have its maximum some
distance up-stream from the end of the glacier (J. Geikie, 1898, 236).
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The glacial channel must therefore become narrower and shallower
as its end is neared, as has already been stated. If the glacier ends
some distance inland from the sea, its action will be conditioned by
the grade and length of the river that carries away the water and
waste from its lower end. The deepening of the distal part of the
channel accomplished in youth might be followed by a shallowing for
a time during maturity, when the accumulation of morainal and
washed materials in front of the glacier compelled its end to rise.
Now it may well be conceived that the surface slope of such a glacier
near its end is less than the angle between the surface and the bottom
of the glacier; and in this case, the glacial floor must become lower
and lower for a certain distance up-stream. If such a glacier should
melt away, the distal part of its channel would be occupied by a lake,
although even the head of the lake may not reach to the locus of
maximum glacial erosion. Lakes Maggiore, Como and Garda seem
to occupy basins whose distal enclosure by heavy moraines and sheets
of over-washed gravels has added to the depth produced by erosion
further up-stream. It would seem, however, that a lake basin thus
situated must be only a subordinate incident in the general erosion of
the whole length of the glacial channel. Too much attention has, as a
rule, been given to lakes of this kind, and not enough to the other
effects of glacial action; it seems especially out of proportion to
suppose that the maximum erosion by a glacier takes place near its
end, as has been done by some authors, on account of the prevalent
occurrence of lakes in this situation.

If a glacier advances into the sea and ends in an ice cliff, from
which ice blocks break off and float away, something of a basin-like
form of its lower channel may be produced; but the dimensions of
this basin will be determined by the climate at the termination of the
glacier. If the climate is such as to allow the glacier to enter the sea in
maximum volume, then a basin is not to be expected. The more the
glacier diminishes towards its end, the less erosion and the more
deposition may occur beneath it, and the more of a basin may be
developed inland from its end.

The depth to which a glacier may cut its channel when it enters the
sea is of particular importance. If the glacier is 1000 ft thick at its
end, it must continue to press upon and scour its bed until only about
140 ft of ice remain above sea-level; its channel will thus be worn
more than 800 ft beneath sea-level. Truly, the latter part of this work
will be performed with increasing slowness; but if time enough be
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allowed the work must be accomplished, just as is the case with
rivers. If a glacier should melt away from its deep entrenchment, its
channel would be occupied by an arm of the sea or fiord, reaching
many miles into the land. The fiord might be shallower at its mouth
than further inland, if differential erosion and deposition had occurred
along its channel.

An important corollary from this conclusion — perhaps not so
much of a novelty to glacial erosionists as to their confréres of the
opposite opinion —is that the depth of water in the fiords of a
strongly glaciated coast is not a safe guide to the movement of the
land since preglacial time. If there had been a still-stand of the earth’s
crust through the whole glacial period, the preglacial river channels
that were graded down a little below sea-level at their mouths would
be replaced by glacial channels that might be eroded hundreds of feet
below sea-level. The depth of fiords thus seems to depend on the
size of their ancient glaciers, on the height of the mountain back-
ground, and on the duration of the glacial period, as well as on
movements of the land. If liberal measures of glacial erosion and
glacial time are allowed, no depression of glaciated coasts since
preglacial time is needed to account for their peculiar features. The
glacial channels may have been simply invaded by the sea, as the ice
melted away, without any true submergence.

THE ORIGIN OF CORRIE BASINS

On pursuing the above line of consideration a little further, it may
give some light on the occurrence of the small rock basins that are so
often found in the floor of cliff-walled corries. Imagine that a large
glacial system has become maturely established, and that it ‘rises’ in
many blunt head-branches that have excavated corries in a pre-
glacial mountain mass, and have cut down channels, at their junction
with the larger branches or trunk glacier, to a depth appropriate to
their volume. Unless the erosion of the corries has been guided by
differences of rock structure, there does not seem to be reason for
their possessing a basined floor at this stage of development; but if a
change of climate should now cause the trunk glacier to disappear,
while many of the blunt head-branches remain in their corries, each
little glacier thus isolated will repeat the conditions of erosion above
inferred for the trunk glacier; and if this style of glaciation linger long
enough, rock basins may very generally characterize the floors of the
3
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corries when the ice finally melts away. Fig. 2.7 may make this
clearer. Let the broken line, ABC, be the slope of a preglacial lateral
ravine which reaches a trunk stream at C, while 4DC is the profile of
an adjoining lateral spur. After vigorous and mature glaciation, the
dotted line, GE, may represent the surface slope of a lateral glacier,
and GHJ that of the lateral glacier bed; while EFL is the surface of
the trunk glacier, and EKL the bed. The lower part of the lateral spur
has been cut off to make the basal cliff beneath D. On the dis-
appearance of the trunk glacier at this stage, the shrunken side

Fig. 2.7 Diagram-section of a lateral valley with a corrie basin

glacier, GNJH, occupies its corrie or hanging valley, which opens at
J on the oversteepened wall, DJK, of the evacuated channel of the
trunk glacier. Let the maximum erosion of the corrie glacier, as
conditioned by pressure and motion, be at H. Then after some time
the weathering of the cliff walls and the erosion of the floor will have
transformed the corrie and its glacier to a form, G'N'J'H’, such that
the deepening of the glacial bed should be a maximum at HH'. The
continuous slope of the glacial bed, GHJ, appropriate to the time
when the lateral glacier joined the trunk glacier, may thus be trans-
formed into a basined curve, G'H'J’, appropriate to a small glacier
terminating at J'; and on the disappearance of the small glacier, a
tarn or rock-basin lake may occupy the depression at H'. Richter’s
supposition (1896) that the uplands of Norway result from the con-
sumption of pre-existent mountains by the great extension of corrie-
glacier floors, each similar to J'H’, seems mechanically possible; but
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it is nevertheless climatically very improbable, and it seems to me
deficient in not attributing enough work to normal preglacial erosion.

PRACTICAL UTILITY OF THE IDEAL GLACIAL CYCLE

In every case, the full understanding of the conditions developed by
any system of glaciers, existing or extinct, can be reached only by a
complete analysis of the conditions under which they began to work,
of the energy with which they worked, of the part of a cycle during
which they worked, and of the complications of climatic change or of
crustal movements by which their work was modified in this way or
in that. A partial analysis may suffice for a particular instance; but
the explorer will be better equipped for the explanation of all the
instances that he discovers if he sets out with a well-elaborated con-
ception of the ideal glacial cycle of denudation, and of the compli-
cations it is likely to suffer. However extensive and definite this
conception may be, exploration will probably require its further
extension and definition; however brief exploration may be, it will
probably be aided by an orderly examination of all pertinent
knowledge previously accumulated.

As a practical instance of the value of the glacial cycle, we may
consider the aid given toward the solution of certain problems by the
careful reconstruction — or at least the conscious attempt at recon-
struction — of the form of the land surface on which the Pleistocene
glaciers began their work, and by the legitimate deduction of the
characteristics of maturity in the cycle of glacial erosion. Beyond the
mature stage, we may seldom have occasion to go, as there do not
seem to be actual examples of more advanced glacial work. The
initial form on which Pleistocene glacial action began is in no case
known to be that implied in the opening paragraphs of the section on
the Glacial Cycle; namely, a l